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Abstract

This thesis describes the theoretical and practical background necessary to design and implement
fuel cell based power systems. The state of the art of fuel cell modeling and emulation is analyzed,
and shortcomings in modeling are identied and emulation requirements are dened. One of the
shortcomings in modeling is addressed by designing a fuel cell model intended to support simulations
and power electronics designs, where important internal states are predicted and circuit based load
interaction is analyzed by fuel cell impedance reproduction. Similarly, the design and implementation
of a fuel cell emulator are described, which supports the evaluation of power electronic devices and
control systems intended to interact with real prototypes. During the emulator design process the
second modeling shortcoming is reported: an accurate model suitable for real-time applications is
required. This problem is addressed by designing a fuel cell fuzzy-based modeling technique. The
models and emulator validations are based on experimental results and analysis.

This thesis also studies fuel cell mechanical considerations and load restrictions in the definition
of control objectives, and makes a theoretical analysis of common fuel cell-auxiliary storage device
hybrid topologies so that selection criteria can be proposed that depend on load profile. It then goes
on to describe control approaches for these hybrid topologies in which fuel cell safety and efficient
operation are the main objectives. In order to validate the control structures, an experimental
setup based on a Ballard 1.2 kW Nexa power system, a four boost-module DC/DC converter and a
capacitive bus is theoretically designed and experimentally evaluated. Also, theoretical background,
design guidelines and practical considerations for implementing fuel cell power interface systems are
given.

A methodology for identifying the optimal operating points of fuel cells is proposed and exper-
imentally validated. This methodology denes the experimental setup control proles that minimize
fuel consumption for a given load prole. Using the minimum consumption strategy, the control struc-
ture of the fuel cell-based power system is experimentally validated and also contrasted with the
manufacturers default control system. Finally, the control and power electronic systems developed
are analyzed and conclusions are drawn.

Thesis Supervisors: Alfonso Romero and Roberto Giral
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Preface

This thesis reports the results of my Ph.D. study at the Departament dEnginyeria Electronica,
Electrica i Automatica, Escola Tecnica Superior d’Enginyeria, Universitat Rovira i Virgili. It docu-
ments the work I carried out between December 2005 and December 2008, which was funded by the
Universitat Rovira i Virgili in the first year and subsequently by the Spanish Ministry of Education
and Science, under project ENE2005-06934 and the FPI scholarship BES-2006-11637. I made the
study as a Ph.D student of the Automatic Control and Industrial Electronics Group, to which I

have been affiliated since December 2005.

The thesis contains results that have been accepted or are to be submitted for publication as papers
in international journals or conference proceedings (see appendix D), but the thesis format makes it
easier for the reader to gain a better understanding of the overall work and of the improvements in

the state of the art.

The thesis follows common publishing guidelines given by international journals. Color figures have
been used only when strictly necessary, such as is the case of simultaneous plots of a high number of
signals. Similarly, the bibliographical citations have been numbered in order of appearance, as have
the equations, figures and tables.

Both roman and italic fonts appear in the text, the latter being used in particular to highlight
important issues, differentiate nouns and mark non-English words. Similarly, in the mathematical
expressions the common nomenclature for time and frequency variables has also been respected:
lowercase variables correspond to the time domain and uppercase to the frequency domain. This is
not true only for the fundamental time and frequency variables: the ¢ variable corresponds to the
continuous time domain, the s variable to the continuous frequency domain, the k variable to the

discrete time domain, and the z variable to the discrete frequency domain.

In fuel cell-based power systems, the mechanical device that provides air to the fuel cell can be
designated like air pump or air compressor, it depending on the physical implementation of the
particular experimental system. In this way, in this thesis that device is referenced like air compressor
or air pump indistinctly, being used one term or the another mainly depending on the context: for
electrical purposes in the literature is commonly used air compressor, and for mechanical purposes
is more habitual the use of air pump.

Finally, the simulations of the fuel cell power system and power electronics circuits have been carried

out by using Matlab/Simulink and PSIM software.
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Chapter 1

Introduction

Fuel cells are efficient electric energy sources that produce minimal pollutant emissions. They are
therefore called low emission power sources. Fuel cells transform chemical energy into electrical en-
ergy, as long as the reagents and the conditions are appropriate and, unlike batteries, the reagents are
stored outside the system, which gives higher autonomy. The main drawback of fuel cells compared
with batteries is that their safe bandwidth is low, and it is mainly due to the mechanical interactions
in the fuel cell, thus requiring an additional energy storage device to supply high-frequency electrical

loads.

Different types of fuel cells use different technologies, electrolytes or membranes: for example,
alkaline fuel cells (AFC), molten carbonate fuel cells (MCFC), phosphoric acid fuel cells (PAFC),
solid oxide fuel cells (SOFC) and polymer electrolyte membrane (PEM) fuel cells. PEM fuel cells
are currently the subject of significant research, and are particularly useful in portable applications,
small-distributed generation and vehicle propulsion. The most important advantages are its high
efficiency, low operating temperature, high power density, solid electrolytes, relatively low corrosion
and fast start-up compared with other generation systems and other fuel cell types [1]. PEM fuel
cells consume hydrogen and oxygen to produce electrical energy.

The principle of PEM fuel cell operation is depicted in figure 1-1. The hydrogen reaches the
anode under a defined pressure, and then goes to the anode catalytic layer where it is dissociated in

electrons and protons, as described in (1.1).
2Hy — AH 4 4e” (1.1)

The protons flow through an electrolytic membrane, which blocks the electrons, to the catalytic
layer of the cathode. The electrons travel through an external circuit to the cathode, generating

electric current in this process. Simultaneously, oxygen flows to the catalytic layer of the cathode,
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Figure 1-1: PEM fuel cell operation principle.

where oxygen, protons and electrons react to produce water and heat on the surface of catalytic

particles:
Oy +4H™" +4e™ — 2H50 + heat (1.2)
The global reaction in the fuel cell [2] is summarized in (1.3).
1 .
Hsy + 502 — H50 + heat + electricity (1.3)

The fuel cell has a characteristic voltage-current relation called the polarization curve. Figure 1-2
shows the polarization and power curves for different fuel flows (normalized in terms of percentage
of the maximum fuel flow allowed), obtained by interpolation of experimental data taken on a fuel
cell with an active area of 14.4 cm?, a maximum output power of 6.5 W and a theoretical cell voltage

of 1.2 V.
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Figure 1-2: Fuel cell static electric behavior for fuel flows between 95 % and 35%.
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The polarization and power curves describe non-linear relations that depend on the fuel flow
ratio, cell current, thermal effects, reactant pressures, etc. The cell voltage is affected by losses in
the electrochemical system, and those losses increase with the current degrading the effective power
of the cell. Also, because of construction deciencies and the lack of optimal operation conditions the

theoretical maximum cell voltage is not achieved even when there is no cell current.
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Figure 1-3: Fuel cell polarization curve zones.

The losses in the cell voltage generate different zones in the polarization curve as is depicted in
figure 1-3. The theoretical maximum cell voltage E.., is called thermoneutral or reversible potential,
which corresponds to the maximum possible energy resulting from the electrochemical reaction [3]

as follows:

AG
Erewy =—— 1.4
nF (14)
where AG represents the Gibbs free energy, n is the number of transferred electrons and F is the

Faraday constant. The difference between E,., and the cell voltage (Vi:) gives the fuel cell losses.

Barbir et al. define the fuel cell efficiency as [3]:

(1.5)

The losses in the cell voltage are classified according to their cause: activation losses, ohmic
losses and concentration losses. Figure 1-3 illustrates the losses and also the theoretical and real
maximum voltages. The difference between them is mainly caused by electrons flow in the membrane,
which theoretically only transports positive ions, but in a real prototype even at null output current

electrons flow occurs. Activation losses are caused by delays in the electrodes surface reactions,
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which generate voltage drops. These losses are at the top of the polarization curve (figure 1-3).
Ohmic losses are caused by resistance to positive ions flow in the membrane and to the ohmic effect
in the cell current. Both voltage drops increase with the current density and are proportional to
the cell current. This effect is dominant in the middle zone of the polarization curve (figure 1-3).
Finally, concentration losses are caused by a decrease in the reagent concentration on the electrodes
active layers. This effect is considerable at the bottom of the polarization curve (figure 1-3), where
high currents cause high reagent consumptions and therefore low concentrations.

Another important effect that must be taken into account in the operation of a fuel cell is its
sensitivity to current changes [4], [5]. This effect also causes voltage drops and, therefore, reduces

the electric power generated and, in critical cases, degrades the fuel cell stack and causes membrane

Control Signal IFe
Reagents Ratio Control

X Oxidant Supply System

perforation.

__.a External |
- Circuit | ¥,

w Fuel Supply System

Electrical Cooler Humidifier §

; = \ Temperature

Regulation

Condenser

EM Fuel cell sta;

Figure 1-4: PEM fuel cell-based electrical power generation system (PEMFC).

A single PEM fuel cell produces low voltages (E,., theoretical maximum voltage) at high current
profiles and, in order to provide useful voltage levels, single cells are connected in series to form fuel
cell stacks, which can provide electric power with a higher voltage. These PEM fuel cell stacks
require support systems in order to produce electric power with safe operating conditions. These
systems provide the reagents and regulate their temperature and pressure ratio. They also regulate
the stack temperature, manage the water produced and inject water vapor to regulate the membrane
humidity. The optimization and control of these ancillary systems are subjects of intense research
and development. The solutions nowadays available allow the production of electric power in a useful
form. A scheme of a PEM fuel cell electric power generation system (PEMFC) is presented in figure
1-4 [6], showing the presence of several subsystems: the oxidant supply system counsists of an electri-
cal motor, a compressor, a cooler, a humidifier and manifolds. The fuel supply system that provides
pressurized hydrogen to the stack is also shown. The PEMFC presented in figure 1-4 considers wa-

ter management and humidity regulation systems to so that the membrane can be correctly wetted.
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The reagents and stack temperature regulation systems are also shown. The PEMFC presented
has a feedforward control strategy for the reagent ratio that ensures the appropriate oxidant-fuel
mass ratio and prevents undesired effects such as oxygen starvation [1]. This topology is commonly
used in electrical and hybrid automobiles, such as Ford P2000 [7], and in experimental PEMFC
prototypes. Some of them are commercially available as the Nexa Power Modules from Ballard or
the PowerPEMTM-PS250 PEMFC system from Hpower Co. Other PEMFC systems, such as that

one presented by Friede et al. in [8], are user-designed implementations.

