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Abstract

The use of fuel cell systems based on hydrogen is advantageous because
of their high efficiency in the energy conversion and null emissions. In
this thesis, an extensive study about the control and design of electrical
generation systems based on fuel cells is performed. The main focus is in
hybrid systems composed of fuel cells and supercapacitors as energy storage
elements, oriented to automotive applications. The determination of the
hybridization degree (i.e. the determination of the fuel cell size and the
number of supercapacitors) is performed through a proposed methodology
with the objective to fulfil the conductibility requirements and to consume
the lowest amount of hydrogen.

The process of design starts with the determination of the electrical struc-
ture and utilizes a detailed model developed using ADVISOR, a MATLAB
toolbox for modelling and studying hybrid vehicles. The energy flow be-
tween the vehicle components is analyzed when the vehicle is tested with
different Standard Driving Cycles, showing how the losses in each compo-
nent degrade the efficiency of the system and limit the energy recovery
from braking. With regard to the energy recovery, a parameter to quantify
the amount of energy that is actually reused is defined and analyzed: the
braking/hydrogen ratio.

To control the energy flow between the fuel cell, the energy storage system,
and the electrical load in Fuel Cell Hybrid Vehicles (FCHVs), three Energy
Management Strategies (EMSs) based on the fuel cell efficiency map are
presented and validated through an experimental setup, which is developed
to emulate the FCHYV. The resulting hydrogen consumptions are compared
with two references: the consumption of the pure fuel cell case, a vehicle
without hybridization, and the optimal case with the minimum consump-
tion. The optimal consumption for a given vehicle is determined through
a methodology proposed that, unlike other previous methodologies, avoids
the discretization of the state variables.

To operate the fuel cell system efficiently, the system is controlled through
a proposed control technique, based on Dynamic Matriz Control (DMC).
This control technique utilizes the compressor voltage as control variable
and also a new proposed variable: the opening area of a proportional valve
at the cathode outlet. The control objectives are the control of the oxygen
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excess ratio at the cathode and the fuel cell voltage. The advantages of this
new control variable are analyzed both in steady state and transient state.
Simulation results show an adequate performance of the controller when a
series of step changes in the load current is applied.

The diagnosis and fault-tolerant control of the fuel cell-based system is also
considered. A diagnosis methodology based on the relative fault sensitivity
is proposed. The performance of the methodology to detect and isolate a
set of proposed failures is analyzed and simulation results in an environment
developed to include the set of faults are given. The fault-tolerant control
is approached showing that the proposed control structure with two control
variables has good capability against faults in the compressor when the
oxygen excess ratio in the cathode is controlled.
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Resumen

Las pilas de combustible son muy ventajosas debido a su alta eficiencia en
la conversién de energia y nula contaminacién. En esta tesis se realiza un
extenso estudio sobre el control y diseno de sistemas de generacion eléctri-
ca basados en pilas de combustible. El nicleo principal de la misma son
los sistemas hibridos con pilas de combustible y supercapacitores como ele-
mentos almacenadores de energia, orientado a aplicaciones automotrices. La
determinacién del Grado de Hibridizacion (i.e. la determinacién del tamafio
de la pila de combustible y del niimero de supercapacitores) se realiza me-
diante una metodologia propuesta con el objetivo de satisfacer requisitos de
conductibilidad y consumiendo la menor cantidad de hidrégeno posible.

El proceso de diseno comienza con la determinacion de la estructura eléctri-
ca de generacion del vehiculo y utiliza un modelo detallado realizado en
ADVISOR, una herramienta para modelado y estudio de sistemas hibridos.
Se analiza el flujo de energia a través de los componentes del vehiculo cuando
el vehiculo sigue diferentes ciclos de conduccién estandares, mostrando las
pérdidas en cada componente que degradan la eficiencia del sistema y limi-
tan la recuperacion de energia de frenado. Con respecto a la recuperacién de
energia, se ha definido y analizado un parametro que cuantifica la cantidad
de energia que realmente es reaprovechada: el ratio frenado/hidrégeno.

Para controlar el flujo de energia entre la pila de combustible, los alma-
cenadores de energia y la carga eléctrica, se proponen tres Estrategias de
Gestion de Energia (EMS) para Vehiculos Hibridos con Pila de Combustible
(FCHVs) basadas en el mapa de eficiencia de la pila y se validan median-
te un montaje experimental desarrollado para emular el sistema hibrido.
Los resultados de consumo de hidrégeno son comparados con dos referen-
cias: el consumo correspondiente al caso del vehiculo sin hibridizacion y el
caso Optimo con el menor consumo para el vehiculo propuesto. El consumo
optimo se calcula mediante una metodologia propuesta que, a diferencia de
otras, evita la discretizacién de las variables de estado.

Para operar el sistema eficientemente, la pila de combustible es controlada
mediante una metodologia de control, basada en Control de Matriz Dindmi-
ca (DMC). Esta metodologia de control utiliza como variables de control
el voltaje de compresor y una nueva variable propuesta: la apertura de una
valvula proporcional ubicada a la salida del cdtodo. Los objetivos de con-
trol son controlar el exceso de oxigeno en el ciatodo y el voltaje generado
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por la pila. Se analiza tanto en régimen estacionario como transitorio las
ventajas de emplear esta nueva variable de control y se muestran resultados
de funcionamiento por simulacién del controlador ante perturbaciones en la
corriente de carga.

Por otro lado, se aborda el diagnéstico y el control tolerante a fallos del
sistema basado en pila de combustible proponiendo una metodologia de
diagndstico basada en las sensibilidades relativas de los fallos y se muestra
que la estructura de control con las dos variables propuestas tiene buena
capacidad de rechazo a fallos en el compresor cuando se controla el exceso
de oxigeno en el catodo.
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Chapter 1

Introduction

1.1 Motivation

Given the serious environmental problems and the anticipated fuel shortage for the
next decades it is important to find more efficient forms of using the power resources,
affecting minimally the environment. According to different sources, such as [1], global
oil reserves are only sufficient for around 40 years with the current level of oil production.
However, the global economy is rapidly increasing with a subsequent increase in oil
consumption: the total primary energy consumption has grown from 6128 Mtoe' in
1973 to 11435 Mtoe in 2005 (Fig. 1.1). In the same period, the COs emission has
grown from 15661 Mt to 27136 Mt (Fig. 1.2) [2]. Therefore, oil reserves will be probably

exhausted in a much shorter time period.

The main fossil alternatives for oil are coal and natural gas. Coal is cheap and global
coal reserves are sufficient for 156 years of current coal consumption? [1]. However,
the CO4y emissions per MJ are two times higher than for natural gas and pollution
abatement is very expensive. Therefore, it is important to promote the development of

new energy technologies.

Hydrogen-based fuel cell technology is a promising alternative for electrical energy
generation, specially for automotive applications. Hydrogen is a potential energy vector

for fuel cell-based vehicles, for reasons of vehicle design, cost and efficiency, as well as

!The tonne of oil equivalent (toe) is the amount of energy released by burning one tonne of crude
oil, approximately 42 GJ.
2Not including sub-bituminous coal and lignite.
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Figure 1.1: Evolution from 1971 to 2005 of World Total Primary Energy Supply by
fuel (Other includes geothermal, solar, wind, heat, etc.) [2]

energy supply and environmental benefits (e.g., the possibility for reducing the total fuel
cycle greenhouse gas emissions). For the same performance, hydrogen fuel cell vehicles
are likely to be simpler in design, lighter, more energy efficient, and less expensive than
methanol or gasoline fuel cell vehicles. Moreover, the tailpipe emissions will be strictly

zero under all operating conditions [3].

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are one of the most advanced
fuel cell systems together with Solid Ozide Fuel Cells (SOFCs). The PEMFC' tech-
nology is essentially hydrogen-based and is more mature than SOFCs. Fundamentally,
PEMFCs work at temperatures much lower than SOFCs, allowing the use of them in
multiple applications. However, there are still important areas such as material de-
velopment (especially relating to electrolyte and catalysts for electrodes) and process
control that will further advance the technology [4] permitting lower cost and higher

reliability.

The PEMFCs are devices that allow transforming directly the chemical energy of
an energy vector' (hydrogen) into electrical energy. This energy conversion has high
efficiency and is clean since the only by-products are water and heat. On account of

these reasons, PEMFC' technology is an interesting alternative of electrical generation

'Frequently, in the literature it is said that hydrogen is a fuel but this is not completely correct.
Hydrogen, in reality, is an energy vector as it is explained in [5, 6], and not an energy source. Hydrogen
may be obtained from fossil sources (such as methane) or water electrolysis.
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Figure 1.2: Evolution from 1971 to 2005 of World COs Emissions by Fuel [2]

in several applications. These applications can be divided in three great groups [7]:

1. Generation of electricity for stationary applications
2. Automotive applications

3. Portable electronic applications

Particularly, in the last years, the study of fuel cell applications in vehicles has taken
more and more importance. The fuel cell running on hydrogen is the most attractive
long-term option for passenger cars [8]. The main advantage of the fuel cell vehicles
as opposed to those with Internal Combustion Engine (ICE) is that in the former the
energy conversion is direct (without combustion), producing a higher efficiency and
practically null emission of polluting agents [9]. Thus, fuel cell vehicles have long term
potential to be the mainstream vehicle in the future because the almost zero emission

and compatible driving range with ICE [10].

However, the PEM Fuel Cell System is a complex and interrelated system. With
the aim of obtaining an efficient energy conversion and maintaining the durability of
the cells, the control of the fuel cell system is crucial. Thus, different control problems
must be solved to obtain a correct operation of the system. The main ones are the

following;:

e Suitable hydrogen and air supply
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e Handling of heat and water
e Conditioning of the generated power

e Control of the power flows in the system to fulfill the power load

Solving efficiently these issues allows an energy conversion with high efficiency, dimin-

ishing the hydrogen consumption and increasing the fuel cell durability.

Therefore, there is a strong motivation to study the control of Fuel Cell-based Sys-
tems according to the benefits and challenges enunciated and, in particular, the hybrid
systems with fuel cells and energy storage. Moreover, fuel cell systems is a field of
study in development and there is great expectancy in the industrial sector and the
society in general. During the study of the state of the art of the subject we have
found few publications that approach the problem of control these systems as a global
system. In fact, a study of the control of the fuel cell hybrid systems is necessary with
a global approach, taking account of the complete system and the interaction between

the different subsystems.

1.2 Main contributions

This thesis presents an approach to the control and design of PEM Fuel Cell-based
systems that integrates several subjects: the control of the air supply of the fuel cell
system, the diagnosis and fault-tolerant control, the design of fuel cell hybrid systems
oriented to automotive applications according to drivability requirements and hydrogen
economy, and the development of energy management strategies to control the energy

flows in the hybrid system.

The main contributions of this thesis may be summarized as follows:

Fuel cell control

Proposal of a new control structure, which includes an additional manipulated varia-
ble, and a new control system for the fuel cell air supply based on dynamic matrix
predictive control. Evaluation of the control performance, showing the improvement
of the efficiency and transient behavior of the system, and fault-tolerant capabilities of

the control structure.
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Design of Fuel Cell Hybrid Systems

A methodology of design to assess the size of the fuel cell and the energy storage of
the Fuel Cell Hybrid Systems oriented to automotive applications. This methodology
allows to achieve a robust design that fulfils conductibility requirements similar to

conventional vehicles, consuming the minimum amount of hydrogen.

Energy management strategy for Fuel Cell Hybrid Vehicles

Three Energy Management Strategies to determine the fuel cell operation to fulfill
the load profiles and minimize the hydrogen consumption, using the fuel cell system
efficiency map. The strategies are effective to work in real time and present high

performance in the experimental validation.

1.3 Outline of the thesis

This thesis is about the control of power generation systems based on Polymer Elec-
trolyte Membrane (PEM) Fuel Cells and, in particular, the Fuel Cell Hybrid Systems
(FCHS) with an Energy Storage System (ESS) acting as a secondary power source.
The emphasis is placed on understanding the theoretical advantages and limitations of

these systems, and developing methodologies of design and control.

Within the scope of this thesis is the fuel cell control (mainly focused in the air
supply control), the analysis of hybrid structures, the study of the convenient hy-
bridization degree! and the system modelling. Besides, a study of the design process
with particular focus on the interrelation between the hybridization degree and the en-
ergy management strategies is done. Special attention is given to the study of Energy
Management Strategies with the aim of obtaining a more efficient system operation.

The FCHS are studied with the aim of applying them to electric vehicles.

Fuel cell temperature control, water management, startup and shutdown operation

and the control of the power converters are beyond the scope of this thesis.

'In the context of fuel cell hybrid systems, the hybridization degree (HD) is a parameter that
PSSS. max

P — The formal definition

indicates the relation between two installed powers: HD =
is given in Section 6.3.2.
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In this chapter we presented the motivation and main contributions of this thesis.

The rest of the thesis is organized according to the following chapters:

Chapter 2 provides a brief review of PEM Fuel Cell-based Systems to introduce the

main concepts of this technology.

Chapter 3 presents the state of the art of Fuel Cell-based Systems, reviewing previous
approaches in the literature to their control, and the design and operation of fuel

cell hybrid systems.

Chapter 4 focuses on the control of a power generation system composed of a fuel cell
system fed with hydrogen from a pressurized tank and atmospheric air through a
compressor. In this chapter, the design of controllers is studied with the control
objectives to regulate the oxygen excess ratio in the cathode and the generated
voltage in the fuel cell stack. Finally, a controller based on Dynamic Matrix

Control DMC' is proposed and evaluated.

Chapter 5 approaches the Diagnosis and Fault-Tolerant Control of fuel cell-based sys-
tems. In particular, it is shown that using an additional manipulated variable in
the air control subsystem permits to introduce a certain degree of fault-tolerance
against compressor faults in the critical air feeding control, at the same time that

allows to improve the control performance.

Chapter 6 continues the study of PEMFC' systems, approaching the Fuel Cell-Hybrid
Systems with an Energy Storage System composed of supercapacitors, with the
aim of increasing the efficiency and performance of the power generation sys-
tem through regenerative braking (in automotive applications) and an adequate

energy management strategy.

Chapter 7 focuses on the development of Energy Management Strategies to determine
at each sampling time the power split between the FCS and the ESS in order to

fulfill the power balance and reduce the hydrogen consumption.

Chapter 8 provides the conclusions of this thesis and a proposal of future work to

continue the research in the subject.
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Chapter 2

Review of PEM Fuel Cell
Systems

This chapter provides a review of PEM Fuel Cell-based Systems in order to introduce
the main concepts and to show the advantages of using these systems in different
applications. The chapter is divided in two sections: Fuel Cell Systems (Section 2.1)
and Fuel Cell Hybrid Systems (Section 2.2).

2.1 Fuel Cell Systems
2.1.1 Basic Fuel Cell structure

The Polymer Electrolyte Membrane Fuel Cell (PEMFC'), also known as Proton Ez-
change Membrane Fuel Cell, takes its name from the type of electrolyte: a poly-
meric membrane with high proton conductivity when the membrane is conveniently
hydrated [7]. At the moment, the polymer mostly used in this type of cells is the
Nafion® developed by DuPont (USA), which is fabricated with chemically stabilized

perfluorosulfonic acid copolymer [11].

Basically, the physical structure of a PEMFC' consists of seven components, ac-
cording to Fig. 2.1 [12]: feeding channels, diffusion layer, and catalytic layer in the
anode; membrane; catalytic layer, diffusion layer, and feeding channels in the cathode.
The PEMFC combines in a very compact unit the electrodes and the electrolyte. This

structure, well-known as Membrane Electrode Assembly (MEA), is not thicker than few
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hundreds of microns. It is the heart of the fuel cell, and fed with hydrogen and oxygen',

generates electrical power with a power density of around 1 Wem ™2 [14].

y
Anode flow T Cathode flow
channel channel
X Anode diffusion Membrane Cathode diffusion

layer layer

Anode Cathode

Catalyst layer catalyst layer

Figure 2.1: 3-dimensional schematic diagram of a fuel cell.

The polymeric solid electrolyte forms a thin electronic insulator and a barrier for
gases between both electrodes, allowing a fast proton transport and high current den-
sity. The solid electrolyte has the advantage, as opposed to those of liquid type, that

allows the FC to operate in any spatial position [7].

The electrodes consist of a catalytic layer of great superficial area on a substratum
of coal, permeable to gases. Electrocatalyst materials are necessary to obtain a good
operation, increasing the speed of the chemical reaction. In this way, the gases can
react with a lower energy of activation, allowing that the reaction takes place at a
smaller temperature [12]. The electrocatalyst used in PEMFC is the platinum, which

is one of the major drawback of this technology because of its high cost.

!Usually, the fuel cell is fed with atmospheric air instead of pure oxygen. The oxygen mole fraction
in atmospheric air is 0.21 [13].

10
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2.1.2 Basic principle of operation

The principle of operation of the fuel cell is quite simple and the first development was
made by the scientist William Grove in 1839 [5]. The PEMFC is an electrochemical

device that transforms directly chemical energy into electrical energy [15].

The hydrogen flows through the feeding channels of the anode, spreads through the
diffusion layer and reaches the catalytic layer where it is oxidized releasing electrons
and protons, according to

2Hy —4H' +4e. (2.1)

The released electrons are lead through the catalytic metal and the granulated coal
of the catalytic layer of the anode, arriving at the cathode via the external circuit,
whereas the protons are transported through the membrane to the catalytic layer of
the cathode. At the same time, oxygen is injected in the feeding channels of the cathode
and spreads through the diffusion layer toward the catalytic layer, where it reacts with

protons and electrons, generating water, according to
Oy +4H" +4e — 2HyO. (2.2)
Therefore, the global reaction in the fuel cell is
2Hy+ 0Oy — 2H50. (2.3)

The reaction on the cathode is exothermic: the heat release is dependent upon the volt-
age, which is directly related to its efficiency. The previous explanation is schematically

shown in Fig. 2.2.

The water management in the cell is critical for an efficient operation. As mentioned
previously, a requirement for this type of cells is to maintain a high water content in
the electrolyte to assure high protonic conductivity [15]. The protonic conductivity
of the electrolyte is high when the membrane is completely saturated of water, and
thus offers minimum resistance to the ion passage, increasing the efficiency of the cell
specially at high current densities [16]. The water content in the cathode and the anode
is determined by the water balance in the respective volume, being the water balance
the result of the inputs and outputs of water: there is normally an input of water in the

incoming gas and there is water transport trough the membrane. The water transport

11
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Figure 2.2: Schematic diagram showing the PEM Fuel Cell principle of working.
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during the operation is a function of the cell current and the characteristics of the
membrane and the electrodes. The main mechanism of water transport through the
membrane is the drag of water molecules by the protons: each proton drags between
1 and 2,5 water molecules [7]. If more water leaves the cell than it is produced,
it is important to humidify the incoming gas in the anode and/or in the cathode.
Nevertheless, if there is too much humidification, the diffusion layers are flooded, which

cause problems in the gases diffusion.

2.1.3 Advantages and disadvantages of PEM Fuel Cells

The main advantage of PEM Fuel Cells is their high efficiency compared with other
energy conversion devices [17]. This allows that the efficiency of a fuel cell vehicle using
direct-hydrogen FC! is twice than in a gasoline vehicle [9, 18]. Moreover, unlike the
internal combustion engines, the FC' efficiency is also high with partial loads: in the

standard driving cycles, urban and suburban, most of the time the vehicle is demanding

!Direct-hydrogen FC' refers to a FCS that is directly fed with hydrogen from a pressurized tank
opposite to the case where the hydrogen is produced with an on-site reformer.

12
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a small fraction of the nominal FC power [19]. Thus, a F'C vehicle will be working
most of the time at high efficiencies. At the same time, using direct-hydrogen FC, the

local emissions problem in densely urban areas can be eliminated.

Another important advantage of PEMFC, in contrast to other types of fuel cells, is
the low operation temperature (below 80°C) [15], allowing to reach the operation point
quickly. In addition, the cost of the materials is smaller than for the high temperature
fuel cells (except the catalyst, which is based on platinum) and their operation is
safer. All these characteristics turn PEMFC particularly appropriate for applications
in vehicles. Nevertheless, it is necessary to use better, and more economic, catalyst so

that the reaction occurs at lower temperatures.

The main disadvantage of fuel cells is their high cost and the high production cost
of hydrogen. Hydrogen is preferred because of the fast electrochemical reaction, and
its high specific energy'. Nevertheless, as it was mentioned, hydrogen is not a primary
fuel. Usually, it is produced from hydrocarbon reforming or water electrolysis [5, 7].
The use of electrolysis is advisable specially when some type of renewable energy is
used, avoiding fossil fuel use. It is expected that the cost of fuel cells and hydrogen will
diminish with the technology progress. Thus, hydrogen has possibilities of becoming

an alternative to fossil fuels with the joint use of renewable energies.

2.1.4 Fuel Cell voltage

The standard potential E? is a quantitative measurement of the maximum cell po-
tential, i.e., the open circuit voltage. For a hydrogen-oxygen cell, in which there is a
transfer of two electrons by each water molecule, E® = 1.229 V if the produced water
is in liquid state and E° = 1.18 V if the produced water is in gaseous state [5]. These
values correspond to normalized conditions: cell temperature T, equal to 298.5 K and
the partial pressures of oxygen po, and hydrogen pp, equal to 1 atm. In the work of
Amphlett et al. [21], the following expression of E° is given, depending on the tem-

perature and the reactant partial pressures, which is used in several models of fuel cell

!The Specific Energy of hydrogen at ambient pressure is 8890 Wh kg~ !, meanwhile the correspond-

ing one of petrol is 694 Wh kg *. However, the necessary volume for its storage is greater. The energy
density of petrol is 500 Whdm ™, meanwhile for hydrogen (300 bar) is 55 Whdm™> [20].

13
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e.g., [13, 22]:

E° =1.229 — 8.5 x 10™* (T, — 298.5) +

1
+ 4.3085 x 10™°Ty. |In (pp,) + 5 n(po)| - (2.4)

However, in the practice the cell potential is significantly lower than the theoretical

potential because there are some losses even when no external load is connected.

Moreover, when a load is connected to the fuel cell, the voltage in the terminals
decreases still more due to a number of factors, including polarization losses and inter-
connection losses between cells. The main voltage losses in a fuel cell are the follow-

ing [5, 7, 23]

Activation loss The activation losses v, are caused by the slowness of the reaction
that takes place in the surface of the electrodes. A proportion of the generated
voltage is lost in maintaining the chemical reaction that transfers electrons from
the negative electrode toward the positive electrode. This phenomenon is strongly

nonlinear and more important at low current densities.

Fuel crossover and internal currents These energy losses results from the waste
of fuel passing through the electrolyte and from electron conduction through the
electrolyte. In PEMFC, the fuel losses and internal current are small and their

effects are usually negligible.

Ohmic loss The ohmic losses vop,, are caused by the resistance to the transport of
electrons through the electrodes and the different interconnections, and also to
the passage of ions through the electrolyte. The behavior of v,p,, is approximately

linear with the current density.

Concentration loss The concentration losses veone are caused by the diffusion of ions
through the electrolyte which produces an increase of the concentration gradient,
diminishing the speed of transport. The relation between the voltage of the cell
and the current density is approximately linear until a limit value, above of which

the losses grow quickly.

14
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Therefore, the fuel cell voltage of a simple cell can be expressed as
Vfe = EO — Vohm — Vact — Vconc- (25)

A typical polarization curve showing the potential and power density as a function of
the current density is shown in Fig. 2.3. This curve is obtained using the fuel cell model
developed in [13]. In practice, a succession of cells are connected in series in order to

provide the necessary voltage and power output, constituting a Fuel Cell Stack System.
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Figure 2.3: Polarization curve showing the cell potential and the power density vs. the
cell current density at py, = po, = 2.28 atm and Ty, = 353 K.

2.1.5 Theoretical and real fuel cell efficiency

The efficiency of any energy conversion device is defined as the ratio between the useful
energy output and the energy input. In a fuel cell, the useful energy output is the
generated electrical energy and the energy input is the energy content in the mass
of hydrogen that is supplied. The energy content of an energy carrier is called the
Higher Heating Value (AHgpyv). The AHppgy of hydrogen is 286.02 kJmol~! or
141.9 MJkg~'. This is the amount of heat that may be generated by a complete
combustion of 1 mol or 1 kg of hydrogen, respectively. The AHpggy of hydrogen
is experimentally determined by reacting a stoichiometric mixture of hydrogen and
oxygen in a steel container at 25 °C. If hydrogen and oxygen are combined, water vapor

emerges at high temperatures. Then, the container and its content are cooled down

15
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to the original 25 °C and the AHp gy is determined by measuring the heat released
between identical initial and final temperatures. On the contrary, if the cooling is
stopped at 150 °C, the reaction heat is only partially recovered (241.98 k.Jmol~! or
120.1 M J kg~"'). This is known as the Lower Heating Value (AHp gy ) of hydrogen [24].