PEMFC systems require power electronic devices to be interfaced with electrical loads and control
strategies to regulate the power electronics, the mechanical systems and the fuel cell itself. The
design of the power electronics and control strategies for PEMFC requires parameterized models
that describe both static and dynamic behaviors, and constraints. The electrical constraints on
the power electronic systems also need to be identified. In the control approach, the specific control
restrictions need to be synthesized to provide a safe operation, identifying also the optimal operation

conditions.

This thesis develops some analytical tools and devices intended to support the analysis and
experimentation on fuel cell power systems: an experimentally developed and validated fuel cell
physical model is proposed in chapter 2 to support power electronics and control strategy designs
for PEMFC. The same chapter analyzes such physical behaviors of fuel cell as voltage ripple and
membrane water content estimation. In order to support power electronics tests and evaluations, in
chapter 3 an experimentally validated fuel cell emulator is presented, and its design and implemen-
tation are described. This chapter presents also a comparison of different numerical methods and
considerations about power electronics design that are mandatory for the fuel cell emulator design.
This device allows to evaluate any hardware intended to interact with fuel cells before to be used
with PEMFC prototypes, allowing the tuning of the under-test hardware to avoid PEMFC degra-
dation. The emulator design requires a new modeling approach that optimizes the calculation time.

Therefore, a new fuzzy-based emulation technique for PEMFC systems is proposed and validated.

In chapter 4, theoretical and practical considerations for the design and control of fuel cell power
systems are proposed, and a practical example of a DC/DC converter-based power system design,
implementation and validation is described. This chapter also presents a DC bus design for load in-
teraction, and gives an analysis of the typical architectures including PEMFC and auxiliary storage
devices (capacitor banks, super capacitors, batteries, etc.). A selection criteria for those architec-
tures, depending on the load power profile, is proposed and evaluated. Then, control restrictions
required for safe and efficient fuel cell operation are analyzed, and experimentally validated optimal
operation conditions are defined. Control strategies for regulating the PEMFC system are also pre-

sented for different fuel cell-storage architectures, and an optimal control system to minimize the
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fuel consumption, which increases the operation efficiency and autonomy, is proposed and validated

in a benchmark prototype. Finally, the conclusions are given in chapter 5, where possible future

developments are also proposed.
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Chapter 2

Fuel Cell Modeling and Simulation

This chapter presents an experimentally developed and validated physical fuel cell model, intended
to support power electronics simulation and design. The proposed model is also useful for evaluating
PEMFC control systems and defining safety policies. It reproduces the behavior of a fuel cell system,
and it is experimentally validated using a 1.2 kW Nexa Power Module. The main characteristic of
the model is its simplicity compared with complex electrochemical models, but it can still predict
critical internal states in fuel cell control design. The model combines electrochemical equations
and experimentally identified relations, and considers thermal effects in order to reproduce a general
behavior. The fuel cell electrical impedance is also modeled using a non-linear circuit in order to
allow a realistic circuital connection with electrical loads.

Additional analyses are made to complement the model in greater depth: the stack voltage rip-
ple in non-ripple current conditions is studied and the number of sensors required to estimate the

membrane water content is defined.

2.1 Introduction

In the literature are reported many models that describe fuel cell both static and dynamic behav-
iors. These models can be classified into electrical equivalents and mathematical models [9]. Of the
latter, the most widely accepted is the dynamic model proposed by Larminie [10], in which each
electrode is represented by means of a capacitor in parallel with a resistor and a voltage source. The
resistors and the capacitors are associated with anode and cathode Faraday resistances and capaci-
tances. An independent voltage generator also reproduces the fuel cell open circuit voltage. In [11] a
more complex model was presented, which reproduces the different areas of the fuel cell polarization
curve. In this model, a diode, two transistors and a resistor represent the static response. The

diode reproduces the activation losses and its parasitic resistance models the ohmic effect in the cell.
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The transistors and the resistor reproduce the concentration losses and a capacitor and an inductor
together with the transistors model the dynamic behavior. Capel presents an electrical equivalent
that reproduces the polarization curve of the fuel cell [12]. This model uses the electrical effects of
the semiconductor devices to reproduce the different zones of the polarization curve. The activation
effect is modeled by a diode, the concentration effect by an electrical network composed by a diode

and a voltage source, and the ohmic effect is modeled by a resistor.

A different approach of electrical equivalent was presented by Famouri [13], in which the fuel flow
dynamics were taken into account in the output power calculation. The circuit models the transient
effects caused by variation in the hydrogen flow, the partial pressures of the reactants and the me-
chanical losses inside the fuel cell. This model is a circuital implementation of the electrochemical
equations in which the fuel cell and the humidifier dynamics are taken into account through mass
conservation equations. The model calculates the cell voltage as function of partial pressures, load

current and mechanical losses, but considers the stack temperature to be constant (77 °C).

Mathematical models represent electrochemical and physical equations, and build linear or non-
linear models in state space representations, block diagrams, etc. In the literature several models
have been proposed and validated: detailed non-linear models in state space (Herndndez [14]), empir-
ical approaches implemented with polynomial approximations (Xue [15]), models of efficiency based
on interpolation and experimental characterization (Ogaji [16]), control-oriented models (Golbert
[17]-[18]), models that consider the stack with its auxiliary systems (Khan [19]-[20]), and also models
that includes a power converter for specific applications (Choe [21]). Another interesting model is
the one proposed by Correa [22] which analyzes the electrochemical reactions and gives the stack
voltage as output. The analysis focuses on the activation, concentration and ohmic losses, and the
fuel cell dynamics are modeled by a first order delay with a time constant, where C and R are the
equivalent capacitance and resistance of the system. This model is useful for electrical simulations in
low calculation power environments. The fuel cell behavior was also described in terms of chemical
and physical relations by Real et al. [23], and experimentally validated using a Ballards 1.2 kW
Nexa Power Module. This fuel cell system is representative of the state of the art in PEM fuel cell

prototypes, and the literature reports that it is used by many research groups.

The model proposed in this chapter shares the internal state prediction of complex physical
models, but the fuel cell polarization is modeled in terms of impedance, thus giving more realistic
interaction between the PEMFC and the load, and making it possible to evaluate power electronic

designs and control strategies in power electronic simulators.

The stack voltage ripple observed in fuel cell operation is also analyzed in this chapter. The

32



ROVIRA I VIRGILI UNIVERSITY

FUEL CELL MODELING AND CONTROL FOR FUEL CONSUMPTION OPTIMIZATION
Carlos Andres Ramos Paja

ISBN:978-84-692-6902-2/ DL:T-1848-2009

main ripple source is identified in order to complement the model and the behavior of the system
is described. Finally, the information required to estimate the membrane water content is analyzed
using signal processing techniques, in particular Principal Components Analysis (PCA) and Artifi-
cial Neural Network (ANN) estimators. This because the membrane water content is an important,

but even difficult variable to be measured, for the safe operation of fuel cells.

2.2 Model overview

The model proposed is control-oriented and considers experimentally measurable inputs and out-
puts in order to fit it to the real prototype. The model interacts with the electrical load (DC/DC
converter, battery charger, inverter and so on) through an electrical circuit that models the fuel cell
output impedance. The thermal effects on the stack voltage are also taken into account and the
main internal state predicted in the model is the oxygen excess ratio Ap,, which is an important

variable in FC control and safety [1].

The modeling procedure is supported by experimental data for identifying physical relations and
simplify complex equations derived from the involved models [23]. The model, then, includes physical
and electrochemical equations as well as behavioral relations obtained by interpolating experimental
data. The experimental setup used is the Ballard 1.2 kW NEXA Power Module (see figure 2-1(a)),
which is composed of a stack of 46 cells with membranes with a surface area of 110 cm?. The physical
configuration of the fuel cell NEXA module can be seen in figure 2-1(b), which shows the interaction
between the stack, the air compressor, the humidifier, the cooling system, the hydrogen supply and
the anode purge valve.

The NEXA module also has a control board that implements strategies aimed at regulating
the anode-cathode pressure ratio and the stack temperature and humidity to ensure safe opera-
tion conditions. Similarly, the control board executes safe start-up, load connection and shutdown
sequences, and allows command and monitoring procedures in a PC through the NEXA module
control interface. Finally, the control board includes regulation strategies for the anode purge valve
and the air compressor voltage that are intended to avoid undesired phenomena like flooding and
oxygen starvation. The flooding phenomenon occurs when the water generated and the inert gases
supplied with the hydrogen get stuck in the anode producing a decrease in the stack voltage and
power [24]. The oxygen starvation phenomenon occurs when the oxygen supplied to the fuel cell is
not enough to react in agreement with the demand of stack current, causing degradation of the fuel
cell and decrement of the output power, thus frequently requiring to shut-down the fuel cell to avoid

severe damages [25].
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Figure 2-1: Ballard 1.2 kW Nexa power module.

The model inputs are the load current I,.; and the ambient temperature Tt i, and the main
outputs are the oxygen excess ratio A\p, and the stack voltage V. The stack temperature Ty is
calculated in a thermal model used to estimate the voltage deviation caused by stack temperature
changes, but it can be also used for prediction purposes.

The FC dynamics, included in A\p, and thermal models, have been also considered. The FC-load
interaction is performed by a non-linear circuit, being the voltage at the FC terminals dependent
on the oxygen excess ratio and load current. Finally, the output voltage deviation dVp caused
by changes in the stack temperature is also modeled, reproducing in this way the non-linear fuel
cell electrical impedance. The proposed model structure is given in figure 2-2, which shows the
compressor dynamics, its losses and NEXA board control structure, where the effective stack current

depends on the load current and on the compressor consumption.

The model is intended to test power electronic circuits and control strategies, being used in power
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Figure 2-2: Proposed model structure.

electronic simulation environments. Consequently, the model implementation has been performed
using the power electronics simulation software PSIM [26], which allows to use electrical circuits for
the polarization and thermal models, and continuous and discrete transfer functions for Ao, and

compressor models.

The next sections describe Ap,, thermal, compressor and polarization models and their imple-

mentations.

2.3 Oxygen excess ratio (\o,)

In order to prevent membrane stress, the anode-cathode pressure ratio is regulated in a safe rela-
tion, it being usually a small constant difference. This implies that hydrogen and oxygen flows are

correlated, the oxygen flow being the main variable for control objectives [27].

The cathode oxygen flow Wo, cq.in available in the air flow We, ;» supplied by the FC compressor

is given in (2.1), where weq i is the humidity ratio [1]:

YOs,ca,in * M02 ( 1 )
WO ,cayin — . . Wca.in 2.1
e YOs,ca,in * MOZ + (1 - yOz,ca,in) . MN2 1 + Wea,in ' ( )

35



ROVIRA I VIRGILI UNIVERSITY

FUEL CELL MODELING AND CONTROL FOR FUEL CONSUMPTION OPTIMIZATION
Carlos Andres Ramos Paja

ISBN:978-84-692-6902-2/ DL:T-1848-2009

w R Mv . Du,ca,in o Mv . (bca.,in : psat(Tca,in)
o Ma,ca,in Pa,ca,in Ma,ca,in Pca,in — ¢ca,in * Psat (Tca,in) (22)
Ma,ca,in = YOs,ca,in * M02 + (1 - yOz,ca,in) . MNZ

Here y0,.cqa,in is the oxygen mole fraction (0.21 for atmospheric air); My ca,in, Mo,, Mn, and M,
are the air, oxygen, nitrogen and water vapor molar mass, respectively. py cq,in and pg,cq,in are the
vapor and dry air partial pressures; ¢cq i is the inlet humidity; T.q,ir, is the inlet flow temperature

and pgqt(T) is the saturation pressure, which depends on the temperature as [1, 28]:

10g10(Psat) = (—1.69 x 10720) . 7% 4+ (3.85 x 1077) - T3 — (3.39 x 107%) . T2

+0.143 - T — 20.92 (2.3)

A set of experimental measurements taken on the Ballard-NEXA 1.2kW system has allowed
to obtain the cathode inlet flow total pressure, which has been modeled by the following linear

regression:

Peain = 1.0033 + (2.1 x 1073) - W, — (475.7 x 107%) - Iy (2.4)

Weain in (2.1) has to be set in [kg/s], but the output of the air compressor W, is expressed
in standard liters per minute [SLPM]. To convert [SLPM] into [kg/s] the following expressions are

used:
Wep

Weain = 551560

am

Mam - (1 - x'u) *YOs,cain MOZ + (1 - xv)(l - yOz,ca,in) : MN2 + Xy - Mv
= 0.02884 — 0.01084 - x,,

1. = (bca,in * Psat (Tst)
! 1- ¢ca,in * Psat (Tst)

In (2.5), the air flow expressed in [SLPM] is converter to molar flow (moles per second) by using
the ideal gas law and mol definition (mol volume equal to 22.4 liters), and also dividing by 60 seconds
per minute. Next, the inlet air flow in [kg/s] is obtained by multiplying the molar flow by the inlet
air molar mass M,,,, which depends on the oxygen-nitrogen relation in the inlet dry air (given by
YOs.cain), and on the water vapor fraction in the inlet air x, that depends on the cathode (stack)

temperature according to the saturation pressure [1].

The oxygen and hydrogen flows consumed in the reaction (Wo, reaec and Wi, reac, respectively)
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depends on the stack current and it are defined by electrochemistry principles as follows [1, 23

n- Ist

WOg,reac = MOZ AF (26)
n-Ig

WH2,reac = MHZ oF ! (27)

The parameters My,, n and F are the hydrogen molar mass, the number of cells in the stack and the

Faraday constant, respectively.
The water vapor flow W, 4en, generated in the electrochemical reaction also depends on the stack
current and it is defined by (2.8).

n- Ist
2F

Wy,gen = My (2.8)

The relation between the oxygen flow provided to the stack and the one required to supply the

current demand is normally expressed by the ozygen excess ratio Ao, [1]:

o WO2,ca,in

= 2.9
WO2 ,reac ( )

A0,

A high oxygen excess ratio, and thus high oxygen partial pressure, improves the power of the
stack; however, after an optimum value is reached, a further increase of its value causes an excessive
increase in air compressor losses, thus degrading the system efficiency.

The control of oxygen flow is critical because a oxygen concentration lower than the one required
to supply the stack current generates the oxygen starvation effect, which leads to the FC degrada-
tion [25]. Therefore, the oxygen excess ratio must be regulated to Ap, > 1 in order to prevent the
starvation phenomena. In [29, 30] the authors propose to track Ao, = 2, because this value prevents

the oxygen starvation effect and ensures a high efficiency in its experimental system.

The possibility of predicting the Ao, value, together with thermal effects and the reproduction of
the electric power generated by the fuel cell, gives a useful tool to evaluate the efficiency and safety

of power electronics and control systems interacting with the FC.

2.4 Thermal model

The thermal model can be obtained by an energy balance: defining H,eqe as the energy produced in
the chemical reaction of water formation, P... as the electric power supplied and de, B2amp and

Qcom_, B2amb as the amount of heat evacuated by radiation and both natural and forced convection,
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respectively, the energy balance is the following [23]:

det

Mgt - CStW = Hreac - Pelec - Qrud,B2amb - Qconv,B2amb (210)

Hreac = mHg,reac . AhHg + m02,reac . Aho2—

WHzO-,gen(g) (h?‘,Hzo(g) + AthO(g))

(2.11)
Ath = Cp,Hs * (Tanch,in - TO)
AhO2 = Cp,0y (Tcach,in - TO)
AhH2O(9) = Cp,H,0(g) ° (Tst - TO)
Pelec = I'st = Vst : Ist (212)

where h% H20(g) is the mass specific enthalpy of formation of water steam and cp fr,, cp0, and
Cp,H,0(g) are the specific heats of hydrogen, oxygen and water steam respectively. TV is the reference
temperature for the enthalpy, Tyunch,in and Teqen,in the inlet temperature of anode and cathode
respectively, Ty is the stack temperature, myg; is the mass of the fuel cell stack and Cy; is its heat
capacity. Mo, reac, M H, reac are the mass flow rate reacted of oxygen and hydrogen, respectively,
and Wy,0,gen(g) the water mass flow rate. Finally, Vi, and I are the voltage and the current of

the fuel cell stack.

The amount of radiated heat depends on the exchange area Apsgmp rea and the emissivity € as
given in (2.13), where o is the Stefan-Boltzmann constant. de’ B2amb can be also approximated

by the linear expression (2.14) obtained by means of a polynomial regression.

Qrad,B2amb =0-&- AB2amb,Tad . (Tét - T(jlu,ch,in) (213)
Qrad,B2amb ~ 0.81249 - T4y, — 0.81262 - T, ), 1 (2.14)

The heat extracted by means of natural and forced convection (2.15) includes two terms: Qcom, B2amb,nat
that corresponds to natural convection (2.16) and Qconm B2amb, forc that corresponds to forced con-

vection (2.17) [23].

Qeonv,B2amb = Qeonv, B2amb nat + Qeonv, B2amb, fore (2.15)
Qeonv.B2ambnat = (hB2amb.nat - AB2amb.conv) - Aea in (2.16)
Qconv. B2amb. fore = (MB2amb. fore - AB2coot.conv) - ATeain (2.17)
ATea,in = Tst — Teach,in (2.18)

hB2amb, fore = Kn1 - (Weoot) "2 (2.19)
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In each term, the convective heat transfer coefficients (hp2aqmb,nat and hB2gmsb, fore) are different,
just as the exchange areas (Ap2amb,conv a0d ABacool.conv) are, this because natural convection takes
place in the fuel cell lateral walls, and forced convection occurs across the internal walls of the cells,
which are constructed as a radiator. K1 and K} are the heat transfer coefficients. In the NEXA

system, the air flow supplied by the cooling fan W, has been identified as follows [23]:

Wcool =36 - Ucool (220)
where the input ucye; is the control signal of the fan. The new final energy balance expressed by
means of the polynomial regression is:

dT, 1
dtt = 255 5764 Lt +0.0024 - Lt - (Teach,in — 208) = 8.13807 - (Tat — Tuach.in)

—(0.81249 - Ty — 0.81262 - Togenin) — Var - Lst] (2.21)

where the stack current is in amperes, the temperatures in kelvin and the stack voltage in volts.
This thermal model has been implemented in the PSIM environment by using electrical equiv-
alents [13], so that a capacitor voltage models the stack temperature. Figure 2-3 shows the model

scheme, and table 2.1 helps the reader in relating the different blocks with the equations discussed.

Figure 2-3: PSIM schematic subsystem simulating the thermal model.
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Table 2.1: Blocks and corresponding equations in the subsystem simulating the thermal model

(figure 2-3).
Block Equations
1-3 (2.11)
2 (2.15), (2.16), (2.17), (2.18), (2.19) and (2.20)
4 (2.14)
5 (2.12)

2.5 Modeling the air compressor dynamics and losses

The air compressor is usually modeled by using mechanical and electrical relations: an example is
proposed in [1]. Nevertheless, a simplified model that allows a low computational effort and, at the
same time, a good accuracy can be based on a Laplace representation of its dynamic behavior. The
following transfer function has been identified from experimental data taken on the Ballard-NEXA

1.2 kW system:

Wep = Gem(s) - Vp — 45

(2.22)
0.1437s% + 2.217s + 8.544
53 + 3.4552 4 7.324s + 5.745

Gem(s) =

where V,, is the compressor control signal (0% - 100%) and W, is the air mass flow supplied to the

FC stack.