Assuming that all the Gibbs free energy of hydrogen', AG, can be converted into

electrical energy, the maximum possible (theoretical) efficiency of a fuel cell is [23]
nimy = —AG/ — AHpmy = 237.34/286.02 = 83%. (2.6)

However, the AHp iy is used very often to express the fuel cell efficiency to compare it
with the internal combustion engine, whose efficiency has traditionally been expressed
using the fuel lower heating value. In this case, the maximum theoretical fuel cell

efficiency results in a higher number:

neav = —AG/ — AHpgy = 228.74/241.98 = 94.5%. (2.7)

If both AG and HHV in (2.6) are divided by 2 F', where 2 is the number of elec-
trons per molecule of Hy and F' is the Faraday number, the fuel cell efficiency may be

expressed as a ratio of two potentials:

~AG =8¢ 1.23
ek 7 p— ~AHgnv 1482 %, (28)
where
% =123V is the theoretical cell potential, and

7%{% = 1.482V is the potential corresponding to the HHV, or thermoneutral
potential.
In this section, we analyzed the theoretical fuel cell efficiency. However, as explained
in previous sections, in a real fuel cell the efficiency is quite lower and also depends
on the fuel cell current. The fuel cell efficiency npc can also be defined as the ratio

between the power produced and the power of hydrogen consumed [23]:
Ppc Vielge _ Vie

NHHV = PH = Ay . 14827 (29)
2 2T
_ Prc  Vielpe Ve
MHV = p T “AHpavIie | 1.254° (2.10)
2 2F

!The Gibbs free energy is used to represent the available energy to do external work. The changes
in Gibbs free energy A G are negative, which means that the energy is released from the reaction, and
varies with both temperature and pressure [25].

16
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where V. is the generated voltage and Iy. is the fuel cell current. Thus, the FC
efficiency is related to the actual voltage, which is related to the fuel cell current through

the polarization curve.

Moreover, in a real system it is necessary to incorporate some auxiliary systems
which consume a fraction of the generated power. As a result, the efficiency of the fuel
cell system, 7.5, is even lower than the expressed in (2.9):

Pret Pfc_Pauac < Paux)
=1NHHV =NV ——F—— =Nauv (1 — , 2.11
Nies = MHHV p = =1 P U Pr. (2.11)

where P,¢; is the net power output, Py, is the fuel cell power, and P, is the power
consumed by the auxiliary components, which include, in particular, the air compressor.
The efficiency curve of a fuel cell system of 50 kW modelled in ADVISOR' is shown
in Fig. 2.4.
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Figure 2.4: Fuel cell efficiency curve from ADVISOR data.

2.1.6 Generic structure of a fuel cell-based power generation system

In order to be able to produce energy, it is necessary to integrate the fuel cell stack

with other components to form a fuel cell-based power generation system. A generic

YADVISOR, ADvanced Vehlcle SimulatOR, is a toolbox developed by the National Renewable
Energy Laboratory with the aim of analyzing the performance and fuel economy of conventional,
electric, and hybrid vehicles [26, 27].
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scheme showing the interrelation between the main components of the power generation
system is presented in Fig. 2.5. These components can be divided into the following

subsystems [25]:

Reactant Flow Subsystem The reactant flow subsystem consists of the hydrogen
and the air supply circuits. The objective is to supply the adequate reactant flow
to ensure fast transient response and minimal auxiliary power consumption. The
hydrogen supply circuit is generally composed of a pressurized tank with pure
Hy connected to the anode through a pressure-reduction valve and a pressure-
controlled valve, meanwhile, the air supply circuit is generally composed of an air
compressor which feeds the cathode with pressurized air from the atmosphere.
The anode output is generally operated in dead-ended mode and a purge valve
in the anode output is periodically opened to remove the water and accumulated
nitrogen gas. In the case the anode output is not closed it is possible to reinject
the out-flowing hydrogen into the anode input. On the other hand, the cathode
output is normally open through a fixed restriction. The cathode air supply will
be studied in Chapter 4 where we propose to close the cathode output with a

controlled valve.

Heat and Temperature Subsystem The heat and temperature subsystem 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. The stack temperature control can be done using a fan or a

water refrigeration subsystem.

Water Management Subsystem The objective of the water management subsys-
tem is to maintain an effective hydration of the polymer membrane and an ade-
quate water balance, because the fuel cell performance is also strongly dependent
on membrane hydration. Both, the air and the hydrogen, are usually humidified
before entering the fuel cell with humidifiers in both circuits. The water that
leaves the cathode can be recovered in a water separator and reinjected in the

humidifiers through a pump.

Power Conditioning Subsystem The fuel cell generates an unregulated DC voltage

which drops off when the current increases according to the polarization curve.

18
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Figure 2.5: General scheme of a FICS oriented to automotive applications.

Excluding some applications where this is not a trouble, some power conditioning

actions are necessary. Such actions make necessary the use of DC/DC regulators

and/or inverter regulators.

Power Management Subsystem The power management subsystem controls the

power drawn from the fuel cell stack. If no energy storage devices is used, the

full load must be supplied by the fuel cell and no power management is necessary.

However, if an energy storage system is included, such as batteries or supercapac-

itors, it is necessary to implement a power management between this two power

sources. A review of Fuel Cell Hybrid Systems is described in next section and a

detailed study is done in Chapter 6.

2.2 Fuel Cell Hybrid Systems

The Fuel Cell Hybrid Systems (FCHS) are composed of a Fuel Cell System (FCS),

which is the primary power source and an Energy Storage System (ESS), e.g., a battery

or supercapacitor bank that contributes to supply the load power demand.
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2.2.1 How hybridization works

Given a load power Pjy4(t), this can be supplied with a fraction of the power from the

FCS, Pycs(t), being the rest of power supplied by the ESS, P.s(t):
Pload (t) = Pfes () + Pess (t) Vt. (2.12)

A diagram with the energy and power flows between the elements in the hybrid system

is shown in Fig. 2.6. The Pj.4(t) is produced by the fuel cell stack, which is fed with

Hydrogen Energy Storage
tank System
) Charging Energy
ﬁ"“m Regenerated
Energy
Fuel Cell
System

Power Converter
System

Boud =P )+ F (1)

Fuel Cell Energy Electric load Boosting Energy

Figure 2.6: Diagram showing the energy and power flows in a Fuel Cell Hybrid System.

a hydrogen flow 7, (t) from a Ha-pressurized tank, whereas, the bidirectional power
flow Pegs (t) can come from two different sources: the FCS or the load, through a
regenerative process in automotive applications. The regenerative braking is covered

in Chapter 6. In the FCHS of Fig. 2.6, four energy flows can be distinguished:

Fuel cell energy flow The FCS, which is the primary power source, supplies energy
directly to the load.

Charging energy flow It is possibly to charge the ESS with energy from the FCS
to subsequently supply the load.
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Regenerated energy flow When the load power is negative, e.g., during regenerative
braking in automotive applications, it is possible to regenerate energy and charge

the ESS with energy from the load.

Boosting energy flow It is possibly to boost the FCS supplying energy to the load
from the ESS with energy previously charged from the FCS or regenerated from
the load.

How to manage efficiently this energy flows is the function of the Energy Management

Strategies (EMS), which are covered in Chapter 7.

2.2.2 Advantages and disadvantages of fuel cell hybrid systems

The potential advantages of fuel cell hybrid systems are the following [18, 28]:

e Improve the hydrogen economy
e Overcome the relatively slow fuel cell system transient response
e Reduce the cost and weight of the global system!

e Reduce the warm-up time of the fuel cell system to reach full power
The disadvantages of the hybridization are the following:

e Greater complexity of the vehicle system

e Greater complexity of the control system

The advantages and disadvantages of fuel cell hybrid systems can be better under-
stood analyzing the roles of the Energy Storage System in a fuel cell hybrid vehicle,
which is the most promising application of hybrid systems. These roles are the follow-

ing [29]:

!This is true if the cost per unit power of the storage elements is lower than the corresponding to
the fuel cells. Otherwise, it can become a disadvantage. In the same way, the weight per unit power of
the storage elements must be lower than the corresponding to the fuel cell.
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Supply traction power during fuel cell start-up. Under ambient and cold-start
conditions the FCS output power is lower than its rated power. Thus, the energy
storage system is expected to compensate this drawback until the fuel cell reaches

its rate power.

Supply power assistance during drive cycles. The stored energy in the ESS can
supply the transitory demands of energy, allowing to assist the fuel cell operation
in two ways. First, it is possible to reduce the fuel cell power, supplying only
a fraction of the full load. Secondly, the energy storage can be used to improve
the transient response in a system in which the fuel cell alone is not capable of
responding quickly enough to an increase in power. The maximum power de-
mands from a vehicle typically take place during maximum accelerations, while
the highest energy demands take place when driving with slope. The energy
storage system can improve significantly the acceleration performance supplying
instantaneous power to compensate the relatively slow fuel cell dynamic. How-
ever, the contribution to the performance of driving with slope is expected to be

minimal since the capability of energy storage is limited.

Recapture regenerative braking energy. The possibility of recovering energy from
regenerative braking in automotive applications allows to improve the hydrogen
economy recuperating energy that, otherwise, is dissipated at the friction brakes.
This amount of energy depends on the driving cycle considered and goes from 5%

in a highway cycle to almost 18% in a city cycle.

Supply electrical accessory loads. A fuel cell hybrid vehicle may include several
electric loads such as radiator fans, power-assisted steering, electric brake, air
conditioning system, etc. These loads vary during the driving cycle but the total
net load could be considered as a constant value. It is potentially be expected
that the energy storage system could maintain these electrical loads for certain

periods during the cycle (e.g., if the fuel cell is shutdown).

Fuel cell startup and shutdown. In fuel cell hybrid vehicles it would be desirable
to have start/stop capability. This means that while the vehicle is running, the

primary power plant (i.e., the fuel cell) can be shut down and restarted according

22



2.2 Fuel Cell Hybrid Systems

to an energy management strategy. This type of operation is beyond the scope

of this thesis.

2.2.3 Applications of fuel cell hybrid systems

Stand-Alone Residential application

Fuel cell-based systems are very attractive for stationary energy generation, since they
allow the production of electricity and heat in a decentralized, quiet, efficient and
environmentally friendly way [30]. However, for stationary applications, a FC stack
may not be sufficient to satisfy the load demands, especially during peak demand

periods or transient events.

The problem of the slow dynamic response is more pronounced when the FC stack
is fed with hydrogen coming from a reformer instead of a Hy-pressurized tank be-
cause of the dynamic response of the reactor. Moreover, in stationary applications the
prospective arrangement is composed of a reformer. In addition, it is expected that
the load has an aggressive behavior: sudden load switching and load conditions such as
active-reactive power and loads with high harmonic distortion [31]. As a result, it may
be necessary an auxiliary energy storage system such as a battery or supercapacitor

bank to meet all load demands.

A dynamic electrochemical simulation model of a grid independent PEMFC' power
plant is presented in [32]. The model includes the methanol reformer, the PEM stack,
and the power conditioning unit. In addition to these components, the system is
equipped with storage batteries connected in parallel with the DC bus. The model
is used to study the transient response of the PEMFC power plant when subjected to
rapid changes in a residential load connected to it. The results show the fast response

capabilities of the PEMFC following the changes of the load.

In the same way, in [33] and [31], it is concluded based on experimental results
that the parallel combination of a FCS and a SC bank exhibits good performance for
stand-alone residential applications during the steady-state, load-switching, and peak
power demand. On the contrary, without the SC bank, the FCS must supply an extra

power, thereby increasing the size and cost of the FCS.
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In addition, a residential CHP' system based on PEMFC is studied in [30]. The
system is a co-generative unit, converting natural gas into electricity and heat, that
can works both under grid-connected and stand alone configurations. The system
considered in this work is also equipped with a set of batteries enabling load tracking
and peak loads. Results show that the prototype can satisfy the energy needs of small

residential applications.

Fuel Cell Hybrid Vehicles application

Most of the major automobile manufacturers are developing prototypes of fuel cell
vehicles. During the 1990s, several car companies began to work on developing the
PEMFC for passenger car propulsion motivated by the increasing environmental issue.
Hydrogen fuel cell vehicles (Hy— FC'V's) are a good alternative to conventional internal
combustion engine (/C'E) vehicles. Actually, fuel cells and hydrogen are considered as
the best overall solution in the long run, although significant technical improvements

are necessary [8].

The advantages of Hy — F'C'V's are

e The Hy— FCV s have no local contaminant emissions allowing to reduce the urban
pollution: the only emissions created during vehicle operation is water vapor. In
addition to this advantage, the use of hydrogen for transportation makes possible
to introduce alternative energy sources (e.g., biomass, biofuels, solar power, wind

power, wave power, etc.), in order to reduce the dependence on petroleum.

e F'CS, in contrast to ICE, have the characteristic that the efficiency does not
degrade at part load and, in fact, can be higher. A typical urban vehicle operates
mostly at part load conditions. In [34], it is concluded that the hydrogen economy
of Hy— FCV s can be 2.5—3 times the fuel economy of conventional IC'E vehicles.

e It is possibly to improve the hydrogen economy by recovering energy through
regenerative braking adding an energy storage system: the fuel cell hybrid vehicles

(FCHYVs).

LCombined Heat and Power.
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e The specific energy of hydrogen is much larger than batteries, which converts
Hy; — FCV's into a more competitive solution than pure battery electric vehicles:
1600 Whkg~' for hydrogen at 70 M Pa contrary to 35 Whkg~! for lead-acid
batteries, 70 Whkg~! for nickel-metal-hydride batteries, and 120 Whkg~! for

Lithium-ion batteries [8].

Therefore, in this thesis we concentrate our attention on the Fuel Cell Hybrid Vehicles

(FCHVs) with some kind of Energy Storage System.
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Chapter 3

State of the Art in control
aspects of PEM Fuel Cell-Based

Systems

In this chapter, a state-of-the-art review of fuel cell-based systems is done. The first
part of this study is focused on the literature works dealing with the control of fuel cell
systems with the anode fed from a high-pressure hydrogen tank and the cathode fed
with air from a compressor. The major control problem covered in this review is the
air supply control loop. In the second part of the state-of-the-art study, a review of
the control problem of Fuel Cell Hybrid Systems (FCHS) with Energy Storage System
(ESS) is done, focusing on the literature works dealing with the energy management

strategies to perform the determination of the fuel cell operation.

3.1 State of the Art in control and design of Fuel Cell-
based Systems

The transient behavior of the electrochemical reaction that takes place in the fuel cell
is very fast. Nevertheless, the transient behavior of the stack power is limited by the
dynamics of the hydrogen and air flow, the pressure regulation and the water and
heat management [16]. When a load is connected to the FC, the control system must
maintain the temperature, the membrane hydration and the partial pressure of gases at
both sides of the membrane to avoid voltage degradation and, consequently, a reduction

in the efficiency. Besides, it is important to control the mentioned variables to assure
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the F'C durability. These critical variables must be controlled for a wide range of power,
with a series of actuators such as valves, pumps, compressors, expansors, ventilators,

humidifiers and condensers [35].

The control issues covered in this section of the state-of-the-art study are

1. Regulation of the stack power

2. Control of the oxygen excess ratio
3. Control of the hydrogen supply

4. Controllability of the system

5. Improvement of the system efficiency

3.1.1 Regulation of the stack power

One of the main control objectives is to control the FCS so that the power output meets
the power load. Among possible applications of PEMFC' are electrical vehicles propul-
sion where the load fluctuates strongly. Indeed, the power required by a car depends
heavily on the driving profile. There are different standard driving cycles, representing
urban and suburban driving situations, which are widely used in the automotive lit-
erature to compare the performance and emissions in different vehicles. One of these
cycles is the New European Driving Cycle (NEDC). The standard driving cycles will

be seen in detail in Section 6.4.3.

The control system must match the power demand, manipulating appropriately
the control variables. Theses variables include: the hydrogen and air inlet flow, the
hydrogen and air inlet pressure, the stack temperature, the membrane humidification,
the coolant temperature and the coolant flow. There is a degree of uncertainty in
the behavior of the FCS components due to material degradation and the external

temperature and pressure [36]. Thus, the control system must be sufficiently robust.

In the work of Golbert and Lewin [36], Model-based Predictive Control (MPC) is
used with the objective to demonstrate that the MPC' can be used to obtain a robust
control and to improve the system efficiency reducing the hydrogen consumption. Since

that work is focused on applications with vehicles, the objective is to meet a certain
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speed more than an output power. In practice, the car driver manipulates the acceler-
ator and brake pedals according to the desired speed. This behavior can be simulated
using a PID controller together with a simple vehicle model. This model calculates
the required power to meet the required speed according to the vehicle characteristics.
In the simulations, the FCS controller based on MPC is implemented as a slave of
a master controller based on PID control, which provides the power set-point to the
MPC controller. Then, this controller manipulates the control variables of the FCS to
achieve the required FCS power. The MPC-based controller uses a nonlinear reduced
order model of the FCS model developed in [37]. In this work is concluded that it is
possible to satisfy the fluctuating power demands and to optimize the system efficiency,

with a significant hydrogen consumption reduction.

3.1.2 Control of oxygen excess ratio

One of the most important problems in F'CS control is to guarantee the sufficient oxygen
supply during abruptly changes in the load demand. This objective is difficult to obtain
since oxygen reacts instantaneously to load demands whereas, as was mentioned, the air
supply is limited by the gas feeding dynamics and the air compressor dynamics. Several
publications approach this problem [35, 38, 39, 40]. When the current demanded
increases quickly, the present oxygen level in the cathode diminishes drastically as
a result of the electrochemical reaction. The abrupt oxygen diminution can cause
damages to the membrane and degradation of the FCS efficiency. This phenomenon
is known in the literature PEMFC as “Oxygen Starvation”. This term describes the
operation condition of a fuel cell in sub-stoichiometric reactants feedings and is one of
the potential causes of fuel cell failure [41]. A parameter that indicates the excess of

oxygen in the cathode, namely Ozygen Exzcess Ratio (Ao2), is defined [25, 38, 40]:
Aop = 22 (3.1)

where W2 i, is the cathode inlet oxygen mass flow and Wos ¢ is the reacting oxygen

mass flow in the cathode electrochemical reaction. This flow depends on FCS current

Ifes:
nl
Wo2, ret = M02ﬁ7 (3.2)
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where Moo is the molar mass of oxygen, n is the stack cell number, and F' is the Faraday
number (F = 96485 C mol~1). Therefore, when the FCS current increases, the value
of A\p2 diminishes instantaneously. It is necessary to implement a control strategy that
allows a fast recovery of the oxygen level. In order to do that the controller must

provide more air to the FCS increasing the air compressor voltage.

In the work of Pukrushpan et al. [35], the oxygen level regulation is obtained by
means of a PI controller in the compressor. The oxygen transitory response is improved
using linear observability techniques. The observability improves when the FCS voltage
is included as a measured variable in the feedback controller. It is demonstrated that
there is a severe conflict between the oxygen excess control and the net power temporary
response. The limitation in the temporal response comes from the fact that all the
auxiliary equipment is power supplied directly by the FCS without any secondary power
source. In this publication is mentioned that with the use of an energy storage system
(e.g., batteries or supercapacitors) it is possible to overcome this conflict, although this

configuration is not developed.

In the work of Grujicic et al. [38], the optimization of the transitory behavior in a
PEMFC is analyzed with strategies of model based control. The controller in this work
has the objective to maintain a necessary level of oxygen partial pressure in the cathode
during steep changes in the demanded current. The results obtained indicate that the
oxygen level in the cathode can satisfactorily be maintained by means of feedforward
control, manipulating the air compressor motor voltage. Nevertheless, the FCS power
does not respond adequately during the transitory, which also suggests the necessity of
a power management by means of a secondary power source (battery or another storage
energy system). In [39], a feedback controller is added to the feedforward controller to
reduce the stationary state error. Again is concluded that it is necessary to implement a

hybrid configuration with storage of energy in order to improve the transitory response.

In the work of Vahidi et al. [40], a Model based Predictive Control (MPC) is pro-
posed to solve the oxygen supply problem during steep changes in the current. In this
article a hybrid system composed of FC' and supercapacitors is analyzed. MPC' is
based on minimization of a cost function of the predicted response of a system over a
future horizon. Excellent results in the oxygen level control are obtained, although the

transitory behavior of the FCS power is not analyzed.

30



3.1 State of the Art in control and design of Fuel Cell-based Systems

3.1.3 Hydrogen supply control

The hydrogen supply control objective is to feed the FCS with hydrogen at the same
pressure than air independently of the hydrogen consumed, which is proportional to the
current load [16]. It is very important to reduce the differential pressure through the
membrane to avoid damaging it. When pressurized hydrogen is used, the hydrogen flow
can be regulated by a servo valve. Since the valve is fast, it is assumed that the flow can
be controlled with a proportional controller based on the feedback of the differential
pressure [42]. Commonly, a purge valve is installed at the anode output to remove the
water in excess. The purge valve can also be used to reduce the anode pressure quickly

in case of necessity.

It is generally accepted that the hydrogen supply control is not critical when the
system is fed with pressurized hydrogen. However, the hydrogen supply control problem
is critical when the hydrogen production is made with an on-board fuel processor with a
relatively slow transitory response [25]. This is the case when reforming a hydrocarbon
fuel, for example natural gas, in a rich hydrogen gas [43]. This drawback can originate

a phenomenon known as “Hydrogen Starvation” [25, 43].

3.1.4 System controllability

The efficiency improvement in a fuel cell system is very important, but also it is im-
portant to maintain the system controllability. The efficiency and the controllability
of the system in two operating points for a determined net power is studied in the
work of Serra et al. [44]: one point corresponding to the minimum current necessary
to obtain the required power and the other one with a greater current. A conflict
between controllability and efficiency was found. The operating point corresponding
to minimum current has greater efficiency whereas the point with higher current has
better controllability. Therefore, it is necessary to obtain a convenient balance between

efficiency and controllability.

3.1.5 Improvement of the system efficiency

It is meaningful to study the manner of operating a FCS, specially at low loads. An

adequate operation produces important benefits, increasing the system efficiency in
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terms of hydrogen reduction and allowing a greater peak power. In a direct-hydrogen
FCS, the air supply subsystem has a crucial role in the improvement of the performance
of the system [19]. In fact, there are two external variables that have greater impact in

the polarization curve: the air pressure and the air stoichiometry (SRa).

The air pressure and the air stoichiometry control the oxygen partial pressure in the
catalytic layer of the cathode, which determines the cathode polarization and, therefore,
the efficiency. In [16], it is also stated the importance of the air pressure control to
improve the FCOS efficiency. The efficiency improvement for a given load is based on a
trade-off between the increase of the air pressure and the SRa, and the increase of the

parasitic compressor power.

In the work of Friedman and Moore [19], it is shown that a FCS can be optimized
to obtain high peak power and high efficiency over a broad range of output powers. The
key to obtain this objective is to vary the pressure and the air flow. Based on this result,
it could be concluded that a FCS must be operated to the greater possible pressure
and SRa. Nevertheless, if the energy necessary to compress the air is considered, the
result is different: for a fixed air flow, the compressor power consumption increases
significantly when the pressure is increased. This means that it is possible to find an

optimal combination of pressure and air flow.

A similar conclusion is stated in [38]. In this work, it is assumed that the FCS net
power P, can be approximately defined as the difference between the power produced
by the F'CS, Py.s, and the consumed compressor power Pey,. For each load current, an
air flow increment increases the cathode pressure and, therefore, increases the oxygen
partial pressure, increasing the FCS voltage. This also leads to an increment in the
oxygen excess ratio in the cathode, Ap2. The initial increase in the oxygen excess is
translated in a F'CS power increase and a net F'C'S power. Nevertheless, if a limit Apo
is exceeded, an excessive compressor power produces that the net power falls. Thus, for

each current there is an optimal value of Aps, for which the net power has its maximum.

A plot of net power as a function of the oxygen excess ratio at different currents for
a 40-kW FCS is shown in Fig. 3.1 [38]. The FCS is operated in standard conditions:
temperature Ty.s = 353K and relative humidity in the cathode ¢., = 100%.
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Figure 3.1: Net FCS power at different currents and Oxygen Excess Ratio [38].

3.2 State of the Art in Control of Fuel Cell Hybrid Sys-
tems

In this section, we present the state of the art of the control of Fuel Cell Hybrid Systems,

which is separated in three subsections for clarity:

1. Electrical topology
2. Hybridization degree

3. Energy management strategies

3.2.1 Electrical topology

One important issue in Fuel Cell Hybrid Systems is to determinate the proper electric
topology. Some configurations for fuel cell vehicles and their control strategies are
studied in [9, 45]. Some of these configurations include the use of a propulsion battery.
On the other hand, in the work of Santi et al. [46], a case study of a domestic fuel cell-

based uninterruptedly power supply is presented. In that work, different configurations
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are also analyzed. Because of the slow dynamics of the fuel cell compared to the
electrical system requirement, it is concluded that the use of energy storage elements
is necessary. The rate at which the energy from the storage system is required is
a significant parameter to choose the correct technology for storage and the use of

batteries is decided after an analysis of different options.