The compressor control law implemented in the NEXA control board has been identified exper-

imentally as:

Vep = 0.99873 - Iy + 46.015 (2.23)

In order to account for the power consumption due to FC system ancillaries, and especially to the
air compressor, the stack current Iy, must be obtained by the sum of the net current I,,¢; requested
by the load and the compressor current I.,,. The parasitic consumption and losses of the ancillaries
have been identified experimentally from the prototype in order to obtain the following relation

between the air mass flow W, and I.y,:

Loy = —3.231 x 107° - W2 +0.018 - W, + 0.616 (2.24)
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2.6 Polarization curve modeling by circuital equations

In order to obtain a reproduction of the FC polarization curve by using an equivalent circuit that
includes linear and non-linear components, the electrochemical processes that take place at each
electrode and between them have been studied. This was performed by following the modeling
procedures proposed by Capel et al. [12] and Buasri et al. [31]. In this way, it is defined an electrical
representation of the electrochemical processes that take place on each electrode and between them,
where their contributions have different influences and depend on the operating point [32]. The

effects modeled are:

e the activation of both electrodes. The voltage contributions of each electrode depend on species
and electrode materials. According to the Butler and Volmer law [12], the relationship between

the voltage v4 and the cell current ¢ for a given electrode is:

(aaanA) (—aanvA>
i=ig+ic=1i,|eN R J _c\ RT (2.25)

where i, and i. are the currents of the electrode involved in the oxidation or the reduction
processes when it operates as an anode or as a cathode. The current iy is the cell current
at steady state, and parameters a, and «. are the charge transfer coefficients of the gener-
ated species at the electrode, in the oxidation (fuel cell area or anode operation) and in the
reduction (water electrolysis or cathode operation) processes respectively; n is the number of

electrons, F the Faraday constant, R the gas constant and T the FC temperature.

e the charge transfer from electrode to electrode according to Ficks first law of diffusion, related
to the carrier concentration, which states that the voltage drop vp due to the current 7 is given

by [12]:

vp = Ry (1 - _i) (2.26)
n

where 47, is the maximum current produced by the fuel cell for a given flow of hydrogen. This

limit condition corresponds to the short circuit point of the fuel cell characteristic.

e the voltage drop vg introduced by the Ohm’s law applied to all resistive parts of the cell, that

is the ohmic losses due to the circulation of current ¢ through the connectors, the electrodes
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Figure 2-4: Equivalent electrical circuit of the fuel cell impedance.

and the electrolyte, representing a total resistance r.:

re = B (2.27)
(3

Modeling the electrical characteristic of a cell consists in representing these three effects in order
to define an electrical equivalent circuit with the same behavior. This circuit exhibits the same v(4)

characteristic of the cell, that is, at any time ¢:

v(i,t) = AE® +va(i,t) +vp(i,t) + vr(i,t) (2.28)

where AE? is the open circuit voltage, i.e. the difference of the standard potentials of the electrodes.

The electrical circuit, which represents an electrochemical system and behaving as a fuel cell, has
to assemble the three different contributions of the chemical reaction on each electrode. As shown
n [12], the activation process is equivalent to a diode connected in series with a voltage source that
represents the standard potential of the electrode; the diffusion is represented by a current source
with a diode in series with a negative voltage source and the ohmic effect is represented by a series

resistance.

The equivalent electrical circuit is depicted in figure 2-4. It is composed by a current source iy,
feeding at the same time two branches, one constituted by a diode Dp in series with a negative
voltage source v,p, and the second consisting of the series connection of a resistance r., one diode
D4 and two voltage sources EY, —EY. This branch is connected to the external network (Load) and
represent the positive terminal of the cell. The relationships of the activation and diffusion processes
imply three voltage sources EY, —EY and v,p, and one current source iz,. These voltage sources can

be suppressed by fulfilling the following condition, which imposes that the difference between the
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standard reference potentials sets the open circuit voltage of the cell, that is:

vap = EY — EY (2.29)
The cell characteristic v(7) becomes:
V=0, — U4 — UR (2.30)
that is
ApkT i, — & AsKT '
v=2D -1n(1+’? ’)— A -1n(1+#>—rc-i (2.31)
q 'RD q RA

In the case of a stack consisting in the series connection of m cells, some parameters in the

equivalent circuit multiplies by m. The final equation of the proposed stack impedance model is:

ApkT I.—1, AAKT I,
Vi =m- =2 -1n<1+7t>—m- A -ln(l—l— t)—Rc-Ist (2.32)
q q

LRD 1RA

where m = 46 for the Ballard-NEXA is the number of individual cells connected in series, Rc = m-r¢
is the overall stack resistance, « = ApkT/q and § = A kT /q are the products of the diodes ideal
factor Ap and A4, the Boltzmann constant k, the electron charge q and the temperature 7' in
Kelvin that is equal to 35 °C, i.e. the reference temperature. The experimental data of different
polarization curves for different Ao, were taken regulating the stack to the reference temperature.
In this circuit some non-linear elements have been used to model the diodes to define the complete

non-linear equations shown below:

iDd = IRD l (m . 04) - 1] (2.33)

iDa = iRA e<mv'5> ~1 (2.34)

where ir4 and irp are the diode saturation currents. The voltage-controlled current source gives
the short-circuit current /. that corresponds to a given Ao, condition. The circuit has been param-
eterized by using experimental polarization curves with Ao, values between 3.0 and 6.5, obtaining

the identified relation given in (2.35).

Iye = —045- )}, +8.5- Ao, +35 (2.35)
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Figure 2-5: Equivalent electrical circuit of the polarization curve.

The polarization model and its corresponding voltage-current characteristic have been identi-
fied by means of experimental measurements, thus obtaining: ira = 3.9 mA, igp = 790.8 mA,

a=199.9mV, 6 =6.9mV and Rc = 92.6 mQ.

In the experimental setup the stack current was limited to the desired operating range of Iy; > 6
A where the compressor dynamics are linear with respect to the air flow and control signal. The
fitting was performed using a new current axis (I;; — 6) to reproduce the behavior using the diodes-
resistor network. This was implemented in the model circuit using a current source of 6 A (l_sum)
to obtain the new stack current axis.

The stack voltage predicted by the circuit shown in figure 2-5 is valid for the modeling reference
temperature. In order to consider the effect of the temperature on the stack voltage, the deviation
of the polarization curve dVr depending on the changes of the stack temperature from the reference
temperature has been modeled. In the experimental prototype the reference temperature is set to

To = 35 °C and the following deviation law has been experimentally identified [23]:

AVr = kaqv - (Tst — To),
Ty > To — kav = 0.138 (2.36)
Tst S TO — de = 0.250

kav =

The polarization curves obtained by means of the model presented in this chapter (lines) have
been compared with the experimental data (symbols): figure 2-6 shows the model prediction as well

as the experimental measurements data for different \p, values.

2.7 Experimental validation of the model

The model described above has been implemented in the PSIM environment as depicted in figure 2-7.
Table 2.2 helps the reader in relating the different blocks with the equations discussed in the previous

sections. The inputs of the model are the load current I,,.; and the ambient temperature T, ;», and
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Figure 2-6: Polarization curves for different Ao, values obtained by fitting and experimental data.

the outputs are the oxygen excess ratio Ao, and the stack voltage V;. The stack temperature Ty, is
calculated in the thermal model and can be also used for prediction purposes, but it is not a main

output variable.

Numerical results obtained by means of the developed model have been validated by means of
experimental measurements on a 1.2 kW Ballard Nexa FC system. The model parameters used in

this validation process are given in table 2.3.

The comparison between the experimental data and the model response is presented in figure
2-8. The physical variables externally imposed to the real system and to the model have been the
load current I,.; and ambient temperature Teq in. The applied I, profile shown in figure 2-8(a)
exhibits high and low frequency transients that allow a realistic validation of the model. The T¢q ir

behavior measured during the experiments is depicted in figure 2-8(b).

The air compressor dynamics and losses models have been compared with the experimental
measurements: figure 2-8(c) shows the comparison between the losses predicted by the model and
the measured current consumption of the auxiliary systems, with the model reproducing the main
consumption only. Figure 2-8(d) shows that the compressor dynamic model reproduces the experi-

mental air mass flow in a satisfactorily way.

The good agreement between the model and the experimental results also holds for the oxygen
excess ratio Ao, (figure 2-8(e)). Experiments have been also allowed to identify the Ao, profile

followed by the control law implemented in the NEXA control board (2.37), which presents a static
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Figure 2-7: PSIM schematic of the Ballard Nexa 1.2 kW fuel cell model.

Table 2.2: Blocks and corresponding equations in the FC model (figure 2-7).
Block Equations
1 (2.37)
(2.3)

(2.1), (2.2), (2.4) and (2.5)
(2.6), (2.9) and (2.35)
(2.22) and (2.23)
(2.24)

Thermal model subsystem
(2.36)

0 1 O Ut i W N

relation between the desired Ao, Neze and the stack current Iy,. This relation gives a safe Ao,
reference against oxygen starvation phenomenon only in steady state conditions but not during

transient behavior. The NEXA board controller parameters are given in table 2.4.

a3'13t+a2'152t+a1'15t+a0
bl'Ist+b0

A0y, Neza = (2.37)
Finally, figure 2-8(f) shows the comparison between the stack voltage values obtained from both

simulations and experimental measurements: a satisfactory fitting of both results is evident.

In order to provide an estimation of the model accuracy, an error analysis has been carried out by
using the mean relative error criteria [33] given in (2.38), where m; and f; represent the experimental

and estimated data sets, respectively, and N the number of samples.

N
1
MRE(%) =100 x — >

j=1

mj — f;

m;

(2.38)
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Figure 2-8: Fuel cell model experimental validation.