An approach for the design of a Power Conditioning System (PCS) for fuel cell
generation systems is studied in [47] with the help of several PCS examples. From this
study, it is noted that full-bridge, half-bridge and push-pull converters are fundamen-
tally used and various different topologies. Also, the comparison of the voltage source
and current source topologies has been done, so that a system designer can select the
proper topology according to the applications. From this comparison, it is concluded
that it is better to connect the energy storage unit to the DC-link in parallel through

a bidirectional converter. A similar conclusion is found in [48].

3.2.2 Hybridization degree

In the work of Atwood et al. [49], the influence of the hybridization degree on the system
efficiency is analyzed, looking for an optimal value. Results for a wide range of combi-
nations between batteries and FC sizes are presented, from a purely electrical vehicle
to a pure fuel cell vehicle (without storage batteries). The results of hydrogen economy
that are shown demonstrate that hybridization can improve the power efficiency. As
it is expected, the presence of batteries allows the capture of regenerated energy from
braking. The main conclusion of this work is that the optimal degree is not independent
of the driving cycle considered. The results also show that the control strategy, the
power spectrum of the considered cycle, and the F'CS and battery efficiency interact in
a complex form. It is also concluded that the efficiency at low powers depends on the

air compressor power and its minimum speed, combined with the hybridization degree.

In the same way, in the work of Friedman [50], it is also investigated the convenience
of using a hybrid configuration of FCS and batteries. In this work, comparisons between
two hybrid systems are made (which differ in the size of the battery bank). A pure FCS
system is also considered. Different driving cycles are used to compare the performance.

The results are not conclusive about the convenience of the hybrid systems, although
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the work clarifies that they depend on the technology used. In fact, with the new

technologies in batteries and supercapacitors it is possible to achieve better results.

An economic comparison between vehicles with different hybridization degrees is
done in [18], considering the initial cost of the vehicle, the fuel cell, the batteries and
the hydrogen. The initial cost of a fuel cell vehicle is reduced by means of hybridization
when the price of the fuel cell is high. In addition, the operation cost is affected mainly
by the hydrogen cost. Since one of the advantages of hybridization is the hydrogen
reduction, it is possible to reduced the operative cost of the vehicle. In this work, a
hybrid vehicle model was simulated using the Federal Urban Driving Schedule (FUDS)
for different HD, including the case of null hybridization (no batteries). The results
show that the best hydrogen economy was obtained for a HD of 33%, meanwhile for
a HD of 73% the economy is worse than in the case of pure FC vehicle. Concerning
to the initial vehicle cost, the results also show that if the fuel cell price is less than

400 U S$/kEW the hybridization has no benefits.

It is also concluded in [51] that an auxiliary power source can be used in FCV to
alleviate the performance limitation, specially when the FC' is fed with an on-board
fuel reformer. It is shown that for a given vehicle, motor and FCS configuration, there
is an optimal choice for the energy capacity for different battery technology. However,

in this work the effect of different driving cycles is not taken into account.

The results of an energy analysis for a load-following fuel cell vehicle (without any
energy storage device) versus a battery-hybrid fuel cell vehicle are presented in [52].
The major conclusion from this study is that only for cycles with a large amount of
regenerative braking at low to mid power levels (e.g., the FUDS cycle) there are sig-
nificant advantages in terms of overall hydrogen economy. The fact that the hydrogen
economy occurs only in certain driving cycles can be attributed to the hybrid config-
uration and, fundamentally, the energy recovery from regenerative braking. However,
the energy management strategy employed to perform the power split between the en-
ergy storage system and the fuel cell is quite elementary. As a result, it is expected
to achieve better results implementing a more elaborated strategy exploiting the ca-
pabilities of the recovered energy from regenerative braking and operating the FCS in

a more advantageous way. Besides, and probably more important, as this study was
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done with batteries in the energy storage system the use of supercapacitors increase

the benefits of the hybrid system as it will be shown.

3.2.3 Energy management strategies

The coordination between several power sources in a Fuel Cell Hybrid System requires
a high level control: the Energy Management Strategy. Different approaches are found
in literature. In the work of Thounthong et al. [53], the strategy implemented is based
on DC' link voltage regulation by controlling the power converters. The FCS is oper-
ated in almost steady state conditions in order to minimize the mechanical stresses of
the FCS and to ensure a good synchronization between hydrogen flow and FCS load
current. Supercapacitors are only functioning during transient energy delivery or tran-
sient energy recovery. This strategy addresses the link voltage regulation but not the

system efficiency.

In the work of Paganelli et al. [54], a general formulation about the instantaneous
power split between the fuel cell and the Energy Storage System (ESS) in a FCHV
is presented. The proposed method is based on a control strategy called Equivalent
Consumption Minimization Strategy (ECMS). This formulation is based on fitting the
instantaneous distribution of power between the FC' and the ESS to diminish the
global hydrogen consumption using an appropriate analytical formulation suited for
real time control. For that, a first step consists in converting the electrical powers
that take part in the system in equivalent hydrogen consumptions. Unlike the previous
works, the FCMS strategy demonstrates to be robust under a wide range of operating
conditions. Nevertheless, the efficiency is sensible to several crucial parameters: average
consumption, the function penalty employed and the limit values of the load range.

They conclude that greater investigation is necessary to surpass these problems.

In the same line, in the work of Rodatz et al. [28, 55], it is implemented a real time
control to distribute the power between the F'C and the ESS, with the objective of di-
minishing the hydrogen consumption maintaining, at the same time, the controllability
of the system, using the same concept of equivalent hydrogen consumption. Experi-
mental results are shown in [55] with a F'C-supercapacitors hybrid vehicle (experimental

Volkswagen HyPower vehicle).
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An algorithm is implemented in [28], which resolves an optimization problem at
each sampling time and the cost function is constructed from variables considered at
the present time. This cost function takes into account the use of the hydrogen energy,
since the major objective is to reduce the hydrogen consumption, but also considers
the amount of recovered energy. The conclusion of the work is that the efficiency is not
significantly improved with the use of this control strategy. This might be due to the
small margin for optimization with respect to the case study of the work of Rodatz et
al. [55], which is utilized to make the comparisons. Nevertheless, this technique has the
advantage that it does not need more adjustment than the horizon time. In addition,
ECMS control involves a hydrogen consumption model as a function of the net output
power. This feature makes ECMS inherently self-adaptive to achieve full efficiency with

any system configuration and operating condition such as temperature.

In the work of Kotz et al. [56], a pilot system on small scale that represents a hybrid
vehicle with FC' and supercapacitors is analyzed. The FC-SC hybrid system is tested
with the New European Driving Cycle, (NEDC)', demonstrating that supercapacitors
are excellent energy storage devices that can be used efficiently in vehicle applications
for energy recovering from braking and peak power reinforcing. The recovered energy
in different driving cycles for two different car sizes are presented: in an urban driving
cycle it is possible to recover until a 25% of the traction energy and the general effi-
ciency of the recovering process is near 70%. The main conclusion of this work is that
supercapacitors have a great potential for applications with short duration peak pow-
ers, such as in hybrid electrical vehicles. In addition, it is concluded that an elaborated

energy management strategy is necessary as is presented in [28].

In the work of Caux et al. [57, 58|, the energy management between a FCS and
supercapacitors is studied in a tramway application. An algorithm that determines
two power references (one for the FCS and another one for the supercapacitors) is
presented with the main objective to fulfill the power demand. Other objectives are the
following: 1) recover the maximum of braking energy, 2) supply the power consumed
by the auxiliary systems with the FCS, 3) the FCS must operate preferably at rated
power (400 kW), 4) employ the storage elements as little as possible, 5) restrict the

FCS power variation, and 6) perform the starting and stoping with the storage elements

IThe characteristic load profiles are covered in Section 6.4.3.

37



3. State of the Art in control aspects of PEM Fuel Cell-Based Systems

totally charged. The algorithm computes all possible references and, with the losses
and the efficiency estimation of all components, an effective solution is found for a
given profile. The conclusion is that a different number of supercapacitors is required

depending on the profile in study.

For the development of a correct energy management strategy, it is necessary both
a good FCS model and an estimation of the energy losses produced in the storage
elements and the converters. The losses in the supercapacitors by Joule effect (Pjyss =
7sc - 12.) and the losses produced by conduction and commutation in each converter are

calculated in [58]. These losses are function of the commutation frequency (f.), and

the current and voltage on the converter (Pjoss = f (fe, Ipc, Vpo))-

In the work of Jung et al. [59], a control strategy with two objectives is proposed:
one objective is to obtain high efficiency in the hybrid system and the other is to main-
tain a minimum state of charge in the batteries. If both objectives cannot be fulfilled
simultaneously, the priority is given to the battery state of charge. The system effi-
ciency can be improved controlling the power split between the fuel cell and the battery.
The value of reference for the battery state of charge can be determined considering the
optimal efficiency of charge and discharge. The operation is divided into five different
modes of operation: 1) charge mode, 2) discharge mode, 38) fuel cell mode, 4) re-
generative mode and 5) electrical vehicle mode (only batteries). The operation mode
is determined according to the battery state of charge and the power required. The
effectiveness of the control strategy proposed was evaluated by experimental results,

although the obtained effectiveness is not quantified.

In the work of Kim et al. [60], a combined power management/design optimization
problem approach for the performance optimization of FCHVs is formulated. Their re-
sults indicates that optimality consists in downsizing the fuel cell compressor, decreas-
ing the hybridization degree without compromising regenerative braking and employing

adequate control strategies.

Schiffer et al. [61] also shows the benefits of using a fuel cell-supercapacitor system
for FCHVs. Their results show that it is a good strategy to use the supercapacitors
with their maximum power during acceleration and deceleration phases and to con-
trol the voltage of the supercapacitors during standstill and constant speed phases to

reach an optimum voltage that depends on the vehicle speed. The fuel cell is used as
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little as possible during acceleration and deceleration phases while used to charge the

supercapacitors during standstill and constant speed phases if necessary.
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Chapter 4

The control of PEM Fuel Cell
Systems

The behavior of the generated power in a fuel cell system depends on the hydrogen and
air flows, the regulation of the pressure, and the management of water and heat [16].
When a load is connected to the fuel cell, the control system must control the tem-
perature, the membrane hydration and the partial pressure of gases at both sides of
the membrane to avoid voltage degradation and, therefore, a reduction in the effi-
ciency [42]. Besides, it is important to control efficiently the mentioned variables to
assure the durability of the cells. These critical variables must be controlled for a
wide range of power, with a series of actuators such as valves, pumps, compressors, ex-
panders, fans, humidifiers and condensers [35]. Figure 4.1 shows a scheme of a generic

fuel cell system.

The control of the fuel cell system without any energy storage is approached in this
chapter with the following structure. Firstly, the model that is employed to simulate
the fuel cell system response is presented. Secondly, the control objectives are stated.

Thirdly, a controller is designed.

4.1 Overview of the model employed for control purposes

Validated mathematical models provide a powerful tool for the development and im-
provement of fuel cell-based systems. Mathematical models can be used to describe the

fundamental phenomena that take place in the system to predict the behavior under
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Figure 4.1: Scheme of a generic fuel cell system

different operating conditions and to design and optimize the control of the system.

The models of fuel cell systems describe quantitatively the physical and electro-
chemical phenomena that take place into the cells. They can be divided in two groups:
empirical models and mechanistic models. Most of the empirical models are focused
in the prediction of the polarization curve, which is used to characterize the electrical
operation of the F'C, by means of empirical equations. One example is the model de-
veloped by Amphlett et al. [62], which incorporates as much empirical properties as
mechanistic to obtain the FC' voltage as a function of the current, the FC' tempera-
ture and the hydrogen and oxygen partial pressures for a 35-cell 5 kW PEM fuel cell.
On the other hand, the mechanistic model considers the fundamental phenomena in
detail such as, heat and mass transport, forces, and electrochemical processes. In the
work of Yao et al. [12], an extensive review of models for hydrogen polymeric fuel cells
and direct methanol polymeric fuel cells is made. The first F'C' mechanistic models
were one-dimensional models, e.g., [63]. Only variation of magnitudes in the direction
across the F'C' are considered. More recently, several models of two and three dimen-
sions have been developed, e.g., the model developed by Nguyen et al. [64], which is a

three-dimensional model of a PEM fuel cell with serpentine gas channels.

Nevertheless, in spite of having many models that study the cells in stationary state
there are few dynamic models. In the work of Pukrushpan et al. [13] a dynamic model

for PEMFCS that is suitable for the control study has been developed. The model
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4.1 Overview of the model employed for control purposes

captures the transitory behavior of the air compressor, the gasses filling dynamics
(in the cathode and in the anode), and the effect of the membrane humidity. These
variables affect the cell voltage and, therefore, the efficiency and the output power.
The polarization curve in this model is a function of the hydrogen and oxygen partial
pressures, the stack temperature and the membrane water content. This allows to
evaluate the effect of variations of oxygen concentration and membrane humidity in the

output voltage, which are necessary to make the control during transitory operation.

The model developed by Pukrushpan et al. [13], which has been employed in [38,
40, 43] for control purposes, is utilized in this work as a base to represent the behavior
of a generic fuel cell system. The principal equations of this model are described
in Appendix A. In our work, this base model has been modified to adapt it to the
proposed control structure described in Section 4.2. In the original model there is only
one control variable: the compressor motor voltage. In this thesis it is proposed to add
an extra variable, the throttle opening area in the cathode output, A;, adding a control
valve in the cathode output. The advantages of this new configuration are covered in

detailed in Section 4.2.3.

The model in [13] contains four main subsystems that interact with each other: i)
the FC voltage subsystem, i) the membrane hydration subsystem, iii) the cathode flow
subsystem, and iv) the anode flow subsystem. The spatial variation of parameters is not
considered and, thus, they are treated as lumped parameters. On the other hand, the
time constants of the electrochemical reactions are in the order of magnitude of 1071 s
despite another work [65] argues that this constants are significatively lower (1079 s).
In any case, all the literature agrees in the fastness of the electrochemical reactions,
what is remarked in [66] and [67]. Thus, for control purpose, these time constants can
be assumed negligible compared to other constants much slower: temperature (10? s)

and dynamics of volume filling (107! s).

Usually, in model-based control, it is necessary to find simplified models, derived
from the complete ones or from experimental data, to be used as inner models into the
controller. In this work the step response is utilized to obtain a simplified model that
is used as internal model to predict the future process response in the control strategy

implemented in Section 4.2.5. The main advantage of this simplified model is that is
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easily obtainable through experimental data with good agreement with respect to the

original nonlinear system in the considered operating point.

4.2 Design of controllers for Fuel Cell Systems

PEMFC systems are efficient devices which allow the transformation of the chemical
energy stored in hydrogen into electric energy. In order to obtain this transformation
efficiently, all the subsystems must work properly. The air supply is one of these
subsystems, which has a great influence in the system efficiency. In fact, one of the most
important challenges in fuel cell control is to assure sufficient amount of oxygen in the
cathode when current is abruptly drawn from the fuel cell stack. In this study, the air
supply subsystem is composed by an air compressor, which supplies air to the cathode.
On the other hand, the hydrogen supply subsystem relies on a hydrogen-pressurized
tank and the hydrogen inlet flow rate is regulated by an independent control loop to

maintain the working pressure in the anode close to the pressure in the cathode.

4.2.1 Control objectives

The main objectives of fuel cell systems control found in literature were exposed in
Section 3.1 and, as mentioned, the control of the air supply is the more critical with
regard to the efficiency improvement since the compressor consumption is the major

parasitic power. The efficiency of the FCS was defined in (2.11).

At a given fuel cell current If., if the compressor motor voltage is increased, the
compressor flow rate augments the cathode pressure and, in turn, this also leads to a
higher level the oxygen excess ratio Ao, in the cathode. However, an increment of Ao
above a certain limit generally requires an excessive increase in the compressor motor
power consumption which causes a reduction in the net power since Pyet = Pres — Pep.
Thus, it is concluded that at each level of the fuel cell current there is an optimal value
of Ap2 at which the net power is maximum [38]. This result is reproduced in Fig. 3.1.

Thus, the control of A\ps is an indirect way to improve the system efficiency.

On the other hand, since the efficiency is a function of the fuel cell voltage V., any
voltage reduction is translated in an efficiency degradation. Thus, it is necessary to

regulate the fuel cell voltage. Therefore, the control objectives proposed are:
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1. to regulate the oxygen excess ratio in the cathode, Ap2

2. to regulate the generated voltage in the fuel cell system, Vs

4.2.2 Control variables

The only variable used to control the air supply in the cathode, from the literature
review, is the compressor motor voltage [13, 37, 38, 40]. The cathode outlet flow
Wim,out 1 a function of the upstream pressure and the downstream pressure at the
cathode nozzle. The downstream pressure is assumed to be fixed at pgsy,. If the pressure

difference is small, the flow rate can be approximated by the linearized expression

Wrm,out =k (prm - patm) . (41)

On the contrary, a more complex expression is necessary to calculate the outlet mass

flow as a function of the return manifold pressure p,, as it is shown in (4.2) and (4.3) [13]:

1
1 ol § 2
147 . Cprm At Prm (patm> v 2y 1 <patm> v ’
,out — = 1 -
et vV RTm Prm v—1 Drm
-

for patm>< 2 >71 (4.2)

Drm v+ 1

and

y+1 ~

C A 2 \26-D 2\t

Wrm,out _ D,rnz t Prm ’7% < > v for Patm < <_> Y : (4.3)
VRTym y+1 Prm y+1

where Cp ., is the return manifold throttle discharge coefficient (Cp,y, = 0.0124 in

the used model), R = 8.3145 J mol~! K~ is the universal gas constant, and v = 1.4

is is the ratio of the specific heat of air.

As mentioned, the compressor power consumption is the greater parasitic power
and has a major effect in the system efficiency. Therefore, it is important to find
efficient procedures to control the cathode air flow. We propose in this thesis work
to consider the throttle opening area A; as a variable area. This is achieved adding
a proportional valve at the cathode output. Thus, this new variable is a new control
variable that regulates the outlet air flow in conjunction with the compressor motor

voltage. Note that this control variable by itself is not capable to regulate the air
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Figure 4.2: PEMFC' reactant flow scheme with the variables proposed for control pur-
poses.

flow since the compressor is always necessary to get pressure in the supply manifold
and the cathode. The advantages of this configuration are analyzed in Section 4.2.3.
Therefore, the manipulated variables are u; = Vi, (compressor motor voltage) and

ug = A; (outlet valve area). A schematic diagram of the system is shown in Fig. 4.2.

4.2.3 Performance analysis using an extra control variable

In this section, the performance improvement achieved through the use of the extra
control variable described before is analyzed. The analysis is done in two parts. Firstly,
a stationary analysis is done with the aim of showing the advantages in steady state
using this new control variable. Secondly, a transient analysis is done in order to show

the dynamic improvement.

Stationary analysis

As mentioned before, the air supply subsystem has a strong influence in the fuel cell
performance. On the one hand, an insufficient air supply may cause oxygen starvation

in the cathode, which causes voltage reduction and membrane life shortening. On the
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other hand, the compressor operation implies a power consumption that diminishes the

system efficiency (see (2.11)).

The operation of the fuel cell system at high pressures increases the generated
voltage as a result of the increase in the cathode oxygen partial pressure and anode
hydrogen partial pressure (see (2.4)). Especially, an increase in the cathode pressure
produces an increase in the supply manifold pressure and thus, an increase in the pres-
sure ratio across the compressor and in the compressor power consumption contributing
to a reduction in the system efficiency. The power consumed by the air compressor is

p,, = Crlom [(p o 77_1) - 1} Wep, (4.4)
Tlep Patm

where W, is the compressor air flow rate, P, is the compressor power, T, is the

inlet air temperature in the compressor, 7, is the compressor efficiency, pg,, is the
supply manifold pressure, C}, = 1004 J kg~! K~! is the specific heat capacity of air,
and v = 1.4 is the ratio of the specific heat of air. The compressor motor voltage as a
control input allows to regulate the oxygen partial pressure in the cathode. Augmenting
the compressor voltage, the oxygen partial pressure increases. However, the compressor

power consumption also increases.

A diminution of the area of the valve that closes the cathode air flow with a fixed
Vem contributes to increase the cathode pressure and, at the same time, contributes to
modify the input air flow, the stoichiometry, and the oxygen concentration. The power
consumption of the compressor has two opposite trends when the valve is partially
closed: the trend to increase due to the pressure rise and the trend to decrease due to
the flow reduction. When all these effects are taken into account, there is a positive
balance in the total efficiency diminishing the valve area as we can observe analyzing
the curves of polarization (see Fig. 4.3), efficiency (see Fig. 4.4), power compressor
consumption (see Fig. 4.5) and oxygen partial pressure (see Fig. 4.6) plotted for two

different valve areas and a certain compressor voltage (V.,, = 140V).

It is important to note that the increase in the efficiency is not for all current
densities. When the current density is high, the flow and concentration reduction have
a greater influence than the pressure increase and the result is a decrease in the oxygen
partial pressure. In effect, the oxygen consumption is higher at higher current densities:

Mopan A

4.
22, (4.5)

WOZ, ret —
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Figure 4.3: Polarization curves for V,,, = 140V and different valve areas.
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where Wog, ot is the rate of oxygen reacted, Moy = 32 X 107 3kgmol~! is the molar
mass of oxygen, n is the number of cells, A is the active cell area equal to 381 cm?,
F = 96485 C'mol~! is Faraday number, and 7 is the current density. Depending on the
operating pressure, the increment in efficiency happens along different current density
ranges. With low operating pressures (lower compressor voltage V) the system effi-
ciency increment due to the valve closure occurs only at low current densities, whereas
with higher operating pressures (higher compressor voltage) the increment in system
efficiency occurs along greater current densities ranges. This can be seen in Fig. 4.7
to Fig. 4.9. For V., = 100V the efficiency increment occurs only for current densities
below 0.34 Acm™2 (see Fig. 4.7), for V., = 140V the increment occurs for current
densities below 0.67 A ¢m ™2 (see Fig. 4.4), while for V,,,, = 180V the increment occurs

for all the current densities analyzed (see Fig. 4.8).

As can be seen in Fig. 4.9 for V,,, = 180V, the oxygen partial pressure rise, as a

result of diminishing the valve area, occurs at all current densities.

In Fig. 4.10, it can be seen how the efficiency changes with A, for values between 20
to 40 cm?. As a conclusion of this stationary analysis, it can be stated that the cathode
output valve area as well as the compressor motor voltage have to be adjusted in order

to have high efficiency.
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Transient analysis

Besides the possible performance improvement observed in the stationary analysis,
there is also an improvement in the transient behavior using the cathode air flow valve
as a manipulated variable. A preliminary transient analysis is made employing a DMC
strategy (the details of this control strategy are explained in Section 4.2.5). The con-
trolled variable in this analysis is the stack voltage. A stack current disturbance from
200 A to 210 A is applied to the fuel cell system in order to compare the disturbance
rejection capability of the system. A comparison between the transient responses ob-
tained using only the compressor voltage as a control variable and the one obtained by
using the opening valve area in combination with the compressor voltage is showed in
Fig. 4.11. The later shows a better behavior with a reduction in the stack voltage time

response from 0.6 s to 0.4 s.

4.2.4 Control strategy

The advantages of using the outlet valve area together with the compressor voltage are
exploited implementing a control strategy. However, there is an interaction between the

manipulated variables and the controlled variables, which makes difficult the realization
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of a decentralized control of the system [44]. An analysis of interaction and sensitivity
is done using the Relative Gain Array (RGA). The RGA is the ratio of the open loop

and closed loop gains, and can be computed as
RGA =G x (G™HT, (4.6)

where x denotes element-by-element multiplication and G is the gain matrix of the
system. Each element of the gain matrix, g;;, is the response for steady-state in output

y; when input u; is altered but with input u; kept constant:

AV}, Ado,
m 0 Avcm 0
G= At A (4.7)
AV}, Ado,
AA Vo AAy Vo

In this analysis, the nominal values are: IJQCS =1904, V9 = 1875V, and AY =
20 cm?. The step in the inputs are: AA;/AY = 0.1 and AV,,,/VO = 0.1. The step
response is shown in Fig 4.12. Thus, the RGA is

(4.8)

ROA — [ 0.94  0.06 }

0.06 0.94

Analizing the resulting RGA matrix, seems convinient to pair V., with Vy., and
A; with A\p,. However, we propose the use of a centralized multivariable controller

based on Dynamic Matriz Predictive Control (DMC'), which avoids pairing variables,
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Figure 4.12: Step response.

to resolve efficiently the interaction and sensitivity problem between the manipulated

variables and the controlled variables.

The two control objectives and the two control variables are explained in Sec-
tion 4.2.1 and Section 4.2.2, respectively. The control scheme is shown in Fig. 4.13

where the load current Iy, is considered as a disturbance to the fuel cell system.