The MRE criteria was applied to the static and dynamic model validation. The model repro-
duction of the polarization curves, depicted previously in figure 2-6, reports a relative mean error
equal to 0.34 %. In the dynamic behavior, the MRE criteria was also applied to the estimated
states depicted in figure 2-8, obtaining the relative mean errors given in table 2.5. From these MRE
values it is evident the satisfactory model reproduction of the static and dynamic fuel cell behav-
ior, where the higher error is reported in the estimation of the auxiliary systems consumption and
losses, which prediction is constrained to its mean value. Finally, the errors in the compressor air

flow, oxygen excess ratio and stack voltage are mainly due to the non-modeled ripple in those signals.

47



ROVIRA I VIRGILI UNIVERSITY

FUEL CELL MODELING AND CONTROL FOR FUEL CONSUMPTION OPTIMIZATION
Carlos Andres Ramos Paja

ISBN:978-84-692-6902-2/ DL:T-1848-2009

Table 2.3: Model parameters.

Parameter Value
ABQamb,rad [mQ] 0.1410
AB2amb,conv [mQ] 0.0720
ABZcool,conv [m2 1.2696
Cat [J- kg™t K™ 1100
F [C- mol_l] 96485
Kp1 [—] 0.0156
Khpa [—] 1
Mn, [kg - mol~1] 0.028
Mo, [kg - mol~1] 0.032
M, [kg - mol~1] 0.018
Cp,H, [J- (kg - K)™'] 14420
Cp,0s [J- (kg - K)™] 918.75
Cp,H20 [J-(kg- K)*l] 1865
hBQamb,nat [W : kg_l] 14
k [J- kgfl] 1.380650 x 10723
Mgt ke] 5
m, n -] 46
q (] 1.602176 x 1019
YO, ,ca,in [_] 0.21
€ -] 0.9
o W - m~2. K*4] 5.678 x 1078
¢ca,in [_] 1

Table 2.4: Ao, Newa controller identified parameters.

Parameter Value
ag 4024
ay 8.509 x 10~°
as - 0.8387
as 0.027
bo 61.4
by 1.0

Table 2.5: Dynamical validation error analysis (MRE)

Variable | MRE [%]
Tem 8.77
Wep 2.35
o, 2.36
Vst 0.49
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2.8 Fuel cell voltage ripple analysis

PEMFC systems exhibit voltage ripple even in null-ripple load current conditions, and the analysis
of this phenomenon is mandatory for reproducing the fuel cell behavior in real-time simulators and
emulators, and also it is important for the power electronics design process. In this analysis the
validated physical model proposed by Real et al. [23] was used. That model was selected instead of
the model previously proposed in this chapter because the last one is oriented to power electronics
interactions, and therefore it is difficult to extract the voltage components since it models the fuel
cell output impedance. The model from Real et al.; in the other hand, provides a physical modeling

of the stack as a voltage source where its components are easily differentiable.

The Real et al. model considers the auxiliary systems dynamics and power consumption, stack
humidity, temperature effects and fluid dynamics, gas diffusion and electrochemical reactions inside
the stack. Also, the model is tuned to the 1.2 kW fuel cell Nexa module considered in this work using
experimental data, taking four operating points to fit the polarization curve. The stack voltage is

governed by equation (2.39):

Vfc = + :CQ(TSIE - Tsot) + ‘T3(0'5 ln(p027ca) + ln(sz))
—24(1 — exp(—j/as)) — a6 - j — w7 - jAH) (2.39)

whose parameters { z ,k = 1..8 } are given by

s = (1 +p3;)/(0.25 pa;) (2.40)

_ (Pav — P3v) + (P20 — P30) ((Pai — p3:)/(P3i — P2i))
= (2.41)
(14xs) (14xs) ) ) . .
w2y + o3 ((pai — p3i)/(P3i — p2i))

Te = ((pm} - p?m) — X7 péﬁ”“) /(psi - in)

x5 = (p2i — p1i)/4
T4 = Pro — P2v — Te P2i
xrg =2 p%g,ca (AVfC/Ap027CG)

T2 = AVfc/ATst

21 = p1o — @3 (0.5 In(pd, 00) + In(PY,))

while the current density j is defined by

j - Ist/Afc - st/(A?fc(l - alml,anch)) (248)
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and the stack power is given by

Pro = Vie - I (2.49)

Vie, Ist, Psy and Ty represent the fuel cell Nexa module voltage, current, power and temper-
ature, respectively. po, c. and pg, are the oxygen cathode and hydrogen anode pressures. Ay, is
the effective fuel cell area, which depends on the nominal fuel cell area A?cc and on a mass fraction
of the liquid water present in the anode a1m; gnen. This value is included to consider the effect of
the anode water accumulation on the voltage. { (pgi,prv) , k& = 1..4 } are the currents and voltages
of the experimental operating points used to model the fuel cell, and also pg,, .., p,, Ty, define
a nominal operating point where AVy./ATs;, AVie/Apo, ca and aq are measured quantities. The
stack current considered in the model is that one requested by both load and auxiliary systems and,
therefore, the stack power corresponds to the total system consumption. The thermal and fluid dy-
namics are also taken into account, and a detailed description and validation of this physical model

can be found in [23].

From (2.39)-(2.49) it is concluded that at constant current and temperature, the stack voltage
varies according to the current density change and the oxygen and hydrogen partial pressures. The
water particles and inert gases accumulation in the anode causes voltage drops, which are com-
pensated with the anode purge process. This effect depends on the stack current and it is also
present at constant current profiles. Also, from the oxygen and hydrogen reacted (2.6)-(2.7), it is
concluded that the control system that regulates the oxygen flow suffers disturbances due to the air
compressor current demand, and this regulation affects the partial pressures that govern the stack
voltage. In fuel cell systems the regulation of oxygen flow is important because insufficient reactants
flow to supply current demands (Ao, < 1) causes the oxygen starvation phenomenon. This causes
a fast stack degradation and low power generation [25]. In the literature concerning this undesired
phenomenon, it is proposed to regulate Ao, > Ao, min [34]-[35], where Ao, min depends on the
compressor dynamics, system mechanical structure and load profile. In this way, Arce et al. [27]
proposes a Ao, min = 4 in order to provide safety to the fuel cell and maximize the fuel cell net

power output, this analysis being based on a 1.2 kW Nexa power module.

The regulation strategies of the oxygen flow to prevent oxygen starvation and to control the
anode purge process affect the reagents partial pressures and therefore the stack voltage. Analyzing
(2.6)-(2.7), (2.22)-(2.24), (2.39)-(2.49) and the Ao, definition (2.9), it is concluded that in constant
load current conditions, variations on the compressor current demand cause variations on the air

flow generated by the compressor. This air flow can be approximated to the oxygen flow because
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the Nexa power module does not consider humidification of the inlet air, and also because the oxy-
gen fraction in the air can be considered constant. Therefore, compressor current variations cause

oxygen flow changes that affect the stack voltage.

In conclusion, the model analysis shows that the voltage ripple, in ripple free load current con-
ditions, mainly depends on the air flow variations. The experimental data depicted in figure 2-8(c)
shows a significant ripple in the compressor current demand (approximately 15 %), and also in
figure 2-8(d) air flow variations are observed (approximately 5 %). This can be compared with
the simulation results presented in the same figures, where ripple free compressor currents generate
ripple free air flows. Finally, the air flow changes generate reactant partial pressure changes yielding
voltage ripple. There are other sources that contribute to the voltage ripple like stack temperature
variations, anode purge process and noise induction from the cooling fan and compressor motor,

which might be the subject of future works.

2.9 Sensors analysis for membrane water content estimation

Membrane water content (\) is an important variable in PEMFC power generation, but its value
cannot be measured or estimated easily. A gives information about the membrane hydration condi-
tion, this being useful in membrane resistance reduction. Also, an uniform A distribution contributes
positively in the membrane health because reduce the hot-points and flood-points formation that

stress and degrade the membrane [36].

In the physical non-linear model proposed by Pukrushpan et al. [28], the calculation of A is
performed using the states considered in the model (nine states). Also, the water flow and water
mass in the cathode must be calculated to finally obtain A [37]. Figure 2-9 shows the simulation of
the stack current and voltage, cathode pressure, cathode water flow and mass, and membrane water
content for a 50 kW fuel cell, carried out with the Pukrushpan non-linear model.

In order to analyze the redundancy of information in the signals used to calculate A, a Principal
Components Analysis (PCA) [38]-[39] was performed, which allows to compress the information
given by the sensors (used signals) and evaluate the additional information that each one contribute
to the desired data (). The analysis was performed by using the PLS Toolbox for MATLAB [40].
Figure 2-10(a) shows the compression of the information given by the five sensors considered (stack
current [, stack voltage Vs, cathode pressure P, water flow in the cathode Wy, ., and water mass
in the cathode my, ¢q) into two principal components (PC#1 and PC#2), which represent 97.6 % of

the overall information. This figure is a new dimensional representation of the information where the
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Figure 2-9: Membrane water content and states profiles.

principal components are the new coordinate axis. These principal components were obtained by the
analysis of the stack current and voltage, cathode pressure and finally cathode water flow and mass
(full sensors set). Figure 2-10(b) presents the loads of each sensor into the principal components,
where the stack current and voltage, and cathode pressure are representative in the construction of
the components, but the cathode water flow and mass do not give additional information to them
(loads near to zero), instead they provide redundant information. Based on this, it was proposed
to use only the information provided by the stack current, voltage, and cathode pressure (reduced
sensors set) to obtain the principal components. Figure 2-10(c) shows the compression of the in-
formation given by the reduced sensors set into the same number of principal components (PC#1
and PC#2), which represent 99.1 % of the reduced information. Also, figure 2-10(d) presents the
loads of each sensor into the components, where now it is observed that does not exist redundant
sensors information. The correlation between the compressed information of the full and reduced
sensors sets (figures 2-10(a) and 2-10(c)) also confirms that the reduced set gives an acceptable

representation of the system behavior.

From the above analysis, it can be concluded that the reduced sensors set allows to reproduce the
A behavior. In order to confirm this, Artificial Neural Networks estimators were developed: ANNS5,
which was trained with the full sensors set, and ANN3 that was trained with the reduced sensors
set. Each estimator has a tree layer ANN with back-propagation training algorithm, where the input

layer has the number of neurons equal to inputs, and has a single output (A). The time response of
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Figure 2-10: Sensors Principal Component Analysis (PCA).

both estimators and physical model are shown in figure 2-11(a), where it is observed an acceptable
agreement between the physical model and the ANN estimators. Also, the difference between ANN3
and ANNG is not perceptible. This is also observed in the relative errors between each ANN estimator
and the physical model given in figure 2-11(b), where the errors were calculated using (2.50), being

Aphysical the physical model calculation and Asnn the estimators approximations.

)\physical - AANN

ex = 100 x (2.50)
Aphysical
1 N
Ey = N Z lex k| (2.51)
kp=1

The absolute average errors (2.51) of the ANN3 and ANN5 estimators are 2.5 % and 1.8 %,
respectively. Also, it is observed that ANNH instantaneous errors are mainly constrained in a 2 %
error band, and the ANN3 in a 5 % band, which confirms the satisfactory reproduction of A by the

reduced sensors set ANN estimator.

Finally, the physical model and ANN3 estimator were implemented in a real-time system in-
tended to estimate A. This was performed using the MATLAB Real-time Windows Target [41] and

executed in a Personal Computer with an Intel Pentium 4 processor at 2.0 GHz, 1 GByte of Ram
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memory and Microsoft Windows 2000 operating system. It was used the Runge-Kutta differential
equation solution method [42] with sample times between 0.2 ms and 1.0 ms, obtaining the pro-
cessor load profile given in table 2.6. The processor load data makes evident the ANN3 estimator

advantage in terms of calculation power requirements, it being ideal for real-time implementations

(@) A time response

(b) Estimation errors

Figure 2-11: ANN estimator evaluation.

Table 2.6: Physical model and ANN3 processor loads.

Sample time | Physical model load | ANN3 load
0.2 ms 36.2 % 39 %
0.4 ms 19.7 % 2.8 %
0.6 ms 13.2 % 2.2 %
0.8 ms 9.8 % 1.6 %
1.0 ms 7.4 % 0.9 %

like process estimators.

2.10 Conclusions

In this chapter a novel PEM fuel cell dynamic model has been introduced. It is useful to design new
strategies for controlling the oxygen excess ratio and it is also suitable for simulating power elec-
tronic circuits dedicated to fuel cell systems. The model includes experimentally derived behavioral
relations, electrochemical equations and a non-linear circuit reproducing the fuel cell polarization

curve. The model has been implemented in PSIM environment, and also validated by means of

experimental data, referred to a Ballard NEXA 1.2 kW fuel cell power system.

The main characteristic of the proposed model is the interaction of electrochemical equations and

circuital-based models, this in order to provide an estimation of the oxygen excess ratio together
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with an electrical interaction with the load, this based on the modification of the output impedance
of the model. This makes the proposed model suitable for oxygen excess ratio estimation in power
electronics design, control and simulation. The model is also useful for on-line estimation of the
oxygen excess ratio, since it is possible to adjust the model parameters to real prototypes, and run
it in real-time systems measuring the fuel cell net current. Also, using other variables like stack
voltage and temperature, the fidelity of the oxygen excess ratio estimation can be evaluated, allow-
ing in this way the design of an oxygen excess ratio virtual sensor, which can be very useful for fuel
cell safe experimentation and optimal operation. Finally, the model evaluation shows a satisfactory

agreement with the experimental measurements.

This chapter also presents a stack voltage ripple analysis validated by means of the same exper-
imental prototype: it assesses that the main source of ripple is the air flow control system. This
information is useful to improve control strategies and power electronics in fuel cells, and therefore
to reduce the current ripple components caused by resistive effects in the loads that degrade the
fuel cell output power. Finally, the analysis of the sensors required to estimate the membrane water
content (A) was performed, and a reduced sensors set that allows the reproduction of A behavior
without the need of measure all the fuel cell states has been proposed. This is useful in order to
design systems for on-line estimation of A\ that allows protecting the fuel cell and improving its op-
eration. Later, the real-time processing advantage of a neural network estimator was evaluated by
using real-time implementations that makes evident the reduction of calculation power requirements

of this type of systems, this being ideal for embedded implementations and autonomous systems.
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Chapter 3

Fuel Cell Emulation

This chapter presents the concepts, analyses and implementations involved in a dynamic fuel cell
emulation system, intended to support fuel cell control systems and hardware design and tests. Such
a system is necessary because of the high PEMFC costs and the restrictive safe operation condi-
tions, which make evaluating the non-tested control strategies or power electronics a dangerous and,

maybe, costly procedure.

3.1 Introduction

To develop control systems required by either the application or fault detection strategies in me-
chanical systems, electrical power interfaces and high level energy management, experimentation
needs to be carried out on physical systems. Some of these systems are expensive, and the required
equipment and safety procedures are not easily provided by most control and power electronics lab-
oratories. These difficulties have been addressed using emulators. In this way, Mosskull et al. [43]
evaluated the responses of a stabilization strategy for induction motor drives with poorly damped
input filters using a Hardware-In-The-Loop (HIL) simulator because it allows faster and more flexi-
ble experiments then when a real motor-inverter system is used. In electric systems, Koizumi et al.
[44] used a reduced-scale distribution network simulator and a commercial solar cell array hardware
simulator to evaluate the performance of a microcontroller for grid-connected photovoltaic systems

because these simulators allow to define work and loading conditions.

Emulators are the object of considerable research because they make it possible to carry out repro-
ducible experiments that control the uncertain conditions which affect real systems. Also, emulators
do not require start-up/turn-off sequences or specialized environments. Arellano-Padilla et al. de-

veloped a dynamic emulator of mechanical loads [45] that allow electrical drives and motion-control
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techniques to be tested and experimentally validated. Their work was an enhanced development of
the emulator presented by Hakan et al. [46] seven years before, and shows the importance of emula-
tion systems. Similarly, Rodic et al. reported the development of a dynamic emulator of mechanical
loads using an induction motor [47] intended to evaluate the operation of electrical drives for specific

mechanical load profiles.

Emulators are also a valuable resource for testing control strategies in industrial environments
because the evaluation of controllers in a real system implies that production has to stop. Bettendorf
[48] developed an emulator to test the programmable logic controller (PLC) software that controls
a paper winding machine. It made it possible to test and optimize control strategies before their

online implementation in the industrial process.

Similarly, emulators are also important for developing, testing and controlling of power electronics
systems. Bin Lu et al. reported a low-cost real-time HIL system that does not need costly hardware
in the design process of power electronic controllers [49]. Their system emulates either a power
electronic plant that is controlled externally by the device being tested, or both the plant and the
controller in different pc-based emulation platforms. A similar real-time simulator was presented by
Dinavahi et al. [50] with the objective of verifying digital control systems before they were applied
to real systems. They focused on the emulation of Voltage-Source-Converted-based Distribution
STATic COMpensator (D-STATCOM) power systems, and validated their implementation in a 5
kVA D-STATCOM power system.

Emulators have been intensively used in renewable energy systems, because these systems are
expensive, may require safety protocols, consume chemical reagents or have a non-predictable source
of energy. One example of this use is the unified design, test and research platform for wind energy
systems based on a real-time HIL simulator reported by Li et al. in [51]. This platform uses dy-
namometers and variable voltage and frequency converters to emulate realistic dynamic mechanical

and electrical behaviors.

In the field of fuel cells, emulation has been used by the automobile industry to evaluate the
performance of real devices in a controlled environment. With this objective, Vath et al. [52]
reported a HIL system for PEM fuel cells. Their emulator represents the fuel cell and other systems
of an automobile and makes it possible to evaluate control strategies, performance profiles and test

of new hardware.

Other developments in fuel cell emulators and real-time simulators are focused in testing power
systems designed to be connected to real fuel cells, thus making possible the a priori evaluation
of systems performance and the detection of problems of connection and synchronization. Prabha
et al. [53] presented a real-time simulator designed to reproduce the fuel cell behavior in different

operation conditions and to evaluate the performance of DC/DC and DC/AC converters powered by
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fuel cells. The authors justified using the simulator for the easy of the configuration process, the safe
operation and the efficiency of the fault evaluation. Likewise, Dufour et al. [54] presented a fuel cell
emulator based on real-time hardware. The emulator supports the evaluation of control strategies
for hybrid automobile applications by providing an accurate and user-friendly platform. This ap-
proach was followed by Lim et al. [55] in their fuel cell dynamic simulator based on a programmable
DC power supply and a LabVIEW graphical user interface. These emulators enable experiments to
be carried out safely and easily without consuming any reagents. The main drawback is that these
emulators require computational equipment that restricts portability, and increases the overall cost

of the emulation system.

Similar developments have been reported by Tae-Won et al. [56] [57]. They describe a simple fuel
cell emulator based on a DC/DC buck converter, which is digitally controlled by a DSP, and define
the emulator output voltage with a lineal current-voltage relation (I-V). Ordonez et al. follows this
same approach in [58]. They consider a static I-V relation and model the charge double layer effect
by using a first order delay. In [59], Cirrincione et al. report a similar development. They model
the polarization curve and charge double layer effect and use a power stage based on a DC/DC
buck converter. Sirisukprasert et al. [60] follow the same simple modeling-DC/DC buck converter
based power stage approach, mainly intended to support DC/AC inverter design. A slightly different
approach was reported by Gebregergis et al. [61], who modeled the static characteristic of a solid
oxide fuel cell (SOFC) and considered the thermal effects on the output voltage. This emulator uses
a commercially available linear power amplifier to interact with electrical loads, thus making it easy
to reproduce but at the price of an increased overall cost. The main drawback of these developments
are that the fuel cell models implemented are simple, and any clarification in the benefits of using

switching or linear implementations is given.

In [62], a different fuel cell emulator approach was proposed by Ordonez et al., who used a low
power fuel cell to emulate high-power prototypes. This approach was also implemented by Parker-
Allotey et al. in [63], where the emulator load current is scaled and applied to a low power prototype,
the output voltage of which is also scaled to a high-power stack in order to interact with electrical
loads. This is an interesting solution since is based on real fuel cell systems, but it still requires

safety procedures and reagents, so it is costly and non-portable.