4.2.5 Dynamic Matrix Control strategy

The Dynamic Matriz Control (DMC') [68] is a particular type of predictive control
strategy that uses the step response to determine the so-called Dynamic Matriz G.
This matrix is interpreted as a model of the process that takes into account only the
hy first samples until the response tends to a constant value, assuming therefore that

the process is asymptotically stable. Thus, the predicted output can be expressed as

y=Gu+f, (4.9)
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where y is the time-vector of predicted outputs, y = [ Y1 | Yo ]T, with y; representing

the time-vector of the i-th output
yi = ik + 11k), -, yi(k + hylB)]" (4.10)

where y;(k + 1|k) denotes the prediction of y; at time k+ 1 done in time k. The control
vector u = [ Ug | U ]T is the sequence of future control actions where each vector
u;j represents the h,,-dimensional vector of control corresponding to the j-th control
variable

wj = [uj(k), uj(k + 1), , wj(k + hp — 1))7, (4.11)
and f = [ f1 fz]T

not depend on future control movements, where

is the free response vector, that means, the response that does

fi = filk+ 1K), -, filk + hylk)]" (4.12)

A graphical description of a general predictive control strategy can be seen in Fig. 4.14.

The dynamic matrix G is constructed from the coefficients obtained from the step

response with prediction horizon h, and control horizon h,:

o= | emge] 1
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and each matrix G;; of dimension hy, X hy, contains the coefficients of the step response

of the i-th output corresponding to the j-th input:

[ o 0 0 1
g2 g1 0
Gii=| - : h : . 4.14
Y Ghm  Ghm—1 g (4.14)
L 9hp,  Ghp—1 " Ghp—hm+1 |

The objective of the DMC controller is to minimize the difference between the
references y,, and y,,, and the predictions of the process outputs y; and ys over a
horizon h,, in a least square sense with the possibility of including a penalty term on

the control signal large movements:

muin J(k). (4.15)
The cost function J(k) is defined as
hp
J(k) =D Ty (k+Ik) = el " Rly (k + jlk) =yl +
=1
3
+ Y [Auk+ k)] QAu (k + jlk)], (4.16)
=0

where Au(k + j|k) S

pensate the different ranges of values of the process outputs, and @) = diag[qi, g2 is a

(k+ jlk) — u(k — 1+ j|k), R = diag[r1, 2] is a matrix to com-
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matrix that allows to penalize the control effort. If there are no restrictions in the ma-
nipulated variables, the minimization of the cost function J(k) can be realized making

its derivative equal to zero, resulting
-1
Au = (G" Rop,xon, G+ Qonpxony,)  G' Ronyxon, €, (4.17)

where Rop,xon, and Qap,, x2h,, are expanded matrices from R and @), respectively:

R2hp><2hp :dla'g Ty 5 T1,72, 0, T2, (418)
hyp hyp

QthXth :dlag qi,- 541,492, ,4q2], (419)
hom hm

and e is the vector of future errors along the prediction horizon:

€= [y""l _ypl(k)a Yrq _yl(k+ 1“{:)7"' » Yry _yl(k+hp - Hk)?
Yro — ypz(k)v Yry — yQ(k + 1|k)7 ity Yrg — yQ(k + hp - 1“{:)]T7 (4'20)

where y,, is the i-th plant output measured at present instant £. The measurement of
the plant outputs provides a compensation mechanism to rectify the inevitable model
errors and deal with non-measured disturbances, and thus, assures zero error at steady-

state.

In all the predictive control strategies, only the first element of each calculated
control sequence u; is applied to the plant and, in the next iteration, the sequence of
control is calculated again using actualized information from the plant. The theoretical

bases of the method are given in [68].

4.2.6 Simulation results

The internal model utilized by the DMC' controller has been obtained through the
linearization of the nonlinear model described in Section 4.1 around the operating
point corresponding to u; = Vi, = 187.5V, ug = A; = 20em?, w = I = 190 A, which
gives a net power of 40 kW. The reference values for the outputs are y,, = Ao, = 2.36
and y, = Vy. = 250.6 V

The control horizon h,,, the prediction control h,, and the matrices R and ) were

adjusted to achieve an adequate dynamic behavior of the fuel cell system. The values of
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R and @) have a strong influence on the transient response obtained. This is especially
true for the weight matrix ), which reduces the control effort. The higher are the
values in @, the lower is the control effort, but the response time is greater. Thus, the
values chosen for the elements of the weight matrices are: ¢ = 1, g2 = 0.5, r1 = 5,

ro = 1. The values of hj, and h,, are 100 and 15, respectively.

The simulation results of the controlled system with variations in the load cur-
rent (Fig. 4.15(a)) are presented in Fig. 4.15(b) to Fig. 4.15(e). Figure 4.15(b) and
Fig. 4.15(c) show the controlled variables (Ao2 and Vy.), while Fig. 4.15(d) and Fig. 4.15(e)

show the manipulated variables (V.,, and A;).

As can be observed in the figures, the implemented controller has a good disturbance
rejection: a 17.5% of variation in the stack current at ¢ = 20s is demanded, Iy, +
Aly. =170A + 30 A, the stack voltage response has a peak AVy./Vi. = —3.5%, which
disappears in less than 0.5s. At the same time, the oxygen excess ratio response
presents a peak Alps/Ao2 = —27.9% that vanishes in 0.62s. On the contrary, if
only V., is controlled, Ap2 has error in steady-state and the transitory response is
inadequate, especially when the step in the stack current is negative (e.g., in t = 10 s),

as can be seen in Fig. 4.16.

4.2.7 Addition of a disturbance model

The controller performance can be improved if the stack current is measured and a step
disturbance model, which reflects the response of the plant output to a disturbance in
the stack current (w = Iy.), is included in the control model used to predict the plant

behavior. Thus, the expression of the predicted output in (4.9) becomes

y=Gu+ Dw + f, (4.21)
where the matrix D is
D,
D= [_D_g_] (4.22)

and each matrix D; of dimension h, x h,, contains the coefficients of the step response
of the i-th output corresponding to the disturbance w with the same structure than

Gi; in (4.14).
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Figure 4.15: Simulation results with DMC': disturbance profile (fuel cell stack current),
controlled variables (oxygen excess ratio and fuel cell stack voltage), and manipulated
variables (compressor motor voltage and cathode output valve area).
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Figure 4.16: Comparative between the Ao, response controlling V,,,, and A; respect to
the case where only V., is controlled.

Comparisons between measured and non-measured disturbance approaches have
been made. Details of the voltage stack and the oxygen excess ratio responses are
shown in Fig. 4.17(a) and Fig. 4.17(b), respectively. The results obtained show a slight
improvement in the generated voltage response. The oxygen excess ratio response can
be changed by adjusting the values of the weight matrices. The simulation analysis
shows a good performance in a wide operating range around the linearization point

despite the internal controller model is linear.

4.3 Conclusions

High efficiency level, long durability, and good transient behavior are fundamental
issues for the success of fuel cell systems in energy and automotive market. Through
a steady-state analysis it is showed that the system efficiency, in most of the current
density range, can be improved by manipulating the cathode outlet air flow valve. The
dynamic analysis performed also shows a transient response improvement with this
additional manipulated variable.

Taking advantage of the results of the two previously mentioned analysis, a control
strategy based on predictive control (Dynamic Matriz Control) is proposed, using the
compressor motor voltage together and the cathode air flow valve area as manipulated

variables. The controlled variables are the stack voltage and the oxygen excess ratio.

60


./ThesisFigs/O2-limits-1.eps
./ThesisFigs/O2-limits-2.eps

4.3 Conclusions

disturbance|
=L b 241 : —— Measured disturbance | |

250 / ! Non measured disturbance | 2l /\

Measured disturbance

249

248

d 248

245 4

244} | Sk /

242 1 U
170

241 i i i i i i i i i i i i
19 195 20 205 21 215 2 225 23 19 195 20 205 21 _ 25
Time (5) Time (s)

\A
b
—
—
—
—
A
~—

L i L i i
22 225 23 235 24

(a) Comparative between stack voltage response (b) Comparative between oxygen excess ratio re-
sponse

Figure 4.17: Comparative of the output response with measured and non-measured
disturbance

To predict the future process response, the control strategy makes use of a process

model that is easily obtainable through step response.

The simulation results show an appropriate dynamic response, which can still be
improved with the inclusion of the disturbance model. Moreover, the control objectives
have been accomplished with reduced control effort. This effort can be further reduced
modifying the values of the matrix ). This is particularly important because of practical

limitations in the manipulated variables.
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Chapter 5

Diagnosis and Fault-Tolerant
Control of PEM Fuel Cells
Systems

The energy generation systems based on fuel cells are complex since they involve ther-
mal, fluidic and electrochemical phenomena. Moreover, they need a set of auxiliary
elements such as valves, compressor, sensors, regulators, etc. to make the fuel cell work
at the pre-established optimal operating point. For these reasons, they are vulnerable
to faults that can cause the stop or the permanent damage of the fuel cell. Therefore, it
is useful to use systematic techniques, like the recent methods of Fault-Tolerant Control

(FTC), to guarantee the safe operation of the fuel cell systems [69, 70].

The results of this chapter are the product of the collaboration with the Sistemes
Avancats de Control (SAC) group of the Universitat Politécnica de Catalunya in Diag-
nosis and Fault-Tolerant Control of PEM Fuel Cell Systems. This results are basically
collected in [71] and [72]. The Fault Diagnosis of PEM Fuel Cell Systems using a
model-based methodology is addressed in Section 5.1, whereas the Fault-Tolerant con-
trol based on Model Predictive Control is addressed in Section 5.2. This chapter is
complementary to Chapter 4, showing that the proposed control architecture with two

actuators adds fault-tolerant control capabilities to the fuel cell systems.
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5.1 Model-based Fault Diagnosis in PEM Fuel Cell Sys-
tems

The first task to achieve active tolerant control consists of the inclusion of a fault
diagnosis system operating in real-time. The diagnosis system should not only allow the
fault detection and isolation but also the fault magnitude estimation. In this section, a
model based fault diagnosis is proposed as a way to diagnose faults in fuel cell systems.
The model-based fault diagnosis is based on the on-line comparison between the real
behavior of the monitored system by means of sensors and a dynamic model of the
system. In case that a significant discrepancy (residual) is detected between the model

and the measurements obtained by the sensors, the existence of a fault is assumed.

If a set of measurements is available, it is possible to generate a set of residuals
(indicators) that present a different sensitivity to the set of possible faults. Then,
analyzing in real-time the evolution of the residuals, it is possible, in some cases, to
isolate the fault, and even in some cases, it is also possible to determine its magnitude.
The innovation of the fault diagnosis methodology proposed is based on the use of a
residual fault sensitivity analysis that allows to isolate faults that otherwise would not

be separable.

5.1.1 Foundations of the proposed Fault Diagnosis Methodology

The methodology of fault diagnosis that is proposed and applied to a fuel cell system
is mainly based on the classic theory of model-based diagnosis described for example
in [73, 74, 75, 76]. Model based diagnosis can be divided in two subtasks: fault detec-
tion and fault isolation. The principle of model-based fault detection is to check the
consistency of the observed behavior while fault isolation tries to isolate the component

that is in fault.

The consistency check is based on computing residuals r(k). The residuals are
obtained from measured input signals u(k) and outputs y(k) and the analytical rela-

tionships obtained by system modelling:

r(k) = W(y(k), u(k)), (5.1)
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where W is the residuals generator function that depends on the type of detection
strategy used (parity equation [73] or observer [77]). At each time step, k, the residual
is compared with a threshold value, which is zero in ideal case or almost zero in real
case. The threshold value is typically determined using statistical methods that take
into account the effect of noise and model uncertainty [69]. When a residual is bigger
than the threshold, it is determined that there is a fault in the system; otherwise, it
is considered that the system is working properly. In practice, because of input and
output noise, and modelling errors, robust residuals generators must be used. The
robustness of a fault detection system means that it is only sensitive to faults, even in

the presence of model-reality differences and noise [77].

Robustness can be achieved at residual generation phase (active) or at evaluation
phase (passive). Most of the passive robust residual evaluation methods are based
on an adaptive threshold changing in time according to the plant input signal and
taking into account model uncertainty even in the time domain [78]. In this work, a
passive method in time domain has been proposed for robust fault detection, where
the detection threshold has been obtained using statistical techniques. Robust residual
evaluation allows obtaining a set of fault signatures ®(k) = [¢1(k), ¢2(k), ..., dng(K)],

where each indicator of fault is obtained as follows:

o 0 if |’I"1(/€)‘ § T
¢i(k) _{ 1t (k)| > 7 (5:2)

and 7; is the threshold associated to the residual r;(k).

Fault isolation consists in identifying the faults affecting the system and it is carried
out on the basis of fault signatures ® that is generated by the detection module and
their relation with all the considered faults f(k) = {fi(k), f2(k),..., fu,(k)}. The
method most often applied is a relation defined on the Cartesian product of the sets
of faults FSM C ¢ x f, where FSM is the theoretical signatures matriz [73]. One
element of that matrix F.SM;; will be equal to one if the residual r;(k) is affected by
the fault f;(k) and in this case the value of the fault indicator ¢;(k) must be equal to
one when the fault appears in the monitored system. Otherwise, the element F'SM;;

will be zero.

The isolation approach previously presented use a set of binary detection tests to

compose the observed fault signature. When applying this methodology to dynamic
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systems, the use of binary codification of the residual produces a loss of information,
since they may exhibit symptoms with different dynamics [79]. This can be the origin
of false isolation decisions, especially because some detection tests have a transient be-
havior in response to the faults, for example in dynamic slow/delayed systems. Also,
in complex systems, some faults could present the same theoretical binary fault signa-
ture not allowing fault isolation. In both cases, it is possible to use other additional
information associated with the relationship between the residuals and faults, as the

sign, sensitivity, order or time activation, to improve the isolation results [79].

What is proposed in our case is the use of information provided by the fault residual
sensitivity in the design of the diagnosis system in order to increase fault isolability.

According to [73], the sensitivity of the residual to a fault is given by

or

sza—f,

(5.3)

which is a transfer function that describes the effect on the residual r of a given fault f.
Sensitivity provides a quantitative information of the effect of the fault on the resid-
ual and a qualitative information in their sense of variation (sign). The use of this
information at the stage of diagnosis will allow to separate faults that even present-
ing the same theoretical binary fault signature, present, qualitatively or quantitatively,

different sensitivities.

In order to perform diagnosis, the algorithm uses the theoretical signatures matrix
FSMsensit with the residual sensitivity in the rows, the faults in columns, and each
value of this matrix is noticed as S, ;. Although sensitivity depends on time in case
of a dynamic system, here the steady-state value after a fault occurrence is considered
as it is also suggested in [73]. The theoretical value of S, s, describes how easily a
fault will cause a violation of the threshold of the i-th residual and can be computed

analytically using (5.1) and (5.3) or by simulation.

In order to perform real time diagnosis, the observed sensitivity Sffjfj should be
computed using the value of the residuals at instant k, ;(k), and the magnitude of the

fault at the same instant, f(k):

S = ri(k)/ f (k). (5.4)
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Table 5.1: Observed fault signature matrix using relative sensitivity with respect to ry.

f1 f2 e In
Srel, obs rel, obs rel, obs
r2/T1 211 f1 rorifa ror1 fn
r /7’ rel, obs rel,obs rel, obs
3/71 r3rifi r371 f2 T371 fn
Srel, obs rel, obs rel, obs
m/T1 TmT1f1 rmrifo TmT1fn

5.1.2 The proposed Fault Diagnosis Methodology

From (5.4), it can be seen that using FSMsensit in real time requires the knowledge of
the fault magnitude or making an estimation of it. In order to overcome this drawback,
the diagnosis is designed using the new concept of relative sensitivity rather than the

absolute sensitivity given in (5.3). The observed relative fault sensitivity is defined as

Srel, obs Srifj rl(k)/fj(k> _ Tl(k) (55)

rir1fj

Segy (k) fi(k) (k)

which corresponds to the ratio of the ith residue at instant k, r;(k), with another

one, for example 71(k). Then, the relative sensitivity will be non dependent on to
the magnitude of that unknown fault. In the case of a set of n fault, a relative fault

sensitivity matrix FSMsensit-rel as the one shown in Table 5.1 should be used.

The diagnostic algorithm is used to obtain real-time observed relative sensitivities
using (5.5), as a ratio of residuals, which provides a vector of relative sensitivities.
The generated vector is compared with the vectors of theoretical faults stored into the
relative sensitivity matrix FSMsensit-rel. The theoretical fault signature vector with a
minimum distance with respect to the fault observed vector is postulated as the possible

fault:

min{dy, (k),...,dg, (k)}, (5.6)
where the distance is calculated using the Euclidean distance between vectors
2 2
dy, (k) = \/ (s;”;f;l o el ;jO) T (S;“jf;ljgs - SIfj;fﬁf) . (5.7)

5.1.3 Application to a PEM Fuel Cell System

To show the validity of the proposed model based fault diagnosis approach when applied
to a PEM fuel cell system (PEMFC'), the model developed by Pukrushpan et al. [42]
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Figure 5.1: Implementation of the fault diagnosis system

(described in Section 4.1 and Appendix A) has been modified in order to include a
set of typical faults. With this modified simulator, it is possible to reproduce any of
the faults presented in Table 5.2. The implementation of the fault diagnosis system is
shown in Fig. 5.1 and, in the simulation set-up, the fuel cell is the modified fuel cell

model.

The set of available measurements is compared with its predicted value using a
non-faulty fuel cell model. The differences between the predicted and measured values
generate a set of residuals that are sent to the fault diagnosis system. When a fault
appears, the residuals that are sensitive to this fault take a value different from zero.
When some of the residual values cross the detection threshold, the fault diagnosis starts
reasoning with all the violated residuals. The reasoning (described in Section 5.1.2) is
based on computing the minimum distance between the observed fault signature and
a theoretical one. The fault that approaches the most to one of the fault signatures is

the one indicated as a possible fault.

The fault f; is simulated with an increment Ak, in the compressor constant k, and,

similarly, the fault fy is simulated with an increment AR, in the compressor motor
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Table 5.2: Description of the fault scenarios.
Fault Description

f1 Increase of the compressor motor friction.

fo Overheating of the compressor motor.

The fluid resistance increases due to water blocking the channels

f3 or flooding in the diffusion layer.
fa Air leak in the air supply manifold.
Increase of the voltage value below which the compressor motor
I does not turn.
fo Increase of the stack temperature due to a failure in the

temperature controller.

resistance R.,. Both faults result in a change in the compressor torque 7¢p:

Tem =

Nem k
#&R) (Vem — (ko + Aky)wem) (5.8)

where 7., is the motor mechanical efficiency, k; is a motor constant, and w.y, is the

compressor speed.

The fault f3 is simulated with an increment Akcq oyt in the orifice constant of the
cathode output, kcq, out, which produces a change in the outlet air flow in the cathode,

VVca7 out:

Wca,out - (k'ca7 out + Akca, out) (pca - prm) ) (59)

where pe, is the cathode pressure and p,,, is the return manifold pressure.

The fault f; is simulated with a diminution in the supply manifold outlet flow
constant , which is translated into a change in the supply manifold outlet air flow

Wsm, out-
VVsm7 out — (ksm,out + Akjsm, out) 9 (psm - pca) (510)

where pg,, is the supply manifold pressure.

The fault f5 is simulated with an increment in the voltage value below which the
compressor motor does not turn, Ve, i0w, that the controller supplies to the compressor
motor, a boundary that also influences the compressor torque in (5.8). The fault fg is
simulated with an increment AT}, in the stack temperature 7', which has an impact

on the open circuit voltage of the stack, the partial pressure of gases, the relative
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humidity, and the water diffusion coefficient in the membrane. Therefore, the open

circuit voltage E defined in (2.4) becomes

E =1.229 —0.85 x 1073 (T + ATy, — 298.15) +
+4.3085 x 1077 (Tje + ATye) [In(pa2) + 0.51n(po2)] » (5.11)

where prro and poo are the partial pressure of hydrogen and oxygen, respectively.
The partial pressure of gases p; in the anode is

Mi, an Rz(ch + Ach)
Van ’

(5.12)

Di,an =

where the subscript ¢ is either Ha-hydrogen or v-vapor, M is the molar mass, R is the

gas constant, and Vj,, is the anode volume. The partial pressure of gases in the cathode

is

M, ca Ri(Tyc + ATye)
Vea

: (5.13)

Di,ca =

where the subscript ¢ is O-oxygen, Na-nitrogen or v-vapor and V., is cathode volume.

The relative humidity ¢; is

¢ - Pvj
! psat(ch + Ach) ’

(5.14)

where the subscript j is either an-anode or ca-cathode and the saturation pressure of

vapor is calculated using the following expression:

IOgIO(psat) =
—1.69 x 107107, +3.85 x 107" T}, — 3.39 x 10 T}, + 0.14 T}, —
—20.92, (5.15)

where the pressure is in kPa and the temperature is in Kelvin. The stack temperature

also affects the water diffusion coefficient in the membrane:

1 1
D, =D 16— ——— ), 1
A €xp < 0 (303 Ty + Ach)> (5.16)

where D) is a constant which depends on the water content in the membrane.
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Table 5.3: Theoretical fault signature matrix F.SM using binary and sign information.

H o fs fi s fe

o (1 (G ()1 (1 1 ()1
rp ()1 () ()1 ()1 1 1
3 ()1 ()1 ()1 ()1 1 ()1
. ()1 (L 1 1 1 1

Residual generation and fault sensitivity analysis

The variables that are considered as measured and consequently can be used for residual
generation are the oxygen excess ratio Ap2, the compressor motor rotational speed we,
the compressor motor current I, and the fuel cell system voltage V.. Using these

variables and the non linear model presented in [42], four residuals can be derived:

rn = )\02 - %A\Oza

ro = Vfc - ‘{fca (517)
rg = Ieup — Iem, and

T4 = Wem — Wem.

Using the PEMFC' fault simulator previously described, it has been determined if
the faults defined in Table 5.2 affect or not each of the previous residuals. From these
results, the theoretical binary fault signature matrix presented in Table 5.3 can be
derived. It can be noticed that all the considered faults affect all the residuals. Thus,
the faults are not diagnosable. Even taking into account the sense (sign) in which the
fault affect the residual not all the faults are diagnosable: f; can not be distinguished

from fo and, similarly, f3 from fy.

Alternatively, using the relative fault sensitivity (5.5), the fault signature table
FSMsensit-rel can be calculated. The values of this matrix are shown in Table 5.41.
It can be noticed that in this case all the considered faults can be isolated since the

following condition is satisfied:

Srel,teo 7& Srel,teo for all j 7& k. (518)

rir1 fj i1 [l
This can be seen by representing the values of the theoretical fault signatures (see
Fig. 5.3(a)) in the three-dimensional space rs/ry, r3/r1, and r4/r1. Since there is no

overlapping, the six faults can be detected and isolated and thus, can be diagnosed.

!This table has been derived from the PEMFC model in the operating point described in Sec-
tion 4.2.6.
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Table 5.4: Theoretical fault signature matrix FSMsensit-rel.

1 f2 I3 Ja /5 f6
7’2/7"1 1 0.824 0.118 0.643 0.036 —0.221
r3/r1 0.854 1 0.197 0.206 0.039 0.151
7’4/7’1 1 0.937 —0.128 —0.134 0.168 —0.098

5.1.4 Results

In order to evaluate the model-based fault diagnosis methodology proposed, the fault
scenarios and fault simulator presented in Section 5.1.3 are used. As discussed in pre-
vious sections, the fault detection is based on checking at every time the difference
(residual) between the signal monitored by a sensor and its estimation using the detec-

tion model (5.17).

The simulation results for the fault scenario f; are shown to illustrate how the
methodology works: Fig. 5.2(a) shows the temporal evolution of the residuals and the
detection threshold for each of them and Fig. 5.2(b) illustrates the time that the diag-
nosis system takes for detecting and isolating the fault. The fault is introduced into
the system at time 50 s and some time after, all the fault signals cross their detection
threshold (dash line) activating the four indicators of fault (5.2). The detection sub-
system stores the fault at the time that one of the thresholds is violated by any of the
residuals and, as soon as it is detected that a fault is present, the isolation process be-
gins. The isolation process is based on evaluating the distance of the observed relative

fault sensitivity vector to the theoretical fault sensitivity vector.

Figure 5.3(a) shows the location of the faults in the space of ratios using the relative
fault sensitivities matrix, described in Section 5.1.2, and the time evolution of the
minimum distance between the observed and theoretical relative fault sensitivity (5.6)

(drawn in continuous line).

Figure 5.3(b) presents the Euclidean distance between the observer and the theo-
retical sensitivity fault signatures for each fault (5.7). It can be noticed that since fault
f1 has a similar fault signature than fo (see also Table 5.4) at the beginning of the fault
isolation process fs is the fault proposed as the possible fault, since presents a smaller
distance than f;. However, from time instant 82 s, f; can be isolated. It is seen that

the proposed methodology, after some isolation time delay, allows isolate the true fault.
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Figure 5.2: Simulation results corresponding to fault scenario fi.
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Figure 5.3: Results of the fault diagnosis methodology proposed for fault scenario fi.

Similarly, it is possible to detect and isolate the other five fault scenarios using the
proposed methodology. However, the time that the methodology takes to isolate is
different for each fault scenario. It is remarkable that the process of isolation needs
considerably more processing time with the fault scenarios fi; and fy because of the

similarity between their fault signatures.

5.2 Fault-Tolerant Model Predictive Control of PEM Fuel
Cells

As it was mentioned in Chapter 4, a main control objective is to avoid a lack of oxygen
in the cathode (“oxygen starvation”) by maintaining the oxygen excess ratio close to
a pre-established set-point, in spite of the disturbance introduced by the current load.
However, because of the complexity of the fuel cell system, it is prone to suffer faults
during the operation [80]. Therefore, some fault-tolerant capabilities should be added
to the control system in order to maintain the fuel cell system under control even in

the presence of faults.

This section explores the possibility of making use of the known inherent fault-

tolerant capabilities of Model Predictive Control (MPC) when applied to PEMFC.
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Figure 5.4: Fault-tolerant architecture

In particular, it is shown that the controller architecture based on manipulating two
actuators (the compressor and the outlet air valve) that was proposed in Section 4.2.2

offers better fault-tolerant capabilities and improves the system performance.

5.2.1 Fault-Tolerant Model Predictive Control

Fault-tolerant Model Predictive Control is an incipient research area in the automatic
control field [69]. One way of achieving fault-tolerance is to employ a fault detection
and isolation (FDI) scheme on-line. This system will generate a discrete event sig-
nal to a supervisor system when a fault is detected and isolated. The supervisor, in
turn, will activate some accommodation action in response, which can be predeter-
mined for each fault or obtained from real-time analysis and optimization. Because of
the discrete-event nature of fault occurrence and the reconfiguration/accommodation,
a FTC system is a hybrid system by nature. For design purposes of these systems,
the hybrid nature has been traditionally neglected in order to facilitate a simple de-
sign, reliable implementation, and systematic testing. The whole F'T'C scheme can be
expressed using the three-level architecture for F'TC systems proposed by Blanke [69]
(see Fig. 5.4):

e Level 1: Control Loop. This level comprises a traditional control loop with sen-

sors and actuator interfaces, signal conditioning and filtering, and the controller.
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e Level 2: Fault Diagnosis and Accommodation. The second level comprises
a given amount of detectors, usually one per each fault effect to be detected, and
actuators that implement the desired reconfiguration or other corrective actions

given by the autonomous supervisor.

e Level 3: Supervision. The supervisor is a discrete-event dynamical system
which comprises state-event logic to describe the logical state of the controlled
object. The supervisor functionality includes an interface with F DI detectors and

generates remedial actions to accommodate a fault.

5.2.2 Inclusion of fault tolerance in MPC

Fault tolerance can be embedded in MPC relatively easily [81]. This can be done in

several ways:

1. Changing the constraints of the MPC' in order to represent certain kinds of faults,
being especially easy to adapt the algorithms for faults in actuators, assuming
that the fault has been located and their effects have been estimated using a FDI

module.

2. Modifying the internal plant model used by the MPC' in order to reflect the fault

influence over the plant using the information provided by the FDI module.

3. Relaxing the initial control objectives in order to reflect the system limitations

under fault conditions.

5.2.3 One actuator vs. two actuator MPC control architecture for
Fuel Cell control

In Chapter 4, it was explained that a common practice in the PEM fuel cell control is
to control the hydrogen supply using the anode inlet valve in such a way that the anode
pressure tracks the cathode pressure whereas the control of the air supply is achieved

controlling the oxygen excess ratio.

In this section, two architectures to control the oxygen excess ratio are compared:
the common architecture in the literature with one actuator (the compressor motor volt-

age) and a proposed architecture with two actuators: the compressor voltage and the
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Figure 5.5: One actuator vs. two actuator MPC architecture for fuel cell control.

opening area in the cathode outlet valve. The two architectures are shown in Fig. 5.5.
In Chapter 4, it was shown that the use of these two actuators offers better control
performance and efficiency improvement in the case of regulation of the stack voltage
and the oxygen excess ratio at the same time. Here, the two control structures are
compared in terms of fault-tolerant capability. The objective is to regulate the oxygen

excess ratio around the reference value Ao, ey = 2.3, i.e., klim A0y (k) = Aoy, ref| = 0.
—00

The control architectures are implemented using MATLAB MPC Toolbox and the
fuel cell system linear model used to implement the MPC' is derived through a lin-
earization of the nonlinear model proposed in [42] at the selected operating point:
Pret =40kW, Xo, = 2.3, V5. =235V, Iy, =191 A, V,,, = 164V, and A; = 20 cm?.

An open-loop optimal control problem is solved at each sampling time where the

future control action is calculated over a finite horizon h,,, i.e.,

ul(k:), ul(k—i- 1),- Ty Ul(k+hm)

= 5.19
UQ(I{:), UQ(I{:-I-l),-'- , ILQ(k-l-hm) ’ ( )

minimizing a cost function J(k) over a finite prediction horizon h,:
min J(k), (5.20)

Au
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subject to
xz(k+1) = Ax(k) + Bu(k),
y(k) = Cx(k),
u(k) € [u, 1], and (5.21)
y(k) € [y, 7]
for k=0, 1, 2,---. The cost function is defined as follows:
hp hm
J(k) =Y Aly(k +jlk) — )l + Y Aulk + k)T QAuk + jlk), (5.22)
j=1 Jj=0

where Au(k + j|k) éu(k’ +jlk) —u(k — 1+ jlk), A is a coefficient to weight the error,

and @ is a diagonal matrix of dimension 2 x 2 to weight the control increments.

Only the first value of the calculated control sequence u(k) is applied and the
computation is repeated at the next sampling time starting from the new state and
over a shifted horizon, leading to a moving horizon policy. The solution relies on a
linear dynamic model, respecting all input and output constraints and optimizing a
quadratic performance index. The MPC weights A and @ are tuned to achieve the
desired control goal, that is to maintain the oxygen excess ratio, penalizing the control
effort: A has been selected to have a value of 5 while the diagonal elements of () have
been selected to have a value of 0.1 for a good performance control, after some trial

and error experimentation.

The air compressor voltage is considered as a constrained input due to physical
limits: the maximum compressor voltage cannot exceed 230V and the voltage value
is never negative. The oxygen excess ratio is represented as a constrained output:
the operating range is between 1.5 and 3 in order to avoid starvation and to obtain
near optimal operation [82]. Note that this output constraint is implemented as a soft

constraint in the MPC toolbox in order to prevent the infeasible solution.

Simulating different scenarios, it is found that the compressor voltage variations
from the steady-state value to obtain the same control performance regarding the con-
trol of the oxygen excess ratio are smaller in the two actuator case than in the one
actuator case. These smaller compressor voltage variations are compensated by the
control of the outlet valve area: Fig. 5.6(b) shows the comparison of the oxygen excess
ratio and the compressor voltage in case of using one actuator and two actuator control

architectures when a series of step changes in the stack current are applied (Fig. 5.6(a)).
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This current is considered a measured disturbance for MPC controller. From this figure
it can be clearly seen that for the same quality of regulation of the oxygen excess ratio,
providing a maintained set point of 2.3, the two actuator architecture requires smaller

voltage variations in the compressor.

Besides, two other basic variables of the fuel cell performance are also shown in
Fig. 5.6(c): the stack voltage and the oxygen partial pressure in the cathode. Even
though these variables are not controlled in this analysis, their behavior must be checked

in order to avoid high degradation of the efficiency or dangerous responses.

The simulation results show different trade-offs: the control architecture with one
actuator maintains the stack voltage close to the nominal value and drives the oxygen
partial pressure to higher variations while the control structure with two actuators
maintains the oxygen partial pressure closer to the nominal value and drives the stack

voltage to higher variations.

5.2.4 Fault-Tolerance of the two considered MPC control architec-
tures

In this section, the advisability of implementing an active fault-tolerant scheme using
the two actuators MPC control architecture is shown. As explained in previous sections,
the MPC' formulation allows to easily include active fault-tolerant control capabilities
in the control law. In this section, the case of actuator faults in the PEM fuel cell
system is addressed. In a preliminary manner, the compressor faults are modelled
through a reduction of the compressor voltage range. According to Section 5.2.3, the
FDI module should provide the MPC controller the new limits of the compressor
voltage range, once the fault has been detected, isolated and estimated. The active
FTC control architecture is showed in Figure 5.7, where the actuator operating range

limits are estimated by the FDI module.

The FDI module (drawn in dashed line) is not implemented in this section and it
is assumed that it is available and working perfectly. In order to take into account
changes in the compressor voltage range due to the fault (actuator limits), the linear
model for MPC design is modified by including the actuator limits as new states that

will be estimated by the FDI module and can be written as
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Figure 5.6: Comparison of control results using both architectures.
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where x;, ¢ = 1,---,n and y;, ¢ = 1,---, m are the original states and outputs,

respectively, and A, B, C, and D are the original matrices of the linearized fuel cell
system model described in Section 4.1. Vector D’ is defined as D' = [ —1 —1 |7 and

1 is the identity matrix of suitable dimensions.

In (5.23), xp41 corresponds to the upper limit while x,,19 corresponds to the lower
limit, and zp4+1(k + 1) = zp41(k) and zp42(k + 1) = z,42(k) means that the up-
per limit and the lower limit remains constant during the prediction horizon, respec-
tively. Besides, additional output constraints have been added to the MPC controller:

Ym+1(k) > 0 and ym42(k) < 0 Vk to ensure that the computed control variable u(k)
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will be into the range estimated by FDI module. Thus,

Y1 (k) = 21 (k) — u(k) > 0= (k) < zop1 (k) (5.25)
Y2 (k) = 2asa(k) — u(k) < 0= u(k)
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5.2.5 Results

Figures 5.8 to 5.10 show the simulation results of F'TC scheme for several fault actuator
scenarios considering the two control structures presented in Section 5.2.3. The current
applied to the stack is the same than in the non-faulty scenario presented in Fig. 5.6(a).
The control action is shown in Fig. 5.8 when the actuator (air compressor) fault causes a
range reduction such that the upper limit of the range is reduced to 75% of the original
one. In this case, there is no control degradation since the compressor voltage does
not reach the upper range limit in any of the two considered controller architectures.
Figure 5.9 shows the case corresponding to a reduction of the upper limit of 50% with
respect to the original one. Now, the control degradation is visible in case of the
controller architecture that uses only one actuator (the compressor) when the values of
stack current are high. In the case of the two actuator architecture, since the voltage
excursion of the controller does not reach the upper limit of the operating range, the
controlled variable is not affected. Finally, the upper limit range is reduced to be 25%
of the original one in Fig. 5.10. In this case, the control goal is highly affected in
the case of using the one actuator architecture while in the case of the two actuators

architecture the control results are still unaffected.

The results presented in the previous section show that the control architecture
that uses two actuators offers a better fault tolerance against compressor faults. This is
because to achieve the same control results, the compressor voltage changes are smaller.
The inclusion of the cathode outlet valve opening adds additional degree of freedom to

the system that can be exploited in case of non severe faults in the compressor.

5.3 Conclusions

In the first section of this chapter, a new model-based fault diagnosis methodology

based on the relative fault sensitivity has been presented and tested. An advantage of
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this new methodology is that it does not require the knowledge of the fault magnitude to
provide a diagnostic. Furthermore, it allows to isolate faults although all the considered

faults affect all the residuals, whenever the sensitivities are different.

To prove this methodology, a PEM fuel cell simulator based on a model presented
in the literature has been developed. The simulator was modified to include a set of
possible fault scenarios proposed in this thesis work. This modified simulator allows
imposing a determined fault scenario, within the considered set of faults, and analyzing
its behavior. All the simulated faults have been tested with the new diagnosis method-
ology, which has diagnosed correctly the simulated faults in contrast with other well
known methodologies using binary signature matrix of analytical residuals and faults,

which do not permit to isolate the complete set of faults.

In the second section, fault-tolerance of MPC control for fuel cell systems has been
addressed. MPC is a suitable control methodology to control fuel cell systems because
of their multivariable and complex behavior. At the same time, MPC is one of the
control methodologies that can introduce more easily fault-tolerance. However, the

problem of including actuator fault-tolerance in the control loop of FCS had not been
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already addressed in the literature for those systems.

Here, a new control structure that not only uses the compressor voltage as a control
variable but also the cathode outlet valve area has been proposed. It is shown that using
this new control structure allows improving the control performance and at the same
time allows introducing fault-tolerance against compressor faults. This result reinforces
the idea of inclusion of the cathode output valve, which is a debatable aspect in the
design of PEMFC. Finally, the proposed approach has been assessed on a simulation
test bench based on a known PEM fuel cell model.
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Chapter 6

Design and analysis of Fuel Cell
Hybrid Power Systems

The control of Fuel Cell Systems was studied in Chapter 4 and Chapter 5, analyzing the
system composed by the fuel cell stack and its auxiliary subsystems (e.g., compressor,
valves, etc.), with the following objectives: to achieve high efficiency, reducing the
hydrogen consumption, to improve the dynamic behavior, and to guarantee its safe
operation. We continue in this chapter and Chapter 7 with the study of fuel cell-
based systems approaching the fuel cell hybrid systems with some energy storage. The

objectives remain the same.

In a Fuel Cell Hybrid System (FCHS), an Energy Storage System (ESS), e.g., a
battery or a supercapacitor bank, is added to the fuel cell system in order to increase
the efficiency and performance of the power generation system as it was explained
in Section 2.2. Hybridization has important advantages in Fuel Cell Hybrid Vehicles

(FCHYV), a fuel cell application that is central in this thesis.

Therefore, the process of designing a hybrid system, or methodology of design,
is addressed in this chapter. We concentrate our attention on FCHVs because this
application is particularly attractive, although some general aspects studied in this
chapter also apply to other applications such as stand-alone residential PEMFC power

systems.
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6.1 Outline of the Chapter

The design process of FCHVs according to drivability conditions includes the deter-
mination of the electrical topology and the determination of the hybridization degree.
With the selected design, the optimal hydrogen consumption for different driving cycles
and the energy flows in the hybrid vehicle are analyzed. The entire study is performed
with a detailed model of the FCHV in ADVISOR: the determination of the hybridiza-
tion degree according to drivability requirements, the analysis of the energy flows, and

the computation of the optimal hydrogen consumption.

The different tasks of this chapter are deeply interrelated and regardless of being
presented separately, each one is considering the global context. Besides, in order to
operate a FCHV efficiently, it is also necessary to implement a control strategy to
coordinate the power split between the FCS and the ESS: the Energy Management
Strategies (EMS). This issue is covered in detail in Chapter 7.

6.2 Advantages of hybridization in FCHVs

The hybridization in fuel cell-based systems should produce an increase in the efficiency
over a large operating range. In FCH Vs, three different mechanisms allow this efficiency

improvement:

Regenerative braking In automotive applications, it is possible to recover energy
from regenerative braking, allowing a considerable improvement in the hydrogen
economy. The recovered energy from regenerative braking may represent an im-
portant fraction of the economy improvement. However, the amount of energy
that is possible to recover is strongly dependent on the driving profile. In urban
driving cycles, in which there are abundant backings, the percentage of regen-
erable energy is much greater than in non-urban cycles where this percentage is

quite small.

Energy management strategy The efficiency of a FCS is maximum at a fraction
of the rated power. Therefore, it is convenient to operate the fuel cell in its

maximum efficiency zone. Thus, taking advantage of an auxiliary power source
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Fuel

and an adequate energy strategy, it is possible to maintain the fuel cell operat-
ing at its maximum efficiency region most of the time and reduce the hydrogen

consumption.

cell downsizing In a pure fuel cell-based power generation system, the FCS
must be sized to meet the maximum load. When the load is strongly variable
(e.g., in automotive applications or stand-alone residential applications), the FCS
is working, in average, well below its rated power. One important advantage of
hybridization is that it allows a diminution of the rated power of the fuel cell
stack in these type of applications. Therefore, it is possible to meet the demand
with a smaller FCS in combination with an energy storage system. In addition to
this advantage, downsizing the FCS has an impact on the hydrogen economy in
three ways: downsizing leads to i) improvements in the hydrogen economy when
the peak efficiency of the FC' stack is shifted to better match with the power
requirements from a given driving cycle, i) a smaller compressor, reducing the
parasitic losses, and iii) a diminution in the fuel cell system mass, reducing the

total mass.

Although the main motivation for introducing hybridization in fuel cell systems is to

improve the hydrogen economy, the benefits are not limited to that. In fact, hybridiza-

tion is useful to solve two important problems in fuel cell control:

Improvement of the transient response The dynamics of F'CS are relatively slow,

mainly because of the dynamics of the air compressor and the manifold-filling
dynamics [25]. In this context, an additional energy flow from an energy storage

1'is useful to compensate this drawback. In the

device with high specific power
literature, this issue is not completely resolved. In [83], it is concluded that it is
feasible to use a FCS in a load-following mode without any storage device. In
that work, the conclusions are based on results obtained from experimental data
taken from a scaled-down FCS and a particular Standard Driving Cycle. It is

remarked that it is possible to take out short bursts of power from the stack, due

!The specific power is defined as power per unit of mass (W kg™").
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to the “charge double layer”™ (CDL) capacitance. However, other publications,
for example [58], [34] or [18], conclude that the use of energy storage devices is

beneficial from both the system dynamics and the hydrogen economy.

Prevention of “Oxygen Starvation” Oxygen Starvation is a complicated phenomenon
that occurs when the oxygen partial pressure falls below a critical level at any
point in the cathode. It can be produced by an abrupt increase in the current de-
mand (that causes a rapid increase in the oxygen consumption due to the cathode
electrochemical reaction) and an insufficient air supply. This phenomenon can be
observed trough a rapid decrease in the cell voltage although in severe cases can
produce a short circuit and a hot spot on the surface of the membrane cell [35].
The phenomenon is not well described in the literature and more information
from electrochemical studies is needed to be able to quantify the critical level of
oxygen concentration below which permanent damage is produced or, perhaps
more probably, the combination of level and time. Nevertheless, hybridization
can help avoiding oxygen starvation by means of the additional energy supply
from the energy storage elements. with this elements, the peaks of actual current
demand to the fuel cell in a hybrid system are lower than in the pure fuel cell

case where no auxiliary power source is present.

6.3 Electrical structure for Fuel Cell Hybrid Vehicles

The electrical structure of a fuel cell-based vehicle involves, essentially, a fuel cell stack
with its auxiliary systems and the load, which is generally an alternating current (AC)
electrical motor. The FCS by itself is an electrical power source, whose direct current
(DC) output voltage drops with the current according to the polarization curve. Thus,
it is necessary to incorporate power converters to convert the voltage from DC to AC

with the appropriate frequency and voltage level.

The electrical structure for a FCHV also includes an energy storage system (e.g., a

battery bank, asupercapacitor bank or a combiantion of battery and supercapacitors),

'The “charge double layer” (CDL) is an electrode phenomenon: when two different materials are
in contact there is a build-up of charge on the surfaces or a charge transfer from one to the other.
The effect is that if the current suddenly changes, the voltage shows an immediate change due to the
internal resistance, but moves fairly slow due to this accumulated charge. One way of modelling this if
by using an equivalent circuit, with the CDL represented by an electrical capacitor [5].
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with the possibility of stocking energy recovered from braking and energy from the fuel
cell. This feature requires that the converter that connects the ESS is a bidirectional

converter to allow the charge and discharge of the ESS.

In this section, we approach the design of the electrical structure for a FCHV focus-
ing in the determination of the electrical topology (Section 6.3.1) and the selection of
the Energy Storage System (Section 6.3.2). The detailed design of the power converters

and their control is beyond the scope of this work.

6.3.1 Topology of the electrical structure

The topology of an electric system is given by the interconnections of the system compo-
nents. The selection of the most adequate topology is discussed in [9, 45, 46, 48], where
different structures and their appropriate control are analyzed, also the advantages and
disadvantages of each case are shown. Thus, several topologies are considered in the
literature to connect the ESS and the FCS to the load, depending on the following

issues:

e Characteristics of the load (DC or AC voltage, single-phase or three-phase, and

range of voltage).
e Possibility of energy recovering from the load (e.g., regenerative braking).
e Range of voltage in the ESS.

e Output voltage of the FCS

In this work, we analyzed the better option for a FCHV and a number of options,
represented by the decision tree shown in Fig. 6.1, were considered before choosing the

topology of the electrical system, which is shown in Fig. 6.2

The main decision was if the vehicle has regenerative braking. This electrical topol-
ogy is used as frame of reference for the rest of this chapter and for the study of the

energy management strategies for FCHVs in Chapter 7.

In this topology, the FCS is connected to the DC' bus through a step-up power con-
verter (Boost converter) because the DC voltage bus is normally high voltage, whereas

the ESS is connected to the DC through a bi-directional power converter (Buck-Boost
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DC/DC converter
before the load

Inverter before
the load

Regenerative Yes

braking

Regenerative
braking

Unidirectional Bidirectional Unidirectional Bidirectional
inverter inverter DC/DC converter DC/DC converter
Supercapacitor Battery bank +
Battery bank bank Supercapacitor bank
Position of
the ESS

In parallel with the
fuel cell before the
fuel cell converter

In parallel with the
fuel cell after the
fuel cell converter

Figure 6.1: Decision tree for the selection of the electrical structure for the FCVH.

converter) allowing the charge and discharge of the ESS. With regard to the load, which
is an AC induction motor, it is fed through a DC-AC' inverter.

The power converter that connects the ESS to the DC bus is fundamental to
implement the energy management strategy in the hybrid system: this converter acts
as a “switch” that allows to regulate the energy flow between the ESS and the DC
bus. In the same way, the converter that connects the FCS to the DC bus allows the
regulation of the power flow from the FCS and, besides, has to cope with the variations

in the FCS output voltage since the FC'S does not act as an ideal voltage source.

6.3.2 Energy Storage System: Batteries vs. Supercapacitors

The Energy Storage System (ESS) in the fuel cell hybrid system can be implemented
either by a high specific energy device like batteries or by a high specific power device
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6.3 Electrical structure for Fuel Cell Hybrid Vehicles
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Figure 6.2: Diagram showing the electrical topology and the energy and power flows
ina FCHYV.

like supercapacitors (SCs). There is also the possibility of a combined storage bank
composed of batteries and capacitors [84]. The supercapacitors present significantly
better specific energy than conventional capacitors and much better specific power
than conventional batteries. The capacitance of SCs may vary from a few Farads to

several thousand Farads per cell [85].

Before dealing with this analysis, two meaningful parameters concerning the ESS,

are introduced:

Hybridization Degree (HD) The Hybridization Degree is defined by a relationship
between two installed power: the mazimum FCS power (Pfcs, mas) and the maz-

imum ESS power (Pess, maz). We use the following expression:

Pess mazx
HD = : 1 . 1
Pfcs, maz T Pess, max X100 [%] (6 )

With this definition a 100% HD indicates a vehicle without FC (only storage
bank), and 0% H D indicates a pure fuel cell vehicle (no storage bank).

Power /Energy storage system ratio (P/E) The Power/Energy storage system ra-
tio is defined as the relationship between the Specific Power (P) and the Specific
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Energy (E) of the storage system [86]:

P[W kg™

P B W kg ]

(W Wh™1. (6.2)
Some relevant examples are collected from the literature [86] and reported in Table 6.1.
Actually, for some supercapacitors on the market, such the model BCAP0350 from
Maxwell Technologies [87], the specific power is 3900 W kg~! and a recent study with
asymetric double-layer supercapacitor reports advances in specific energy, approaching
40Wh kg—1 [88].

Table 6.1: Characteristics of some relevant Energy Storage Systems examples
P/E Specific power Specific energy

WWh']  [Whkg'] (Whkg™']
High power lead-acid batteries 10 300 30
Ni-Mh batteries 10 4 — 500 50 — 70
Supercapacitors > 100 up to 1000 up to 5

We choose supercapacitors (SCs) in this work because they are more attractive
for applications with low energy and high power demand, particularly at low tem-
peratures, although cost may remain an obstacle. SCs can be deeply charged and
discharged at high rates for 500.000 — 1.000.000 cycles with a relatively small change in
characteristics (10 — 20% of degradation in capacitance and resistance) and with high
charge/discharge efficiency [85]. However, batteries and supercapacitors do not com-
pete but are complementary in the development of Hybrid Electric Vehicles (HEVs)
because of the high-specific energy of the former and the high-specific power of the
latter, notwithstanding the significantly longer cycle-life of SCs (more than two order

of magnitude [89]).

Different types of HEV require energy storage systems characterized by different
specific power and energy, P/E ratio and cycle-life. In the work of Gao [90], two
Fuel Cell Hybrid Vehicles (FCHVs) are studied, comparing a fuel cell-battery hybrid
powertrain and a fuel cell-supercapacitor hybrid powertrain. The conclusion is that the
second option is better since SCs can more effectively assist fuel cell to meet transient
power demand. Since SCs have high specific power, they can supply great quantities
of instantaneous power, allowing to boost the fuel cell in power-demanding situations,

such as fast accelerations or climbing. Although the study of Gao is done with a fuel
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cell-battery hybrid powertrain composed of lead-acid batteries instead of other type
of batteries with higher specific power (e.g., Li-ion or Ni-MH ), the general conclusion
still is valid because of the exceptional specific power of SCs. In [91], analyzing the
requirements of batteries for city hybrid buses, it is remarked that to get a really
significant fuel consumption improvement it is essential to be able to recover a good
percentage of the available energy during braking and, for that end, devices with high

power recharge capability are required.