This chapter presents the development of digital emulators of PEM fuel cells based on a dynamic
model validated by means of experimental measurements. Its main objectives are to test power
systems designed to interact with PEMFC and to evaluate the performance of fuel regulation strate-
gies in different electrical power profiles. The emulator was designed to be portable and a low-cost

digital device was used to process the fuel cell model and output stage control, so the calculation
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requirements of both the model and the controllers must be reduced. The model proposed in chapter
2, then, is not the best choice because its numerous calculation loops require highly time-consuming
operations. The dynamic impedance output circuit will also require differential equation solutions
and circuit analysis, thus generating a processing time that is not suitable for real time implementa-
tions. This issue was addressed by developing a novel fuzzy-based modeling technique that provided
accurate reproduction of the behavior with low calculation requirements. This modeling technique
has been applied to a PEMFC prototype, obtaining a fuzzy-based model that enabled the PEMFC
emulator to be implemented using a low-cost digital processing device which, in spite of its com-
putational limitations, satisfies the real-time processing requirements. Finally, the advantages and
disadvantages of using switching or linear power stages in the emulation of fuel cells to interact with
electrical loads are analyzed in terms of voltage ripple, energy efficiency and thermal consideration

for the implementation.

3.2 Fuel cell models in emulation

PEMFC experimental prototypes can be classified in two groups: commercially available and user-
designed implementations. Some of these prototypes are used in research and development of power
electronic interface systems required between the PEMFC and the electric loads. Examples of this
use are reported by Wai et al. in [64], [65] and [66] for high-efficiency DC/DC converters intended
to operate with fuel cells. Other uses are reported in the three-phase high-power converter for low
voltage fuel cell applications presented by Liu et al. in [67], and in the DC-DC boost converter
designed for a fuel cell vehicle presented by Anzicek et al. in [68]. Many physical models of commer-
cial and user-designed PEMFCs have been developed. As examples, the PEMFC models presented
by Pukrushpan et al. in [6] and Real et al. in [23] are control-oriented, and are validated in the
most common operating conditions. Likewise, the physical model proposed by Friede et al. in [§]
is analytic-oriented, but since the model does not considers the current and humidity distribution
over the cell surface and other parameters, the model cannot be fitted for all the operating condi-
tions. Other modeling developments are application-oriented. For example, the model proposed by
Kong et al. in [69] is a combination of an empirical model and an electric circuit model, and uses
parameter identification to provide a good reproduction of experimental data. Similarly, the power
electronics design-oriented model proposed by Stanton et al. in [70] is devised to model a PEMFC
for power electronics simulation programs in an easy way, representing the physical phenomena as
electrical components. Compared with more complex physical models, this type of PEMFC models
are simpler, easier to implement and simulate, and correlate well with the experimental behavior of

modeled systems with a small calculation time. More recently, the model proposed in chapter 2 of
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this thesis presents a physical description that takes into account the electrochemical and thermal
equations, and gives an impedance implementation of the polarization curve. This model provides
accuracy and it is intended to be implemented in power electronics simulators, but it requires circuit

analysis and differential equations processing for its solution.

Fuzzy and artificial neural network (ANN) based models, such as the ANN-based model for
supercapacitor thermal and electrical behaviors reported by Marie-Francoise et al. [71], are another
alternative for modeling complex systems from complex model-generated or experimentally measured
data. These techniques were also used to model the behavior of PEMFCs. One example is the model
proposed by Jemei et al. in [72], where a whole fuel cell system for automotive applications is modeled
using ANN. Other fuel cell types and behaviors have also been modeled using such methodologies as
the solid oxide fuel cell performance model based on ANN proposed by Ogaji et al. in [73]. Likewise,
the fuzzy modeling of fuel cells is illustrated by the dynamic-nonlinear fuzzy model proposed by Yang
et al. in [74], applied to molten carbonate fuel cells. Yang’s fuzzy model is restricted to the operating
conditions considered. Another interesting use of fuzzy models was presented by Entchev et al. in
[75], where an application of adaptive neuro-fuzzy inference system techniques and ANNs is used to

predict the performance of fuel cells in residential microgeneration installations.

Their simplicity, short processing time and consolidated implementation techniques makes fuzzy
and ANN models appropriate choices not only for developing and simulating control strategies, but
also for implementing simulators and emulators of fuel cells and, in particular, of PEMFCs whose

physical models are very complex and require long calculation times.

As result of active research in fuel cell power conditioning for electric power applications [76],
many real-time simulators and emulators of PEMFC have been developed to test the behavior of
power systems that interact with PEMFC, thus making it possible to evaluate systems performance,
detect problems of connection and synchronization early, etc. One of the main aspects to consider in
the development of these emulators is the mathematical model of the emulated system. Depending
on the complexity of the model and the accuracy of the integration algorithms, the calculation times

can be very high, which is especially critical when a real-time implementation is required.

The Adaptive-Network-Based Fuzzy Inference System (Anfis) is a processing option that ap-
proximates the responses of complex-nonlinear systems and accurately reproduces a function or
mathematical model. In the Fuzzy-Anfis modeling procedure, the hybrid-Anfis learning algorithm
is used to obtain the parameters of a Takagi-Sugeno (T-S) fuzzy system [77] [78]. The hybrid-Anfis
algorithm trains a five-layer neural network to generate known output values as response to defined
input data. This network is implemented in a T-S fuzzy reasoning algorithm [77]. Due to the T-S

fuzzy structure, the process for calculating the fuzzy model output has a constant number of math-
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Figure 3-1: HoFEconomy EcoFC Fuel Cell Test System Topology.

ematical operations for any combination of input variables, and this makes it possible to predict
the resulting computational load, which makes it suitable for real-time implementations. Following
the fuzzy-based models reviewed and the Fuzzy-Anfis theory described in appendix A, this chapter
presents a fuzzy-based technique for modeling the dynamic and static behavior of a PEMFC’s out-
put voltage. This type of model requires large amounts of data to train the model networks, and
the fuzzy model train procedure reported in [74] was used to parameterize the models proposed by
Pukrushpan et al. and Real et al. in [1], [6], [23] and [79] to reproduce a real prototype behavior with
the objective of generating the required training data for the Fuzzy-Anfis systems. Those models
were selected because they represent the fuel cell as a voltage source and are normalized to a single

cell. In turn, the model presented in chapter 2 describes the fuel cell as a variable impedance circuit.

3.2.1 PEMFC physical model parameterization

In order identify the fuzzy-based model in the usual operation conditions, the physical model was
parameterized using experimental data of a user-designed PEMFC, the Hy Economy-EcoFC fuel cell
of which produces a power of 3.5 W at a voltage of 0.6 V when H> is supplied at a pressure of 1 bar,
O, at 1.2 bar, and the temperature of the cell is regulated to 80 °C. This cell, which can produce
a maximum electrical power of 5 W, is shown in figure 3-1. The PEMFC has two humidifiers (one
for the oxidant and another for the fuel), and a MTS-150 fuel cell test system that regulates the
stack temperature and controls the anode-cathode pressure ratio according to the manufacturer’s

specifications.
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Figure 3-2: Fuel Cell model behavior evaluation.

Several experiments were made to evaluate the static and dynamic PEMFC behaviors at the
desired operating points using the test topology of figure 3-1. The stack temperature, humidity and
pressures were regulated to guarantee that the reagents ratio would allow correct reactions and safe
operation. The stack current was controlled using an FCL-150 electronic load [80]. The PEMFC
fuel flow control signal, current and voltage values were recorded for the tasks of identification and
validation. The fuel and oxidant fed to the PEMFC is presented in a standardized format called the
fuel flow ratio like a percentage of the maximum flow of reagents that the fuel cell can process.

Figures 3-2(a) and 3-2(b) present the polarization and power curves of the PEMFC and the
parameterized physical model for 95 %, 55 %, and 35 % fuel flow ratios. Figures 3-2(c) and 3-2(d)
show the behavior of the PEMFC and the parameterized physical model in response to resistive load
variations. In this experiment, the electrical resistance connected to the fuel cell was varied, and
the fuel flow ratio, current and voltages values were recorded. Subsequently, Matlab simulations of
the parameterized physical model were performed and compared with the experimental data, which

reports a satisfactory performance in the desired operation conditions.
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3.3 Fuzzy-based modeling technique for PEMFC

The PEMFC voltage behavior mainly depends on the activation, ohmic and concentration effects.
According to the models proposed by Correa et al. [2], Real et al. [23] and Pukrushpan et al. [28],

these effects generate the respective voltage losses described by:

Vaet = Vo + Vg (1 — e_cl'i) (3.1)

Vohm = t(Ra + Re) (3.2)
. c3
Veon = (CQZ. : > (33)

where vy is the voltage drop at zero current density and v, and c; are constants. Rj; represents

the equivalent resistance of the membrane, and depends on the current density, the structure of the
membrane and the temperature. Ro represents the resistance to the proton flow in the membrane,
and is normally considered constant. Finally ca, 9,4, and c3 are parameters that depend on the

temperature and on the partial pressures of the reagents.

The PEMFC voltage is affected by a phenomenon called charge double layer which, as Pukrush-
pan, Correa and Zenith [81] propose, shows a capacitor-like charge/discharge dynamics. In addition,
a change in the load current causes an immediate change in the PEMFC voltage due to the ohmic
effects.

The dynamic behavior of the PEMFC voltage in response to a current transient is presented
in figure 3-3, which shows the effects considered in the modeling. These effects are modeled inde-
pendently in a functional form: a static model, which determines PEMFC voltage in steady-state
conditions, an instantaneous ohmic effect model and a charge double layer effect model.

The static model affects the PEMFC voltage at any instant, determines its initial and final
conditions in current and/or flow transients, and depends on the stable values of the model inputs.
The instantaneous ohmic effect is a high-frequency phenomenon that only affects the PEMFC voltage
when a current transient occurs. When the current reaches a new steady state, the instantaneous
ohmic effect disappears and the static model determines the voltage for the new current condition.