With regard to the lifetime, it is concluded that actual batteries are not good for
automotive applications. However, some modifications in the chemistry of conven-
tional lead-acid batteries are being analyzed in order to operate in high-rate partial-
state-of-charge mode with acceptable performance [92]. There are also ultrabatteries in
development which are hybrid energy-storage devices combining an asymmetric super-
capacitor’ and a lead-acid battery in one unit taking advantage of the best from both

technologies without the need for extra electronic controls [93].

6.4 Fuel Cell Hybrid Vehicle model

In order to study Fuel Cell Hybrid Vehicles (FCHV) it is necessary to rely on accurate
and practical models to describe the system behavior. ADVISOR is a system analysis
tool for vehicle modelling created by the National Renewable Energy Laboratory (USA)
in the MATLAB/Simulink environment [26, 27]. It provides a flexible and robust set
of models, data, and script text files, which are used to quantify the fuel economy, the
performance, and the emissions of vehicles that use alternative technologies including
fuel cells, batteries, supercapacitors, electric motors, and internal combustion engines

in hybrid configurations.

In this platform, the vehicle is modelled in detail taking into account the several
components that compose the vehicle drivetrain (i.e., vehicle, wheel and axle, final drive,
gearbox, clutch, fuel converter, etc.). For example, (6.3) determines the mechanical

power that is necessary to meet the desired speed v, with road slope a and acceleration
0 (t):

Prec (t) = (ng fr+ %pa CyqAsv ()% 4+ mp g sin(a () +mp o (t)) v(t). (6.3)

The term asymmetric supercapacitors stands for supercapacitors with different types of electrodes.
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Table 6.2: Vehicle specifications in the case of study.

Specification Symbol Value Unit
Vehicle total mass mr 1380 kg
Vehicle mass® Moyeh 882 kg
Frontal area Ay 2 m?
Drag coefficient Cyq 0.335 -
Coefficient of rolling friction fr 0.009 -
Air density Pa 1.2 kgm™3
Gravity g 9.8 ms2

% Vehicle mass without taking into account the F'C'S mass and the ESS mass.

This equation performs the force balance among the rolling resistance force, the aero-
dynamic drag force, the force of gravity that must be overcome to climb a grade and
the force required to accelerate, respectively. The meaning of the constants in (6.3)
are explained in Table 6.2. Actually, the necessary power supplied by the fuel cell is
greater than the determined in (6.3) because of the power losses in the final drive, the
gearbox, and the motor. These losses depend on the efficiencies of the components
and ADVISOR utilizes efficiency maps to compute the power losses according to the

present speed.

In this work, we consider the performance of a FCHV based on a small car and the
entire system being modelled in ADVISOR according with the principal parameters
listed in Table 6.2. This model is used as a case of study in Section 6.5 and Section 6.6
to exemplify the methodologies proposed.

6.4.1 Fuel Cell System model

The FCS consists of the fuel cell stack, which is a serially layered pack of fuel cells,
and the auxiliary system, a set of devices necessary for the FCS operation that include
a compressor, cooling/heating devices, and a water management system. Among the
auxiliary components, the compressor is the one with larger power consumption (up to
93.5% of the total auxiliary power consumption [60]). Therefore, the FCS is a complex
and nonlinear system whose dynamical model, like the one developed by Pukrushpan et
al. [13], is too sophisticated to be used in an energy management strategy. Even a much

simpler model, like the one developed by Correa et al. [22], which does not contemplate
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the filling dynamics of cathode and anode and the compressor dynamics, is not suitable
for that purpose. Moreover, the standard driving cycles in ADVISOR are defined every
1 s and the transient response of the FCS generated power is shorter than 1 s. Thus,
a static model as the one employed in the ADVISOR platform is adequate to represent

the FCS when the objective is to implement adequate management strategies.

The most relevant characteristic of the FCS, with major impact in its performance,
is the hydrogen consumption: the relation between the delivered power and the hydro-
gen consumption (see Fig. 6.3). This consumption map constitutes a static characteris-
tic of the FCS and it does not take into account any others. It is assumed that the FCS
is controlled by its own controller, a control algorithm that deals with the FCS control
variables to maintain the system operating properly with the load changes. This issue

has been covered in Chapter 4.

Given that in the hybridization degree analysis it is necessary to account with
models representing F'CS of different sizes, it is needed to scale the original model to
represent F'CSs with different rated power. In the work of Kim et al. [60], it is concluded
that it is possible to linearly scale the efficiency map of the FCS. This conclusion is
reinforced by the work of Ahluwalia et al. [94], where four FCSs with different rated
power in study are also linearly scaled, and also is the way in that ADVISOR toolbox

works.

This consideration of a linear relationship between different scaled FCS is possible
because of the followings reasons. Firstly, the rated power of the FCS depends on the
number of cells and the active area of each cell of the fuel cell stack. The polarization
curve is practically unaffected by the cell number in contrast to the active area of the
cells, which affects the design of the reactant flow channels, influencing the humidity
and thermal characteristics of the stack and, consequently, changing the polarization
curve [60]. Thus, it is possible to account with fuel cell stacks of different rated power
and polarization curve linearly scalable by changing the cell number. Secondly, it is
also possible to linearly scale the efficiency map of the compressor, which is, as already

said, the auxiliary component with major consumption.

A set of hydrogen consumption maps and a set of efficiency maps are plotted in

Fig. 6.3 for different FCS rated powers, using data from ADVISOR. The efficiency
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maps are derived from the consumption maps:

360 x 107
~ Consy, - LHVys'

Nfcs [96} (6.4)

where the hydrogen consumption Consy, is expressed in g kWh™! and LHVys is
120 kJ ¢~ . In the four efficiency maps, the efficiency at rated power is 50% and the
the maximum efficiency (60%) is at 25% of the rated power.

6.4.2 Energy Storage System model

The energy storage system, either if it is based on batteries or supercapacitors, can be
modelled with two subsystems. One subsystem takes into account the system efficiency,
both during charging and discharging, and the other subsystem computes the actual
energy level. The energy stored in the storage system, F.s(t), results integrating
Pegs(): t

Erss(t) = Buss(0) + /0 ' Pas(t)dt. (6.5)

It is useful to define a parameter that indicates the relative amount of energy in the
ESS. The State of Energy, SoE(t), is defined as

laess(t)

SoE(t) = Z
cap

x 100 [%], (6.6)

where Eqp is the maximum energy that the storage system is capable to store. In

discrete time the storage system energy, at the time instant £, is
N
Bess(k) = Eess(0) + ) Peas(k)At, (6.7)
k=1

where N, = t./At, t. is the duration of the driving cycle, and At is the sampling time.
The SoE(k) results

soB(k) = =) 100 ) (6.8)

cap

Figure 6.4 shows an electrical equivalent model for an ESS composed of superca-
pacitors. Actually, the equivalent circuit is more complex, like the one used in [95], but
for the purpose of designing and analyzing the performance of the system, the model
in Fig. 6.4 is a good approximation. In fact, this model is similar to the one employed

in [61] for these purposes.
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Figure 6.3: Hydrogen consumption and efficiency maps for different rated powers.
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Figure 6.4: Equivalent model for the supercapacitor unit

The ESS efficiency, in this case a supercapacitor bank, is related with the equiva-
lent series resistance (ESR). For a pure capacitor, having zero ESR, the efficiency of
charge or discharge would be 100%. However, in a real capacitor, having nonzero ESR,
the irreversible dissipation of power is ESR - I2,, giving efficiencies lower than 100%.
The equivalent parallel resistance (EPR) represents the self-discharge losses and only
impacts long-term energy storage performance of the SC and is extremely high [33].
Thus, the time constant of the period of charge/discharge can be expressed by ESR-C.
Since ESR is as low as 0.019Q and C' is 58 F' [96], it is possible to charge and discharge
the SC in a very short time. The energy stored in the SC' is directly proportional to

the capacitance and the squared voltage:
1
Esc(t) = 5C V(). (6.9)

Besides, the power that the SC' is capable to deliver or to store is inversely proportional

to the internal resistance and directly proportional to the squared voltage:

ksc V(1
Psc(t) = 432?];( ) (6.10)

where kg is a constant depending on the particular device. Thus, it is possible to

express the power as a function of the energy in the SC, instead of V2(t):

2k FE t
PSC“):ﬁ?(c)’

an expression that is more convenient, because the proportional relationship between

(6.11)

power and energy. In this way, we work with the state of energy, SoF(t), instead of

the state of charge, SoC(t).!

!The state of charge, SoC(t), is defined as the relation between the actual charge voltage and the
maximum charge voltage in a capacitor, whereas the SoE(t) is defined as the relation between the
actual energy and the maximum charge energy.
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Figure 6.5: Distribution of supercapacitors in a SC' bank

The ESS can be conformed using several equal SCs and connecting them in series

and parallel. The total capacitance and total resistance of the bank are calculated as
ESR

Ress,tot(zl - #5 “p (612)
C
Cess,total = #p%, (613)

where #s is the number of SCs connected in series and #p is the number of series

string connected in parallel (see Fig. 6.5).

The SC bank voltage is

Vsc, total = #5 - VsC, max (6.14)

and the total system energy results

Esc, totat = #sc - Esc, (6.15)

where #g5c = #p - #s is the total number of SCs connected in the bank.

6.4.3 Characteristic load demand

In order to evaluate the performance of a given FCHV, standard drive cycles are widely

utilized in the literature. These standardized speed profiles, representing urban and
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Table 6.3: Key statistics of driving cycles

NEDC UDDS FTP HWFET

Distance [km] 1093 1199 17.77 16.51
Maximum speed [km h~1] 120 91.25 91.25  96.4
Average speed [km h™!] 33.21  31.51 25.82 77.58

Maximum acceleration [m s~?| 1.06 1.48 1.48 1.43
Maximum deceleration [m s72] —1.39 —1.48 —1.48 —1.48
Average acceleration [m s~2] 0.54 0.50 0.51 0.19
Average deceleration [m s2] -0.79 —0.58 —0.58 —0.22

highway scenarios, were originally stated for measuring pollutant emissions and gasoline
economy of engines [97]. Four standard driving cycles are plotted in Fig. 6.6 and
Fig. 6.7: the New European Driving Cycle (NEDC), the Urban Dynamometer Driving
Schedule (UDDS)*, the Federal Test Procedure (FTP), and the Highway Fuel Economy
Cycle (HWFET).

In each figure, two magnitudes are plotted: the speed profile and the demanded
power to fulfill the profile. The calculation of the power demand is done exploiting
the model developed in ADVISOR according to the parameter of the small vehicle
described in Table 6.2 (vehicle total mass of 1380 kg).

The NEDC cycle includes four intervals representing urban driving conditions, re-
peated without interruption, followed by one interval representing extra urban driving
conditions with a more aggressive, high speed, profile. The UDDS cycle and the FTP
represent city driving conditions whereas the HWFET cycle represents highway driv-
ing conditions. In Table 6.3, the key statistics about the driving cycles are showed

concerning speed, acceleration and deceleration.

The power histogram corresponding to the four driving cycles are plotted in Fig. 6.8.
It is observed that most of the time the FCS is operating in an unfavorable zone. This
fact reaffirms the idea of implementing an adequate energy management strategy to

overcome this drawback. This issue is studied in Chapter 7.

During a driving cycle, the power required by the vehicle varies strongly from very

Tt is also known as Federal Urban Driving Schedule (FUDS).
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Figure 6.6: Speed and power profiles for the NEDC and the UDDS standard driving
cycles for a vehicle of total mass 1380 kg.
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Figure 6.7: Speed and power profiles for the FTP and the HWFET standard driving
cycles for a vehicle of total mass 1380 kg.
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Figure 6.8: Power histogram for the vehicle in study of total mass 1380 kg running in

different standard cycles.
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Figure 6.9: Efficiency curve for a 50-kW FCS from ADVISOR model.

low powers to relatively high powers. High power requirements take place during a
relatively short fraction of time. If there is no energy storage, the FCS must meet the
highest peak power and, therefore, the FCS is oversized most of the time. In addition,
the efficiency of a FCS is strongly degraded at low powers (see Fig. 6.9). Thus, if
no hybridization is present, the FCS has to work in large periods of time at a low
efficiency zone. On the contrary, with an additional power source and a suitable energy
management strategy it is possible to avoid these unfavorable operating zones. Thus,

the hydrogen economy can be improved through hybridization.

Analyzing a typical efficiency curve for a 50-kW FCS according to ADVISOR model
(see Fig. 6.9), it is concluded that the energy management strategy has to avoid the FCS
operation at powers smaller than 5 kW because the efficiency is strongly degraded below
50%. With this model (Fig. 6.9) of FCS the maximum efficiency is obtained operating
at 20 kW. In this case, the FCS efficiency is approximately 60%. Within the range of
5 to 50 kW, the efficiency is high enough, close to the maximum value. Therefore, a
good strategy would be one that allows the FCHS to work most the longest possible
periods of time close to the point of maximum efficiency. This strategy would depend on
the ESS state-of-energy. For example, if the load power is greater than the maximum

efficiency power and there is no sufficient stored energy to meet the power balance,
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then, the strategy has to move the operating point toward the zone of higher power
although the FCS efficiency is worse. The opposite situation takes place if the load
power is lower than the maximum efficiency power and there is no sufficient capacity

of storage in the ESS.

The question is how to determine the most convenient operating point at every
time. It is necessary to formulate a functional cost that quantifies the increase of the
hydrogen consumption produced by the displacement from the maximum efficiency
point. But in addition, it is necessary to relate this functional to the state of energy in
the ESS, not only considering if at the present time the state of energy is suitable to
meet the power balance, but also considering the more foresighted point of view of the
future power requirements. This is difficult to achieve because the driving cycle is not

known a priori. This point is studied in Chapter 7.

6.5 Analysis of the energy flows in the FCHV

In Section 2.2.1, it was stated that in a FCHV there are four principal energy flows
between the fuel cell system, the energy storage system, and the electric load. Entering
more into detail, the energy flow from the hydrogen tank towards the wheels through
the power bus, the electric motor and the gearbox can be seen in Fig. 6.10 for the case
of study with the main parameters listed in Table 6.2, running on the NEDC. The
number in the arrows corresponds to the total energy transferred between components
or the total losses in the components along the load profile in study. Each component
has its own losses, except the power bus which is considered ideal. Thus, the initial
amount of energy from the hydrogen tank is degraded. Besides, the vehicle employs
energy to overcome the rolling resistance and the aerodynamics drag force. In the same
figure, it is also represented the wheel-to-ESS flow, the energy flow from regenerative

braking to the ESS, which also diminishes due to the losses in the components.

As it was mentioned in Section 2.2.2, the amount of energy that it is possible to
recover from regenerative braking depends on the particular driving cycle. Our results
show that for a FCHV according to the parameters of Table 6.2 (total mass of 1380 kg),
the maximum recoverable energy represents the 7.6% of the hydrogen energy that is

spent to fulfill the NEDC' cycle, whereas, in the case of UDDS and FTP, it represents
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Figure 6.10: Energy flow in the FCHV running on NEDC.

the 11.7% and 11.4%, respectively. On the other hand, in a highway cycle like HWFET,
the regenerative braking energy only represents the 2.3% of the hydrogen energy. Some
works report greater ratios of energy recovery. For example, in [98], it is reported that
in NEDC cycle with a similar vehicle, the braking energy is 35% of the traction energy,
meanwhile with the UDDS cycle the braking energy ups to 50%. Nevertheless, theses
ratios only account for the energy available at the wheel. If the losses in the internal
components where the energy passes through are taken in account, the braking energy
available at the storage system is much lower. It is also important to note that all these
ratios are calculated in the limit situation where no friction brake is used and assuming
that in the ESS there is always sufficient capacity to store the available energy, allowing
the maximum energy recuperation. Thus, these ratios only represent a superior limit
and in real situations the available energy to store may be lower. Table 6.4 summarizes

the main values of the energy flow analysis for the four cycles in study.
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6.6 Determination of the Hybridization Degree according to drivability

conditions
Table 6.4: Energy flow summary in a 1380-kg FCHYV.
NEDC UDDS FTP HWFET

Wh] %" [Whl  [%]* [Wh] [%]* [Wh] [%]"
Hydrogen energy 2847 100 2957 100 4416 100 4141 100
FCS energy out 1680  59.0 1744 59.0 2605  59.0 2442 59.0
FCS losses 1167 41.0 1213 41.0 1811 41.0 1699 41.0
Motor energy in 1476 51.8 1611 54.5 2419 54.8 2148 51.8
Total losses
in power mode® 461 16.2 538 18.2 775 17.5 622 15.0
Total losses®
in regenerative mode 84 3.0 144 4.9 202 4.6 39 0.9
Recovered energy
from braking 194 6.8 310 10.5 452 10.2 86 2.1
Rolling resistance
energy 297 9.4 326 11.0 482 10.9 448 10.8
Aerodynamic drag
energy 444 15.4 293 9.9 508 11.5 953 23.0

® The % column refers to the percentage of energy with respect to the hydrogen energy.

® The total losses in power mode is the summation of the losses in the direct path from the FCS to
the wheels.

¢ The total losses in regenerative mode is the summation of the losses in the path from the wheels to
the ESS.

6.6 Determination of the Hybridization Degree according
to drivability conditions

In order to be competitive with conventional vehicles, FCHVs must satisfy different
types of driving conditions. This means that, both in transitory and sustained driving
conditions, the power balance between the load and the power sources must be satisfied.
In the case of time sustained driving conditions, the fuel cell must be able to meet
situations such as high speed driving or overcoming a certain gradient. On the other
hand, the combined FCS and storage system must be able to meet transitory conditions
such as accelerations. In this sense, in the work of Ahluwalia et al. [98] it is stated that
the hybrid system must satisfy the following requirements. Firstly, the FCS by itself

must be capable of supporting time sustained driving conditions. This requirement
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Figure 6.11: Power demand vs. vehicle speed for a vehicle of 1380 kg.

includes two different tests: a top speed test where a specified speed is maintained and
a grade test where the vehicle must maintain a determined speed with a determined
grade and a certain overweight. Secondly, with the assistance of ESS, the hybrid system

must be able to fulfill a certain acceleration requirement.

Assuming the drivability requirements and exploiting the FCHV model developed
in the ADVISOR environment, it is possible to quantify the amount of power that
the powertrain needs to supply to fulfill the traction requirements. In Table 6.5, the
power demands to fulfill each traction power requirement is presented. These powers
correspond to a vehicle with total mass of 1380 kg. Besides, the power demand to
maintain different sustained speeds and the power demand to maintain a sustained

speed of 88.5 kph with a grade of 6.5% are shown in Fig. 6.11.

The hybridization degree analysis according to drivability conditions consists in
determining the FCS rated power and the amount of supercapacitors in the ESS
necessary in order to fulfill the requirements stated in Table 6.5. Once these two design
variables are determined, it is possible to calculate the total mass of the vehicle as the
summation of the mass of the FCS, mprcg, the mass of the ESS, mggg, and the mass

of the basic vehicle, myep, pasic:

Muyeh, total = MESS + MFCS + Myeh, basic- (616)
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6.6 Determination of the Hybridization Degree according to drivability
conditions

Table 6.5: Power demand to fulfill the traction power requirements for a 1380 kg vehicle.

Traction power requirements Power [kW]

Sustained driving conditions

Top speed (150 kph) 44.1
88.5 kph at 6.5 % grade without overweight 37.3
88.5 kph at 6.5 % grade with overweight (600 kg) 49.9

Transitory driving conditions

Acceleration (0 to 96.5 kph in 10 s) 93.1

The mass of the basic vehicle is the mass of the vehicle without the FCS and the ESS
(i.e., without the powertrain), but it is not a constant mass. It depends on the chosen
FCS because the mass of the auxiliary system in the vehicle depends on the rated

power of the FCS.

The procedure followed for dimensioning the hybridization degree is represented in
Fig. 6.12. The first step of this dimensioning process concerns the time sustained condi-
tions. The dimensioning process starts with the calculation of the minimum necessary
FCS that a vehicle of 1380kg, according with the case of study defined in Section 6.4,
needs to meet the top sustained speed requirement. Then, the process continues with
the calculation of the minimum necessary F'C'S that the vehicle needs to meet the grade
requirement. Both estimations are done using only the F'CS to power the vehicle be-
cause it is a sustained power and because it is sustained, it can only be supported by
the FCS. The FCS that fulfills the two requirements is the maximum value between
the two results. Then, the vehicle mass is calculated according to the mass of this FCS

using (6.16). In this step, mess is assumed to be null.

The second step is related to the acceleration test and consists in the determina-
tion of the minimum amount of supercapacitors in the ESS that is necessary to add
to the previous FCS to reach the acceleration requirement. Once this step is done,
the total mass is recalculated according to the determined number of supercapacitors

using (6.16).
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Figure 6.12: Schematic diagram of the hybridization degree analysis according to driv-
ability conditions.

The procedure is repeated from the first step using the vehicle mass calculated in
the last step until the results converge in a combination of FCS and ESS such the

vehicle is capable to meet both the sustained and the transitory driving conditions.

The results show that the minimum F'CS is 35 kW and the minimum supercapacitor
bank is 130 modules. Each module in the ADVISOR model has a specific power of
2.5kW kg~! and a specific energy of 6 Whkg~! with a mass of 0.408kg. Thus, the
maximum energy in the bank is 318.2 Wh and the final total mass of the vehicle results

in 1109 kg.

However, this is the minimum value of FCS and there is still a degree of freedom
in the final selection between two extreme cases: the case with 35-kW FCS and 130-

module bank, and the pure FCS case (with a larger FCS and no ESS) where all the
power needed is supplied by the FCS. Therefore, an analysis is performed varying the
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Figure 6.13: Hydrogen consumption for different Hybridization Degrees (FCS power
and ESS module number).

ESS module number (i.e., varying the hybridization degree), and for different driving

cycles, to find the combination with the lowest hydrogen consumption.

The results of hydrogen economy and total mass, shown in Fig. 6.13 and Fig. 6.14,
reveal that the best option, with lower mass and lower hydrogen consumption is the
vehicle consisting in a F'IC'S of 35 kW and an ESS bank of 130 modules. In this case,
the total vehicle mass results to be 1109 kg and the hybridization degree is 79%. With
regard to Fig. 6.13, the hydrogen consumption is the optimal. It is remarkable the rel-
atively insensitive of the hydrogen consumption varying the ESS module number. This
is because the increase of the optimal consumption in this analysis is only produced by
the increase in the vehicle mass. On the contrary, in the case of ESS module number
null, the increase in the optimal hydrogen consumption is high because there is no pos-
sibility of energy recovery. The computation of these hydrogen optimal consumptions

are done using the analysis formulated in the following section.
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Figure 6.14: Total vehicle mass for different Hybridization Degrees (FCS power and
ESS module number).

6.7 Computation of the optimal hydrogen consumption
in the FCHV

In the previous section, the optimal hydrogen consumption is indicated for different
profiles. In order to evaluate the performance of the Energy Management Strategies
EMSs, which are developed in Chapter 7, in terms of hydrogen consumption, it is also
useful to determine the minimum amount of hydrogen that a specified vehicle needs
to achieve a given driving speed profile. Thus, each EMS will be evaluated comparing
its hydrogen consumption with respect to the consumption in optimal conditions, a
reference context that represents the minimum amount of hydrogen necessary to achieve
the load profile. In some works, e.g., [99, 100, 101], this analysis is performed through
the use of the Dynamic Programming (DP) technique, a procedure that allows to
determine a global optimal operation of the system for a given load profile by evaluating
all possible control sequences in a systematic way [99]. However, a disadvantage of this
technique is the relative long computation time due to the large required grid density.
The grid is the result of the discretization of time and the state variables in appropriate
grid-levels. The grid density should be taken high, because it influences the accuracy

of the result.

In this work, we propose a method to analyze the minimum hydrogen consumption
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with reduced computational cost because it avoids the discretization of the state va-
riables. Only the time is discretized because the standard driving cycles in ADVISOR

are defined every 1s. The procedure is based on the following assumptions:

e The capacity of storage in the E'S'S is sufficient to recover all the available energy

from regenerative braking

e The friction brake is not employed during the entire cycle

e When the power consumption is null the F'CS is turned off

e The FCS is already hot at the nominal operating temperature when the cycle
starts

e The total vehicle mass is known and in our case of study it is my., = 1109 kg

A simulation is performed for each driving cycle in such a way that the FCS works
alternately in two operating points, namely "On” and ”Off”, according to the actual
SoE(k):

e When SoE(k) < SoE(0), the FCS is operated at its point of maximum efficiency
(the "On” point).

e When SoE(k) > SoE(0), the FFCS is turned off (the ”Off” point).

As aresult, the final state of energy (SoE(NN)) is into a reduced range around the initial

state of energy (SoE(0)).

Thus, the hydrogen consumption only accounts the necessary hydrogen to fulfill
the cycle of duration N. The main advantage of this method is that, unlike the usual
methodology used in the literature, which is based on Dynamic Programming, it avoids
the discretization of the state variables and only the time is discretized because the
standard driving cycles that are utilized in ADVISOR are defined every 1s. Therefore,
this methodology allows the calculation of optimal hydrogen consumption in the FCHV
with low computational time, maintaining a high accuracy. Figure 6.15 shows a scheme
with the F'CS operation to perform the calculation previously described and the results

are collected in Table 6.6, where the braking/hydrogen ratio is defined as the ratio
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Figure 6.15: Scheme showing the On/Off operation of the FCS model to perform the
analysis of the minimum hydrogen consumption.

between the energy recovered from braking in the ESS and the energy of the hydrogen,
calculated from the Lower Heating Value (AHp gy ) of hydrogen, consumed in the FCS
during the cycle. Since the FCS is either working at the point of maximum efficiency
or it is turned off (with the assumption that when the FCS is turned off the power

consumption is null), the calculation of the minimum consumption is guaranteed.

Table 6.6: Results from the analysis of the optimal hydrogen economy for a vehicle of
1109 kg.

NEDC UDDS FTP HWFET

Hydrogen consumption [g] 77 80 119 111

Hydrogen consumption [g km~!] 7.0 6.6 6.7 6.7
Braking recovery [Wh] 194.2 3104 4524 85.8
Braking/hydrogen ratio® [%] 7.6 11.7 11.4 2.3

% The braking/hydrogen ratio is defined as the ratio between the energy recovered from braking in the
ESS and the energy of the Lower Heating Value energy of the hydrogen consumed in the FCS.

6.8 Discussion

From the design process explained in Section 6.6 it is remarkable that despite the rated
power of the resulting FCS is 35 kW, the power demand is quite lower in the standard
driving cycles most of the time. In fact, in NEDC, FTP, and UDDS, the most common
demand is in the range from 0 to 15 kW, whereas in HWFET the power demand
is concentrated around 12.5 kW. Thus, the FCS is often working disadvantageously,
specially in NEDC and UDDS, since the efficiency is low in this range. Consequently,

there is a conflict between drivability and efficiency because the minimum FCS size to
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accomplish drivability is too high and does not permit to operate at the more efficient

FCS range for the most common demands.

From the analysis of Section 6.5 and Section 6.7, it is noticeable the high percentage
of recoverable energy from braking in the urban driving cycles (NEDC, UDDS, and
FTP) assessed by the braking /hydrogen ratio in Table 6.6. This ratio is a good indicator
of the amount of energy that is actually reused since the model is developed into a great
detail and all the losses in the components of the vehicle are taken into account. In
contrast, the parameter that is used to indicate the recovered braking energy in [98]
is a fraction of the traction energy and, consequently, is much higher. However, this
parameter does not indicate the fraction of the energy from hydrogen that is really

regenerated.

6.9 Conclusions

In this chapter, the design of Fuel Cell Hybrid Systems oriented to auto- motive ap-
plications is approached and some relevant aspects related to the hydrogen economy
are analysed. First, the advantages of this kind of power systems are analyzed focus-
ing in the mechanism that allows the improvement of the efficiency of FCHVs. Then,
the electrical structures for FCHVs are addressed, analyzing the electrical topology,
comparing two types of energy storage devices (i.e., batteries vs. supercapacitors) and
concluding that supercapacitors seem the best technical alternative nowadays , analyz-
ing the requirements of HEVs concerning the storage system, and, finally, modelling

the energy storage system. The main conclusions of this chapter are:

e Using a detailed model in ADVISOR to perform a precise study of the system,
the results show that through hybridization it is possible to improve the hydrogen
economy in FCHVs significantly, compared with the pure fuel cell case without
supercapacitors (Fig. 6.13): 41.7% on NEDC, 45.6% on UDDS, 43.3% on FTP,
and 22.5% on HWFET. This is possible because of the reduction on the total mass
of the vehicle, the more efficient operation of the FCS, and the energy recovery

from braking.
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e In the determination of the hybridization degree there is a conflict between driv-
ability and efficiency, which means that the design necessary to fulfill drivability

requirements is not the most efficient in terms of hydrogen economy.

e The braking/hydrogen ratio defined in Section 6.7 is a more realistic indicator
than other parameters used in the literature to analyze the reduction of the
hydrogen consumption due to regenerative braking. It shows that is possible to
recover up to 7.6% of the hydrogen energy on NEDC, 11.7% on UDDS, 11.4% on
FTP, and 2.3% on HWFET.

The main contributions of this chapter stem from three methodologies proposed
to design and analyze FCHS. Firstly, an iterative and systematic methodology to de-
termine the hybridization degree to fulfill drivability requirements. Secondly, a new
method to assess the optimal hydrogen consumption with low computational cost that
avoids the discretization of the state variables. This method demonstrated to be useful
to evaluate the performance of any energy management strategy because it provides a
benchmark to compare the hydrogen consumptions of each strategy. Thirdly, a proce-
dure to analyze the energy flows inside the FCHV was done. This procedure allows
the calculation energy flows for a given FCHYV, including the calculation of the fraction

of energy from regenerative braking.
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Chapter 7

Energy Management Strategies
in Fuel Cell Hybrid Systems

The Energy Management Strategies (EMS) are algorithms which determine at each
sampling time the power generation split between the Fuel Cell System (FCS) and the
Energy Storage System (ESS) in order to fulfill the power balance between the load
power and the source power. Depending on how the power split is done a minimization
of the hydrogen consumption can be obtained. To find a global optimal solution,
control techniques where a minimization problem is resolved have been studied [99]. In
general, these techniques do not offer a causal solution, and, in consequence, are not
feasible because it is assumed that the future driving cycle is entirely known a priori.
Nevertheless, their results can be used to evaluate the performance of new strategies in
study. On the other hand, strategies which deal with local optimization are convenient

for real implementation.

Another approach, particularly convenient to work in real time operation, is the type
of strategies where the system operation is based on heuristic rules from the knowledge
of the performance of the components of the system. These strategies can achieve
a comparable performance to those strategies where some optimization technique is
utilized. In this way, two strategy based on the knowledge of the fuel-cell efficiency

map are presented in this chapter.

In this chapter, the EMS in FCHVs are approached. Despite the FCHS have other
applications, in this chapter we concentrate our attention in automotive applications.

The objective is to improve the performance of the hybrid vehicle in terms of hydro-
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Figure 7.1: Hydrogen consumption map as a function of the FCS power.

gen economy and transient response. The distribution of the chapter is as follow: in
Section 7.1, the objective of the EMSs are formalized. Secondly, in Section 7.2, three
new different strategies are proposed: two of them are based on the FCS efficiency
map and the third is based on constrained nonlinear programming. In Section 7.3, the
simulation results, showing the temporal response of the strategies and the performance
comparative between them, are presented. In Section 7.4, the experimental results to

validate the strategies are presented. Finally, in Section 7.5, the conclusions on EMS

in FCHS close the chapter.

7.1 Objectives of EMS in FCHS

The hydrogen consumption map of a FCS clearly reveals a zone, below a limit power,
where the hydrogen consumption is very high meanwhile the zone above this limit
power has a significative lower consumption as can be seen in Fig. 7.1. Thus, the
principal objective of the energy management strategy is to minimize a cost function

J, a mathematical expression that represents the cumulative hydrogen consumption
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during the time:

m)}n J(X) subject to H(X)=0 and G(X) <o, (7.1)
where the vector X is
_ | Pres (1)
[0 o

This means that the EMS has to determine the optimal value of the Fuel Cell System
power, Py.s(t), and the Energy Storage System power, Pess(t), in order to minimize the

cost function J(X):
te

JX) = [P (7.3)

where . is the duration of driving cycle and F(X) is the hydrogen consumption ac-

cording to the hydrogen consumption map of the FCS:

F(X) = Consg, (Pfes (1)) - (7.4)

The constraint H(X) = 0 in (7.1) means that at every time the power balance in

the DC bus must be satisfied:

Pfcs (t) “NB + Pess (t) “NB/B " Ness — Pload (t) Vt € [Oatc] . (75>

On the other hand, the constraint G(X) < 0 in (7.1) states the constraints in the FCS
power and the ESS power:

Pres,min < Pres(t) < Ppes,maz (7.6)
APfes min = APpes, fail rate < dﬂcd—cf(t) < APres, rise rate = APfes maz (7.7)
Pess,min (S0E(t)) < Pess(t) < Pess,max (SoE(t)) (7.8)
SoEmin < SoE(t) < SoFEma (7.9)
vt € [0,¢t.].

The restrictions in the FCS power are stated in (7.6): the maximum power is limited
by the FCS rated power, whereas the minimum FCS power command must be limited
to a value below which it is not suitable to operate because the parasitic load is too

large, reducing the system net power.
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There is a phenomenon of delay between the onset of the load on the FCS and
the response of the reactant supply system results which may lead in a “starvation”
of reactants in the FCS. This may be avoided by restricting the dynamics required by
the load [28]. The same approach is followed in [102] and [28] where the maximum
positive rise is limited to avoid damage in the stack. Therefore, in our work, the FCS
power load is increased no faster than a certain power rise rate (APfC&max). Besides,
we propose to operate the FCS in such a way that the power is decreased no faster
than a certain power fall rate (APjcs min) to prevent overpressure into the stack. Both
situations can be managed by using the ESS as a power buffer. These restrictions are

formulated in (7.7).

With regard to the ESS, the maximum and minimum power flow are also limited, as
is formulated in (7.8). The maximum power that the ESS can supply or store depends
on the actual voltage in the ESS, Vegs(t), the maximum voltage Vess, maz(t), and the

minimum voltage Vess, min (£):

Pe&g’ Chrg maz = (Vess(t)*vess, maz)'vess(t)

R
_ (Vess(t)_vess, min)'vess(t)
= Ry

during charging (7.10)

during discharging,

Ijess7 disch max

where Rg; is the ESS internal resistance. The charge voltage is related with the ESS
energy, so that, it is possible to express (7.10) as a function of the State of Energy in
the ESS, SoE(t) (defined in (6.6)):

k- Ecap

Fesst) = R 0

- SoE(t), (7.11)

where F,p, is the maximum energy that the ESS is capable to store, R; and Cr are
the internal resistance and the capacitance of the supercapacitors, and k is a constant

depending in the particular technology. Therefore,

Pess, chrg max(t) = kess - (SOE(t) — SoEmaz) (7.12)
Pess, dischrg max(t) = kess + (SOE(t) — S0Emin), (7.13)

where
Fess = Zd Egz (7.14)

is the constant that relates the actual SoF and the power that the device can supply or

store. Thus, Pegss, chrg maz(t) is the maximum power that the ESS is capable to store
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at the instant ¢ (charging mode) and the Pegs, dischrg maz(t) is the maximum power
that the ESS is capable to supply at instant ¢ (discharging mode). According to the
sign convention employed, the power is negative when the ESS is in charging mode,
meanwhile it is positive when the ESS is discharging mode. The k.5 constant depends
on the DC internal resistance Ry, the supercapacitor capacitance C'r, and the constant
k depending on the particular supercapacitor technology. The internal resistance of
supercapacitors is extremely low and the capacitance is exceptionally high, allowing
a very fast operation both during charging and discharging. In the supercapacitors

employed in this work, they are Ry = 0.019 Q2 and Cr = 58 F, thus, kess = 479 EW.

Besides the previous objective, another important objective of EMS is the improve-
ment in the transient response of the FCHS. As it was mentioned before in Section 4.2.3,
the temporal behavior is fundamentally conditioned by the compressor dynamics. This
drawback can be overcome by means of an adequate energy management strategy. In
fact, it is possible to improve the transient response of the FCHS by means of the ESS
energy contribution. In that sense, the energy management strategy acts as follows:
if the power requested to the FCS exceeds a determined maximum rise rate, then the
power rise rate that the FCS actually gives is limited and the rest of power is supplied
by the ESS if it is possible according to the present value of SoE(t). If, on the contrary,
the power requested to the FCS exceeds the maximum fall rate, then the actual power
fall rate is limited and the surplus power is absorbed by the ESS whenever there is

sufficient storage capacity.

7.2 Energy Management Strategies

In this section, three energy management strategies for FCHVs are presented. Two of
them are based on the knowledge of the fuel cell efficiency map and the third strategy
is based on constrained nonlinear programming. The electrical topology previously
established in Section 6.3.1 is represented in Fig. 7.2, which is common in the three
strategies. In this figure, they are also represented the energy flows in the FCHS: the
regenerated energy from load to the ESS bank, the charging energy from the FCS to
the ESS, the boosting energy from the ESS to the load, and the fuel cell energy that
directly supplies the load from FCS.
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Figure 7.2: Energy-flow scheme in the strategy based on efficiency map.

Table 7.1: Efficiency values assumed in hybrid-modelling process.

Efficiency values
Boost power converter efficiency nB 0.95

Buck/Boost power converter efficiency 71p/p 0.95

Supercapacitor bank efficiency Ness 0.9

The efficiency of the Boost power converter (ng), that connects the FCS with the
power bus, the efficiency of the Buck/Boost converter (ng,p), that connects the ESS
with the bus and the efficiency of the ESS itself, and the efficiency of the ESS (the
charging and the discharging efficiency), are assumed as constants (see Table 7.1). The
FCS efficiency is represented with an efficiency map as a function of the power . In
this way, the power that the FCS supplies to the bus is affected by the Boost converter
efficiency; the power that the ESS supplies is affected by the Buck/Boost efficiency and
the ESS-discharging efficiency; whereas the power that the ESS stores from the bus is

affected by the Buck/Boost converter efficiency and the ESS-charging efficiency.
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7.2.1 Strategy based on the FCS efficiency map

One of the most relevant characteristic of a FCS is the efficiency map (see Fig. 2.4),
a chart that shows how the efficiency changes with the load power and is related to
the consumption map through (6.4). It is supposed that the FCS operating point
is controlled and, thus, external parameters such the ambient temperature have no

influence in the efficiency map.

The first strategy proposed in this thesis work is a quasi-load-following' strategy
where the FCS is operated in an advantageous zone where the efficiency is high. In
this case, the operating zone is constrained between an inferior limit (Pfcs ) and a
superior limit (Pfes,pi). The superior limit is imposed by the maximum power that the
fuel cell can deliver (i.e., Pres ni = Pfes,maz), Whereas the inferior limit is determined
according to the efficiency curve. As we mentioned before, the efficiency of a FCS at
low power is very poor due to the parasitic power. Thanks to the inferior limit, the

energy management strategy avoids this unfavorable zone (see Fig. 6.9).

Considering that the losses in the power converters (np and 7,) and the ESS effi-
ciency 7ess are constants, the power balance in the DC' bus previously defined in (7.5),

can be rewritten as
Pfcs(k) '77B+Pess(k) “NB/B " Tess :Pload(k) k=1,2,..., N, (715)

where N, = t./AT is the cycle duration, assuming a constant sampling period AT = 1 s.

This EMS gives priority to the FCS-power supply since the FCS is the primary
power source and the direct power flow to the DC bus through the FCS power converter
has lower losses than the indirectly way through the ESS power converter, the ESS itself
and back to the load. Consequently, given the present Pjqq(k), if

Pfcs, lo" B < Pload(k) < Pfcs,max "B (716>
and
A]chs, fall rate < APload(k') < APfcs,rise rates (717)
where
APl()zzcl<k) = Pload(k) - Pload(k - 1) (718)

' A load-following strategy is a strategy that adjusts the power output of the fuel cell according to
the load requirement.
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Then, the FCS operates in load-following mode:

Pyes(k) = Pioaa(k) /05 (7.19)
and
Pess(k) = 0. (7.20)
If, on the contrary
Pioad(k) < Pyes,10(k) - 05, (7.21)
then
Pyes(k) = Pfes,i0(k) (7.22)

and, the ESS stores the rest of generated power, if the ESS is not too charged:

Pess(k) = —min {‘Pload(k) - Pfcs(k') : 77B’ *Ness * 1B/ B> ‘SOEUf) - SOEma:c‘ : kess} .

(7.23)
Conversely, if
Proad(k) = Pres,ni(k) - 0, (7.24)
then
Pfcs(k) = Pfcs,ma:v (7.25)

and, the ESS supplies the rest of load power, if there is enough energy in ESS:

(Pload(k) - Pfcs(k) ’ 773)
NB/B " Ness

P.ss(k) = mm{ ,  (SoE(k) — SoEnn) - k:ess} ) (7.26)
The representation of how is determined the F'CS operating point is shown in
Fig. 7.3. However, the transition between operating points is limited by the maxi-
mum rates, thus, finally
o Pfcs(k - 1) + AI)fcs,fallrate ’ AT, if A-Pfcs(k) < Af)fcs,fallmnfe

PfCS(k) N { Pfcs(k - 1) + APfcs,riserate : AT, if APfcs(k) > APfcs,riseratea
(7.27)

where APjtes = Pres(k) — Pres(k — 1), with Ppes(k) as it was previously calculated
in 7.19, 7.22 or 7.25, according to the conditions 7.16, 7.21 or 7.24, respectively. The
power Pegs(k) is calculated as in indicated in 7.23 and 7.26.
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Figure 7.3: FCS operating point as a function of the SoF in the ESS and the load
power Pj,qq for the strategy based on efficiency map.

7.2.2 Improved strategy based on the FCS efficiency map

The second strategy based on the FCS efficiency map is a strategy which operates the
FCS preferably in its point of maximum efficiency in order to improve the hydrogen
economy. The operating point of the FCS is determined based on the the actual power
demand and the state of energy of the ESS. The FCS power command is determined

according to the following rules. If the load power is

Pfcs, lo* 1B < Pload(k) < Pfcs, hi " NB (728)

and, the SoF is
SoE, < SoE(k) < SoFE};, (7.29)

where Prpeg p; is
Pfcs,hi = Pfcs,max “NB - Xfcs,h'ia (730>

and Xyc p; is a fraction of the maximum F'C'S power; then, the FCS is operated in

its point of maximum efficiency:

Pfcs(k) = Pfcs, max eff+ (731)
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The remaining power to achieve the load demand flows from or to the ESS according to
the 7.26 if Pjoqa(k) > Pres, mazefs (discharging mode), or 7.23 if Pioaa(k) < Pres, mazefyf
(charging mode).

If the load power is
Pfcs, hi*MB < j:)load(k) < -Pfcs7 maz " T1B> (732)

and the SoF is
SoE), < SoE(k) < SoE};, (7.33)

then, the FCS is operated in load following mode:
Pyes(k) = Pioad (k) /13 (7.34)

and Pegs(k) is as indicated in (7.23) or (7.26).

On the other hand, if
-Pload(k) Z Pfcs, max 1B and SOE(,IC) S SOEM (735)

or

SoE(k) < SoE,, (7.36)
then, the F'CS is operated at its maximum power:
Pres(k) = Pres, max (7.37)
and P.ss(k) is as indicated in (7.26). If, on the contrary
Pioad(k) < Pfes, 10-np  and  SoE(k) > SoEj,, (7.38)

or

SoE(k) > SoEp; (7.39)
then, the FCS is operated at its lower operating point:
Pfcs(k) = Pfcs7 los (7.4())

and Pess(k‘) is asin 7.23. Additionally, if Pload(k> =0Vt e [k‘l, kz] with (kQ_kl) > Toff,
and, SoE(k) > SoE}y; with k > ko, then, the FCS is turned off to avoid unnecessary

hydrogen consumption because the parasitic losses in the FCS. Figure 7.4 indicates
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Figure 7.4: FCS operating point as a function of the SoF in the ESS and the load
power Pj,qq for the improved strategy based on efficiency map.

the FCS operating point as a function of the SoE(k) in the ESS and the load power
Pyoad(k). In the same way that in the previous strategy, the transition between operat-
ing points is realized according to the constraints concerning the maximum fall power

rate and the maximum power rate as indicated in (7.27).

7.2.3 Strategy based on constrained nonlinear programming

In this strategy, an optimization problem with linear constraints is resolved at each
sampling period AT where a nonlinear cost function, which represents the hydrogen

consumption, is minimized. The problem can be put into the following form [103]:

m)}n J(X) subject to H(X)=0 and G(X) <0, (7.41)
where the vector X is
_ | Pres
x=[ 5] na

The cost function J(X) represents the hydrogen consumption in the FCS:
J(X) = F(Pres(k)), (7.43)

where

F(Pjes(k)) = Cons Hy(Pres(k)) - Pres(k) - AT, (7.44)
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and Cons Hy(Pjcs(k)) is the hydrogen consumption (g Wh™!) as a function of Py.(k).

This relationship is shown in the form of a consumption map in Fig. 7.1.

The set of constraints H(X) = 0 represents the power balance in the DC bus:

Pfcs(k) B + Pess (k) : 77B/B *Tess = Pload(k> k= 1; 2 P Nc (7-45)

and the set of constraints G(X) < 0 represents the limitations in P.s(k) and Pes(k).
The Pyes(k) is limited in its maximum and minimum value, and in the maximum rise

rate and fall rate:

PfCSJO < Pfcs(k) < Pfcs,hh (7.46)

and
Pres(k —1) + APpes, fatirate - AT < Ppes(k) < Pres(k—1) + APjes riserate - AT. (7.47)
This can be rewritten as
Pres,min < Pres(k) < Ppes, maz (7.48)
where

Pfcs,max(k) = mazx [Pfcs,hi; Pfcs(k - 1) + A]chs7 fallrate * AT] (749)
Pfcs,min<k) = nmin [Pfcs,lo; Pfcs(k - 1) + APfcs,riserate : AT] . (750)

On the other hand, P.ss(k) is limited to its maximum or minimum value depending on

the actual SoE(k). The SoE(k) is limited:
SoEin < SoE(k) < SoE 4z, (7.51)
thus,
kess - (S0E(k) — S0Emaz) < Pess(k) < kess - (S0E(k) — SoEmin) , (7.52)

where kess is the constant defined in (7.14).
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Table 7.2: Simulation parameters used to test the energy management strategies.

Parameter Symbol Value Unit
Number of supercapacitors Neap 250 -

ESS specific energy Eess, spec 6 Wh kg™t
Maximum FESS energy Eess, max 612 Wh
Maximum SoF SoFE ax 1 -
Minimum SoFE SoFEmin 0.2 -
High limit of SoF SoFEy,; 0.9 -

Low limit of SoF Soky, 0.3 -
Maximum ESS power Pess, max 255 kW
Maximum FCS power Pres, maz 15 kW
Maximum F'CS rise rate power APres, rise rate 600 Ws1
Maximum FCS fall rate power APfes, fall rate  —900 Ws™t
Maximum FCS efficiency Nfcs, maz 0.6 -
FCS power of maximum efficiency  Pfes, maz ef f 6 kW
Energy storage efficiency Ness 0.99 -
Boost converter efficiency nB 0.95 -
Buck/Boost converter efficiency NB/B 0.95 -

7.3 Simulation results

The enunciated strategies were tested in a hybrid system consisting in the vehicle
described in Table 6.2, provided with a FCS and a supercapacitors-based ESS with
the principal parameters listed in Table 7.2. The supercapacitors bank is modelled
according to the Section 6.4.2. The ESS can store a total of 612 Wh. The parameters
Ppes, 10 and Pyes, p; act as adjustment parameters, allowing to improve the fuel economy
and performance according to the particular strategy and cycle. These parameters are

shown in Table 7.3.

The strategies are tested on the four driving cycles described in Section 6.4.3:
the New European Driving Cycle (NEDC), the Urban Dynamometer Driving Sched-
ule (UDDS), the Federal Test Procedure (FTP), and the Highway Fuel Economy Test
(HWFET).

Firstly, the simulation results corresponding to the three strategies are shown: the
power split between the fuel cell system and the energy storage system, and the evo-

lution of the SoFE(t) in the ESS are shown in Figs. 7.5 to 7.8 for the first strategy, in
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Table 7.3: Values of the parameters Py, j, and Pyes, p; used in the EMSs.

Pfcs7 lo Pfcs7 hi

kW] kW]
Strategy based on efficiency map 1 15
Improved strategy based on efficiency map 1 12
Strategy based on nonlinear programming 2 15

Figs. 7.9 to 7.12 for the second strategy and in Fig. 7.13 to 7.16. Secondly, a compar-

ative between the corresponding performances for the four cycles is done.
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Figure 7.5: Power split running on NEDC, and the evolution of the SoF, using the
strategy based on efficiency map.

The comparative between the performance of the strategies, in terms of hydrogen
consumption per kilometer, is done in Fig. 7.17. The comparative is done between the
performance of the three strategies with respect to the corresponding to the optimal case
where the consumption is minimum; the values in percentage indicate the increment
in consumption with respect to the optimal case. The performance of the optimal case
was estimated in Section 6.7 assuming that the entirely cycle is known a priori, thus,
it is possible to operate the FCS during the entirely cycle with maximum efficiency.

In addition, the performance corresponding to the FCS pure case, where there is no
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Figure 7.6: Power split running on UDDS, and the evolution of the SoF, using the
strategy based on efficiency map.
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Figure 7.8: Power split running on HWFET, and the evolution of the SoFE, using the

strategy based on efficiency map.
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Figure 7.9: Power split running on NEDC, and the evolution of the SoF, using the

improved strategy based on efficiency map.
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Figure 7.10: Power split running on UDDS, and the evolution of the SoFE, using the
improved strategy based on efficiency map.
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Figure 7.11: Power split running on FTP, and the evolution of the SoFE, using the
improved strategy based on efficiency map.
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Figure 7.12: Power split running on HWFFET, and the evolution of the SoF, using the

improved strategy based on efficiency map.
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Figure 7.13: Power split running on NEDC, and the evolution of the SoF, using the

strategy based on constrained nonlinear programming.
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Figure 7.14: Power split running on UDDS, and the evolution of the SoFE, using the
strategy based on constrained nonlinear programming.
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Figure 7.15: Power split running on FTP, and the evolution of the SoFE, using the
strategy based on constrained nonlinear programming.
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Figure 7.16: Power split running on HWFET, and the evolution of the SoFE, using
strategy based on constrained nonlinear programming.

hybridization, is included in Fig. 7.17. The analysis of the FCS pure case is performed
with a 37.5-kW FCS, a power that is sufficient to fulfill the four cycles in study.

In general, the final state of charge SoF/(N,) is different to the initial state of charge
SoE(0), resulting in a gain or a loss of energy in the ESS over the driving cycle.
Because of that, the results are corrected in order to compare the results correctly. The
corrected consumption of hydrogen is based on the assumption that after the cycle, the
FCS is continuing running in its point of maximum efficiency until the SoFE reaches

again the initial value. Thus, the corrected consumption results

AEiess7 stored
+ )
AHpgy - Nfcs, maz *TIB “1IB/B " Tess

Conng,corrected = COTLSH2 (753)

where, Consp, is the cumulative consumption of hydrogen over the cycle previous to
the correction, AE,gs. storeq is the difference of the energy stored in the ESSS at the end
of the cycle with the energy at the beginning of the cycle (positive if SoE(N,) > SoE(0)
and negative in the opposite situation), AHy gy is the lower heating value of hydrogen,

Nfes, mae 1S the maximum efficiency of the F'C'S and ey, is the ESS efficiency.
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Figure 7.17: Comparative between the hydrogen consumption of the proposed strate-
gies, the optimum case and the FCS pure case. The percentages in red indicate the
increment in consumption with respect to the optimal case.

7.3.1 Discussion

The analysis of the hydrogen economy in Fig. 7.17 shows that the three strategies have
a good performance compared to the optimal case where the entire driving cycle is
known a priori, which is not feasible in practice. In fact, the maximum deviation from
the optimal case is 9.6% in the strategy based on efficiency map running on NEDC.
The strategy based on constrained nonlinear programming gives the best performance
in all the cases; however, the performance is similar to the two strategies based on
efficiency map. On the other hand, compared to the pure fuel cell case in Fig. 7.18,
the results show considerable hydrogen savings running on cycles NEDC, UDDS, and
FTP. On the contrary, running on HWFET the savings is exiguous. This cycle is a
highway driving cycle and one of its characteristic is that the average deceleration is
significantly lower (—0.22 m s~2) than the corresponding to the other cycles (NEDC:
—0.79 m s=2; UDDS: —0.58 m s~2; FTP: —0.58 m s~2). These results suggest that

the strategies achieve the objectives satisfactorily when a significant energy is recovered
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Figure 7.18: Hydrogen savings with respect to the pure fuel cell case.

from braking.

It is remarkable that it is possible to meet the load power in the four driving cycles
with a 15-kW FCS that is significantly lower to the corresponding in the pure fuel cell
case with no hybridization (37.5 kW), an advantage that is translated in a reduction
in the production costs. This is possible thanks to the ESS power assistance in the

proposed strategies.

The analysis of the influence of the initial SoE on the hydrogen consumption shows
that the first strategy and the third strategy have minimal dependence, which denotes
robustness to this parameter. On the other hand, the performance of the second strat-
egy is dependent on the initial SoFE, specially in the HWFET cycle. In this case, the
performance is worse than in the first strategy if the initial SoF is lower than 60%.
The results of the influence of the initial SoF in the three strategies running on the

UDDS cycle and the HWFET are shown in Fig. 7.19.

140


./ThesisFigs/hydrogen-saving.eps

7.3 Simulation results

O Strategy based on efficiency map B Improved strategy based on efficiency map O Strategy based on constrained nonlinear programming

85,00

84,50 -

84,20
84,15
84,12
84,10

84,09

84,00

83,32

83,50 1

83,18
83,02
82,96
82,92

83,00 -

82,80
82,77
82,74

82,70
82,73

82,50 -

82,00 -

Hydrogen consumption [g]

81,50 -

81,00

80,50 -

80,00 - T T T T T
40 50 60 70 80

Initial SoE [%]

(a) UDDS

O Strategu based on efficiency map B Improved strategy based on efficiency map O Strategy based on constrained nonlinear programming

124,00

123,00 -

122,61

121,82

122,00

121,00 A

120,50
120,47
120,46
120,45
120,44
120,44
120,44

120,12

= 120,00

119,00 1

118,51

117,82

118,00 -

Hydrogen consumption [g]
117,28
117,22
117,20
117,19

117,04

117,00 -

116,00 A

115,00 -

114,00 T T T T T
40 50 60 70 80

Initial SoE [%]

(b) HWFET

Figure 7.19: Influence of the initial SoE on the hydrogen consumption in two driving
cycles.

141


./ThesisFigs/analisis-SoC-initial-udds.eps
./ThesisFigs/analisis-SoC-initial-hwfet.eps

7. Energy Management Strategies in Fuel Cell Hybrid Systems

7.4 Experimental validation

This section presents the implementation of the previously developed EMSs in Sec-
tion 7.2 on an experimental test setup. The main objective is to show that through
the use of these EMSs is possible to operate the FCS efficiently, reducing the hydrogen
consumption, thereby justifying the use of hybrid arrangements (i.e., hybridization) in

fuel cell-based vehicles.

The arrangement of this section is as follows. First, the experimental setup is
described. Then, the experimental results are presented showing the temporal behav-
ior, the performance in terms of hydrogen consumption, and the comparative between

EMSs. Finally, the conclusions of this section are presented.

7.4.1 Experimental setup

The experimental setup is a test environment in which some components of the FCHV
are actually present, some are emulated, and some others are simulated. The objective
of this setup is to reproduce, as close as possible, the FCHV behavior in order to
validate the EMSs. In this experimental setup (shown in Fig. 7.20), the FCS is a
NEXA power module made by Ballard of 1.2 kW. The power module is fed with
hydrogen from a pressurized tank and the hydrogen flow is measured with a mass
flow meter (Bronkhorst, model F-201AC'), an instrument device with a maximum flow

capacity of 50 SLPM.

The vehicle power consumption is emulated with a programmable electronic load
(Hocherl & Hackl, model ZS1606), a power device that can support up to 1600 W
@ 60 V, 150A. This load is commanded by the Host computer in Fig. 7.20, which is in
charge of carrying out the EMS. The ESS is simulated with a model developed in the
LabVIEW " environment. This model is developed according to real supercapacitors
from Mazwell Technologies. The main characteristics of these devices are listed in
Table B.1. The actual SoF is calculated according to this model, which is running in

the Host computer.

'LabVIEW is the acronym for Laboratory Virtual Instrumentation Engineering Workbench and is a
platform and development environment for a visual programming language from National Instruments.
This platform is commonly used for data acquisition, instrument control, and industrial automation.
For more detail see [104].
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The data acquisition and control system is composed by a Host computer and
a computer running in real time, namely RTOS computer. The RTOS computer
communicates with the input/output (I/0) modules, made by National Instrument,
throughout a FPGA target and a PCI bus. The two computers are connected via
ethernet. The Host computer also allows monitoring the evolution of the system varia-
bles and commanding the system through a graphical interface developed in Lab VIEW.
The measured variables are the hydrogen flow, the load current and the stack voltage.

These variables are measured every 200 ms.

The operation of the experimental setup is as follows. First, the FCS operation is
determined according to the FMSs that were described in Section 7.2. To that end,
the EMSs were programmed in the LabVIEW environment. These applications run
in the RTOS computer and assess a new request to the FCS, Py.s(k), every 1s. The
P.ss(k) value is determined from the power balance in the DC bus as in (7.15). Then,
the Pys(k) is required to the NEXA power module through the electronic load, which
is commanded from the RTOS computer. The electronic load is operated in constant
power mode, i.e., the load sinks a power in accordance with the external-programming
signal from the RTOS computer. On the other hand, the P s(k) is utilized in the ESS

model, running in the Host computer, to actualize the actual SoE(k).

7.4.2 Experimental results

According to the previous explanation, the experimental setup was utilized to validate
the enunciated EMSs running on the same four driving cycles that in Section 7.3. In
the simulation stage, it was utilized a 15-kW FCS to fulfill the driving cycles. In this
stage, all the powers are scaled down with a factor of 12.5 to fit with the rated power
of the NEXA power module (1.2 kW). In Figs.7.22, 7.23, and 7.24 are shown the
experimental results showing the evolution of FCS power Pj.s, measuring the stack
voltage and the stack current; the evolution of SoF, from the ESS model; and the

hydrogen consumption, measured with a mass flow meter.

The comparative of the hydrogen consumption between the strategies in the exper-
imental setup and the strategies in the simulation environment is shown in Fig. 7.25.
To do this comparative the experimental results are multiplied by the the same scale

factor used to scale down the power. From this comparative, it is possible to draw
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Figure 7.20: Scheme showing the experimental setup to validate the EMSs.

some observation. Firstly, the hydrogen consumption corresponding to the experimen-
tal setup is higher than the corresponding to the simulation setup. This is owing to
the fact that the efficiency of the NEXA is lower than the efficiency of the FCS model
in the simulation setup as can be seen in Fig. 7.21 where it is shown the comparative
between the experimental efficiency map of NEXA and the efficiency map of the FCS
model in the ADVISOR simulator. The experimental map is obtained measuring the
inlet hydrogen flow rate and using (6.4). Secondly, the relative consumptions in the
experimental setup are similar to the experimental setup with some differences owing

to discrepancies in the modelling and measurement errors.

On the other hand, the hydrogen saving achieved using the EMSs with respect to
the pure fuel cell case with no hybridization is shown in Fig. 7.26. The results show

the interest of hybridization, achieving hydrogen savings up to 33.7%.
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7.5 Conclusions

In this chapter, the Energy Management Strategies for Fuel Cell Hybrid Vehicles were
approached. The objectives of the EMSs were enunciated and three strategies were
proposed. These strategies are based on the knowledge of the efficiency map. The
first strategy is a quasi-load-following strategy in which the FCS is operated in an
advantageous zone where the efficiency is high whereas the second strategy operates
the FCS preferably in its point of maximum efficiency in order to improve the hydrogen
economy. In the third strategy, an optimization problem with linear constraints is
resolved at each sampling period where a nonlinear cost function, which represents the

hydrogen consumption, is minimized.

First, the EMSs were tested in a simulation environment using four standard driving
cycles and, then, the EMSs were tested in an experimental setup reproducing the FCVH
behavior were some components are actually present, some are emulated and some

others are simulated.

The results show that using the proposed EMSs it is possible fulfill the load profiles,
achieving a high reduction in the hydrogen consumption, a saving that is achieved
operating the FCS properly and taking advantage of the energy from regenerative
braking. To evaluate the savings, the hydrogen consumptions are compared with two
references: the pure fuel cell case with no hybridization and the optimal case with

minimum consumption where the driving cycle is known a priori.
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Chapter 8

Conclusions and Future Work

In the first part of this chapter, a general perspective of the conclusions of the thesis
is presented. In the second part, recommendations for future work are presented. The

specific conclusions of each particular subject are at the end of the respective chapter.

8.1 General conclusions

The power generation systems based on hydrogen-fuel cells represent a new technology
with great potential to contribute to solve the environmental problem and the shortage
of non-renewable energy resources because of the high efficiency in the energy conversion

and null emissions.

It is necessary further research to make possible the full insertion of this technology
into the society and the research on control and design of electrical generation systems
based on fuel cells is one of the fundamental issues. Therefore, an extensive study
about the control and design of fuel cell systems oriented to Fuel Cell Hybrid Vehicles
(FCHVs) has been performed in this thesis, covering both the low level control of the
system composed of the fuel cell and the air compressor and the high level control of

the energy flows between the fuel cell, the energy storage system and the electrical load.

The main focus of this thesis is on the hybrid system composed of a fuel cell and
supercapacitors, and the thesis results show the convenience, advantages and limitations
of this type of configuration especially in automotive applications. The control and

design have been approached with the objectives to improve the efficiency (reducing
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the hydrogen consumption) and to support vehicle conductibility requirements similar

to a conventional vehicle.

Once the electrical structure for the FCHV was adopted, a methodology of design of
the vehicle hybrid main parameters was proposed (i.e. the fuel cell size and the number
of supercapacitors of the ESS). The goal of this design methodology is to obtain a FCHV
that fulfils conductibility requirements and consumes as little hydrogen as possible. In
this design process, it is concluded that there is a trade-off between efficiency and
conductibility in the sense that the design that covers a wider drivability condition

range is not the more efficient.

The mentioned process design has been performed developing a FCHV model in
ADVISOR, a MATLAB toolbox that allows to model in detail hybrid vehicles and
analyze their consumption and emissions when they follow a given speed profile. In the
thesis, a detailed analysis of the different energy flows into a vehicle when it is running
on four different Standard Driving Cycles has been performed, including the energy
flows from the hydrogen tank toward the wheels and the energy flows from the wheels
to the energy storage system during the energy recovery from braking. In this analysis,
it is determined how the losses in each component affect the hydrogen economy: the
hydrogen energy that is lost in the vehicles components goes from 15.9% in the HWFET
cycle to 23.1% in the UDDS.

With regard to the energy recovery from braking, a parameter has been defined,
which quantifies the amount of energy that is recovered: the braking/hydrogen ratio.
This ratio goes from 2.3% in HWFET cycle to 11.7% in UDDS, and reveals that
the amount of energy that can be effectively recovered is lower than reported in some
publications. However, it is concluded that this energy recovery performs a fundamental
role in hybrid vehicles helping to improve the economy of hydrogen, allowing to save
up to 26.2% of hydrogen in urban scenarios. It is also concluded that the hybridization
allows to reduce the size of the fuel cell. In the vehicle considered in the case of study,
the reduction is from 94 kW to 35 kW with the consequent benefits: reduction in the
total vehicle weight from 1248 kg to 1109 kg and also reduction in the cost of the vehicle.

In this thesis, another important issue that is indispensable to the efficient operation
of the hybrid systems has been approached: the development of Energy Management
Strategies (EMSs) that control the flows of energy between the fuel cell, the energy
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storage system and the electrical load with the objective to fulfil the demand with the

minimum hydrogen consumption.

Three EMSs have been proposed, all of them based on the knowledge of the ef-
ficiency map. These strategies have been developed exploiting the rigorous model in
ADVISOR and have been validated through an experimental setup implemented for
this purpose. The experimental results show that the operation in real time with high
efficiency is possible. The consumption results were evaluated and compared with two
references: 7) the case with no hybridization and i) the case with hybridization with
the optimal hydrogen consumption for the proposed vehicle. With regard to the first
comparative, it is possible to save up to 26.2% of hydrogen in an urban driving cycle
like the FTP cycle, using the strategy based on constrained nonlinear programming.
However, in a suburban cycle like the HWFET the hydrogen savings is only a 3%. With
regard to the second comparative, the performance of the three strategies is between

90.9% and 95.7% of the optimal performance.

To compute the optimal hydrogen consumption, a methodology was proposed that,
unlike the usual methodology based on Dynamic Programming, avoids the discretiza-
tion of the state variables. In this proposed methodology, only the time is discretized
because the standard driving cycles that are utilized in ADVISOR are defined every
1s. Therefore, the computational time of this methodology is reduced, maintaining a

high accuracy.

EMSs work as high level controllers that command the energy flows in the DC' bus.
However, in order to keep the system in good working order, the fuel cell system must be
adequately controlled. With this purpose, the low level control of the system composed
of the fuel cell and the air supply system was addressed. An efficient air supply system
is important to improve the performance of the generation system because of the power

consumption of the compressor.

A control strategy based on Dynamic Matriz Predictive Control was proposed,
which uses two control variables: the compressor voltage and a new control variable
that works together with the aforementioned variable. This new control variable, that
is not considered in the literature, is the opening area of a proportional valve at the
cathode outlet. Analyzing the simulation results, both in stationary and transient

state, it is concluded that using these two variables it is possible to control efficiently
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the system, fulfilling the two proposed objectives: the control of the oxygen excess ratio
and the control of the generated voltage in the fuel cell. Changing the valve area, it is
also possible to improve the efficiency. For example, from 38.4% to 40.5% reducing the
valve area from 40 cm? to 20 em? for a certain compressor voltage. Finally, with regard
to the temporal behavior, it is concluded that is possible to reduce the time response

of the controlled variables from 0.6 s to 0.4 s.

On the other hand, the power generation systems based on fuel cell are complex
devices prone to failures. For this reason, a diagnosis and fault-tolerant control was
addressed. A simulation environment, based on a well known fuel cell model of the
literature, that allows to simulate a set of proposed faults, was elaborated in order to
develop and evaluate a methodology of diagnosis based on the relative sensibilities of

the faults.

With respect to the fault-tolerant control, it was demonstrated that the control
structure with two manipulated variables has fault-tolerant capability to face up faults
in the compressor: the fault-tolerant control is able to cope with the control of the
oxygen excess ratio in the cathode when the operating range of the compressor voltage

is reduced up to 25% of the original range.

8.2 Future work

In the course of this dissertation a wide study for the control of fuel cell-based systems
has been carried out. However, there are several extensions that can be explored. This

include:

Control of the fuel cell system in a wide range of operation

The control of the fuel cell air supply and the fuel cell voltage performed in Chapter 4
was committed using a linearized model of the fuel cell system in a determined operating
point and the controller was evaluated with disturbances in the fuel cell current around
the nominal value. However, in applications such as Fuel Cell Vehicles the power
demand varies strongly and, thus, the fuel cell must operate in a wide range of operating
points. With hybridization, this range will be minimized. However, we still think that

the control technique based on predictive control developed in Chapter 4 should be
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extended for a wider range of operating conditions similar to those found in the driving

cycles.

Since the fuel cell system is nonlinear, the controller must rely on several models
and commutate from one model to another according to the operating zone. Besides,
the reference value of A\p, must be modified according to the fuel cell current since

there is an optimal value of \p, for each current [38].

Experimental validation of the control strategy based on DMC

The control strategy based on DMC proposed in Section 4.2.5 was evaluated in a
simulation environment exploiting a detailed nonlinear model of the fuel cell system.
However, it would be interesting to evaluate the performance of the proposed controller
in a real fuel cell system. With this objective, some advances have been achieved: a
experimental setup with a 50-W fuel cell, an air compressor, a proportional valve at the
cathode outlet, and the data acquisition and control system with sensors and actuators
was assembled; some experimental test for the identification of the system to determine
the Dynamic Matriz were performed, and the controller was developed in the Lab VIEW

environment. However, some experimentation is still necessary to show relevant results.

Fault-tolerant control for failure in the cathode output valve

In Section 5.2, the fault-tolerant control for failures in the compressor motor was ad-
dressed and it was concluded that the control structure with two actuators has fault
tolerant capability to face up faults in the compressor motor. This study could be
extended to consider failures in the other actuator: the cathode output valve, as well

as other failures that can be foreseeable in a FCS.
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Appendix A

Principal equations in the Fuel
Cell System model

As it was mentioned in Section 4.1, the model used to describe the fuel cell system
behavior is based on the model proposed by Pukrushpan et al. [13]. In this appendix,
the governing equations of the model are reproduced from [38] where a clear summary

of the model is done. For more details see [13] or [25].

The governing equations for the mass of air in the supply manifold, for the masses
of oxygen, nitrogen and water in the cathode and for the masses of hydrogen and water

in the anode are respectively defined using the principle of mass conservation [38]:

dmgm,
dt = WCP - Wsm,out (Al)
dm
dtOZ - WOQ,in - WOZ,out - WOQ,Tct (A2>
dm
dN2 = Wn2,in — Wn2, out (A.3)
t
d
mdlg <= Wv,ca,in - Wv,ca, out — Wv,ca,gen + vam (A4>
dm
dtHz = WH2,in - WHZ,out - WHQ,rct (A5>
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dnlw7 an

= vyan,in — Yo, an,out — YWo,om A.
2 — Woayanin = Wo,an,out = W, (A.6)

The governing equation for the rotational speed of the compressor is defined by the

power conservation principle as:
cp? = Tem — Tep <A7)

The governing equations for the supply manifold pressure and the return mani-
fold pressure are respectively defined using the energy conservation principle and the

standard thermodynamics relationships as:

dpsm ’7 Ra

dt = V. (WCpTcp - Wsm,outhm) (A.S)
dprm R, T

dt = V. (Wca,out - Wrm, out) (Ag)

To express the governing equations in terms of the states, the closure relations
(A.10) to (A.16) are used . The supply manifold outlet air rate Wy, our is related to

Psm and pe, via the linearized nozzle equation:

VVsm7 out — ksm, out(psm - pca) (Al())

The inlet oxygen, nitrogen, and cathode vapour mass flow rates, Woo, in, W2, in, and
W, ca,in are related to the cathode inlet air mass flowrate, the inlet air humidity and
the mass fraction of oxygen and nitrogen in dry air using the ideal gas relations. The
outlet oxygen, nitrogen and cathode vapor mass flow rates, Wo2 out, Wn2,out, and
W, ca, out, are likewise related to the outlet air mass flowrate, the outlet air humidity
and the mass fraction of the oxygen and nitrogen in dry air at the cathode outlet using
the ideal gas relations. The reacted oxygen and hydrogen and generated water vapor
(in the cathode) mass flow rates, Wo2 ret, WH2, ret, and W, ca, gen, are related to the

fuel cell current:

nl

WOZ,rct - M02 41'_);6 (All)
nl

Wha,ret = MHu2 2;:6 (A.12)
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where the constants 4 and 2 in the denominators denote the of electrons involved in

W, ca, gen = My (A.13)

the oxidation and the reduction half-reactions respectively.

The water mass flowrate through the membrane, W, ,,, is defined using the hydra-
tion model. The outlet hydrogen and water masses are assumed to be zero, that is,
hydrogen is assumed to react completely in the anode, while water generated by the
oxidation half-reaction is assumed to be transported via electro-osmosis through the

membrane towards the cathode.

The compressor motor torque 7., is related to the compressor motor voltage V.,

and the compressor motor rotational speed w., by the static motor equation:
ki

Tem = Tlem
Rem

(Vem — kv wep) (A.14)

where ki, R.p, and k, are motor constants and 7y, is the motor mechanical efficiency.
The steady state compressor torque 7, is related to the supply manifold pressure, the

compressor motor rotational speed and the compressor air flowrate via the thermody-

D (v=1)/~
< Cm) — 1] Wep (A.15)

namic relations
C’P Tatm

Wep Mep

Tep =
Patm

The air temperature in the compressor, Tt,, is defined using basic thermodynamic

D (y=1)/~
( i > -1 (A.16)
Patm

The air temperature in the supply manifold, Ts,,, is obtained from mg.,, psm and Vi,

relations
Tatm

Tcp = Tatm +
Nep

using the ideal gas law. The cathode outlet air flowrate W, o4 is related to the cathode
pressure and return manifold pressure via a linearized nozzle equation analogous to
that in (A.10). The return manifold outlet air flowrate Wy, out is defined using a non-
linearized nozzle relation as discussed in Section 4.2.2; while the return manifold air
temperature 1., is considered to be constant and equal to the temperature of the fuel

cell stack.
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Appendix B

Technical data of Maxwell
supercapacitors

Table B.1: Technical specifications of BOOSTCAP BPAKO0350-15E supercapacitors
from Maxwell Technologies [96].

Specification Value Observations

Capacitance, Cg [F] 58

Voltage, Ur [V] 15

Maximum energy, [Wh/kg] 3.63 Full discharge from nominal voltage
(U = 15V)

Specific power, [W/kg| 2850 Idem

Internal resistance, DC' [ohm)] 0.019 Discharging at constant current

Operating temperature, [C] —40 to 65

Life time®*, AC/Cr [%] <20  From initial value after 10 years
@25°C

Cycle life®, AC/Cr [%] <20 From initial value after 500 Kcycles

@25°C (I = 5A)

“Life time considers the aging degradation.
P Cycle life considers the degradation due to the amount of charge/discharge cycles.
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