The relationship that describes the instantaneous ohmic effect is given in (3.4).

Vohmic_inst (t) - Rohmic_inst : Aist (t) (34)

where Vopmic_inst (t) is the instantaneous voltage drop caused by this effect, Ropmic_inst is the electri-

cal resistance that models the effect, and Aig(t) is the instantaneous PEMFC current variation. In
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Figure 3-3: PEMFC voltage dynamic Effects.

the desired digital implementation, the stack current variation in the k-th sampling period Aig (k)

can be expressed in the discrete time domain as presented in (3.5).

Nigy (k) = st (k) — ige(k — 1) (3.5)

From (3.4) and (3.5), the discrete complex frequency-domain (or z domain) [82] representation of

the instantaneous ohmic effect as a discrete transfer function Gopmic_inst(2) is obtained as follows:

‘/ohmic_inst(z) - Rohmic_inst . AIst(Z) (36)
z—1
‘/ohmic_inst(z) - Rohmic_inst . . Ist(z) (37)
V;)hmic_inst (Z) z—1
Go mic_ins =7 /N = Ro mic_inst 3.8
h t(Z) Ist(Z) h t > ( )

where Vopmic_inst (2), Alst(z) and I (2) are the z domain representation of the instantaneous voltage

loss, the instantaneous PEMFC current variation and the PEMFC stack current, respectively.

The capacitive effect represents the transient behavior of the PEMFC voltage in response to a
current and/or fuel flow ratio transient. This capacitive effect has been modeled using a first order

delay, expressed in (3.9) as a continuous-domain transfer function Ggeiay(s).

Gdelay(s) - Vstatic(s) - s+ 1 (39)
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As expressed in (3.9), Ggeiay ($) gives the relationship between the PEMFC output voltage, Vs (s),
and the static model output voltage, Viiaric(s), in terms of a delay time-constant 7. In order to make
a digital implementation, the first order delay has been expressed in the z domain using the bilinear

transformation [82], [83]. The resulting discrete-domain transfer function Geqy(2) is

Vst (2 . 1 z
Gdezay(2)=¢=ffc-—-

- T 3.10
Vstatic(2) T oz—eTs/T (3.10)

where T is the sampling time for the processing of the discrete implementation of the fuzzy-based
model, Vi (2) and Vizaric(2) are, respectively, the sampled PEMFC output voltage and the sampled
static model output voltage in the z domain. K} is the correction factor due to the continuous-
to-discrete domain transformation, which can be calculated by evaluating the transfer functions in

steady state, s — 0 (or ¢ — oo) for the continuous domain and z — 1 (or k& — oo) for the discrete

domain as follows:

. . . 1 z
e e R e (8:11)
Ki=r(1-e™/) (3.12)
K.=K'/r (3.13)
Vi (2) z
G ela = = Kc 3.14
det y(Z) ‘/static(z) z— Pd ( )
Py = e_TS/T

K.=1—-eT/T=1-p,

The discrete transfer function pole [82], Py, defines the discrete delay behavior in (3.14), and
depends on the time-constant 7 of the continuous delay transfer function and on the sampling-
time T, of the discrete implementation. A normalized gain compensation factor K, is defined in
(3.13) with the convenient characteristic of being a simple function of the discrete transfer function
pole, as is expressed in (3.14). This property is important, since it reduces the required number of
calculations and makes it possible to omit this discrete gain compensation from the identification

process.

It should be pointed out that the PEMFC voltage is only affected by the instantaneous ohmic
effect for a current transient, and not for a fuel flow ratio transient. Summarizing the effects modeled,

the discrete transfer function for the PEMFC voltage in the z domain is presented in (3.15).

‘/st (Z) - Gdelay(z) . ‘/static(z) - Gohmic(z) . Ist (Z) (315)
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For a practical implementation, a discrete time domain difference equation is required as follows:

’Ust(k) = Pd . ’Ust(k - 1) + Kc ' Ustatic(k) - Rohmic_inst : Azst(k) (316>
K.=1-PFy
Aig (k) = ig(k) —ig(k — 1)

where vg (k) is the PEMFC voltage, vstaric(k) is the after-transient static model output voltage,
ist(k) is the current in the present sampling period and is(k — 1) is the current in the immediate
previous sampling period, respectively.

The difference equation presented in (3.16) describes the behavior of the PEMFC voltage in
the transitions between steady-states determined by a static model. Likewise, the delay model and
the instantaneous ohmic effect model have parameters that depend on the operating conditions of
the PEMFC. Both the model and its parameters change dynamically as non-linear functions of
the physical variables that affect the PEMFC behavior. Some of the common physical variables
considered in this analysis are the operating temperature, the fuel and oxidant stoichiometric ratio,
humidity, etc. This study proposes three Fuzzy-Anfis models to model the steady-state behavior
of the PEMFC, and the variation of the dynamic model parameters in response to changes in the

physical variables that govern its behavior.

The first one models the steady-state (or static) behavior of the PEMFC (3.17), and uses the
temperature, humidity and other conditions to predict the polarization curves. The second one
models the time-constant 7 of the first-order delay model in terms of the pole P; (3.18), and the

third one models the instantaneous ohmic effect with the resistance Ropmic_inst (3.19).

Ustatic(k) = Fmstatic(mila mig, mzn) (317)
Py = Fmgejay(miv, mia, ...mi,) (3.18)
Rohmic_inst = Fmohmic_inst (milv miQ; mln) (319)

Fmgtatic, FMdelay and Fmopmic_inst are the Fuzzy-Anfis models for the static behavior, the pole
delay and the ohmic effect resistance, respectively. The model inputs are represented by the signals
miy, Mig, ..My,

The block diagram of the proposed PEMFC voltage fuzzy-based technique is presented in figure 3-
4, where the three Fuzzy-Anfis models described in (3.17), (3.18) and (3.19), and the implementation
of the difference equation (3.16) can be observed. It is also noteworthy that the PEMFC current is
taken as an input, because it defines the steady-state of the polarization curve and affects the other
fuzzified parameters. The other model inputs depend on the implementation of the PEMFC and

ancillary regulation systems considered (temperature regulation, humidity control, etc.).
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Figure 3-4: Fuzzy-based model Block Diagram.

3.3.1 Example of an application of the fuzzy-based modeling technique

to a user-designed PEMFC

The proposed fuzzy-based modeling technique has been applied to the user-designed PEMFC pre-
sented in section 3.2.1. The operating conditions of this PEMFC consider a temperature regulation
strategy, humidity control, and the regulation of the reagent pressure ratio. Therefore, only varia-
tions in the fuel flow ratio and electric current have been considered in this example.

The ANFIS training and evaluation iterative processes used to identify the three T-S fuzzy
models was based on the procedures presented by Yang et al. [74] and Entchev et al. [75], who used
a physical model to generate the data sets required. To evaluate the performance of the fuzzy-based
model, the root mean square error (RMSFE) [84] given in (3.20) and the previously presented mean
relative error (MRE) (2.38) were used, where m; and f; represents the data sets compared and N

the number of samples.

N
1
RMSE(%) =100 x | | + > (my— £5)? (3.20)
Jj=1

The size of the training sets was increased until both criteria reached performances under 10 %
in the static and dynamic behavior. The training and validation of the static Fuzzy-Anfis model was
the most demanding. It required a matrix of 130000 static data, of which 75000 were used to train
the static Fuzzy-Anfis model F'mgqti. and 55000 were used for the validation step. A small matrix

of 200 first-order-delay poles and instantaneous-ohmic resistances pair values were required. From
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Figure 3-5: Fuzzy-based model polarization curves for 95 %, 85 %, 75 %, 65 %, 55 %, 45 % and 35
% fuel flow ratios.

this matrix, 110 data sets were used to train the F'mgeiay and Fmonmic_inst Fuzzy-Anfis models and

90 were used for validation purposes. The RMSE and MRE obtained are presented in table 3.1.

Table 3.1: Fuzzy-based model performance evaluation.

Criteria | Static Data | Dynamic Data
RMSE 3.15% 9.93 %
MRE 0.29 % 9.07 %

3.3.2 Simulation Results

To complete the performance evaluation given by the RMSE and MRE criteria, several simulations
were made of the user-designed PEMFC voltage model obtained with the proposed fuzzy-based
technique. Subsequently, the fuzzy-based and physical models responses to current and fuel flow
ratio transients were compared.

The response of the static Fuzzy-Anfis model Fmgqi has a RMSE of 3.15 % and a MRE of
0.29 %, and this results in the indistinguishable difference between the polarization curves of the
parameterized physical and fuzzy-based models (see figure 3-5), which take into account several fuel
flow ratios.

The dynamic behavior of the fuzzy-based model was evaluated with the performance criteria of
table 3.1, and completed with the simulations presented in figure 3-6. The current profile presented
in figure 3-6(a) was used to evaluate the response of the model. This current profile has step, ramp
and stable zones, which make it possible to evaluate the fuzzy-based model response in a wide

frequency range of current transients. The fuzzy-based and physical model responses are compared
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Figure 3-6: Fuzzy-based model dynamic behavior evaluation.

in figure 3-6(b). The proposed fuzzy-based model performs satisfactorily in all the current transient
conditions.

The step changes in the current and fuel flow ratio in figure 3-6(c) were used to demonstrate
that the instantaneous ohmic effect only affects the PEMFC voltage in current transients (see figure
3-6(d)). When the fuel flow ratio changes and the current remains constant, the fuzzy-based model
exhibits a slightly increase in the prediction error, but the approximation to the physical model

remains satisfactory.
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Figure 3-7: PEMFC Emulator and Test Equipment.

3.4 Fuel cell emulator

One of the main objectives of the fuzzy-based modeling technique proposed is to develop low-cost
PEMFC emulators. The particular application of the fuzzy-based modeling technique presented in
section 3.3.1 is implemented in an emulator, and its real-time behavior is validated by means of

experimental data.

3.4.1 Fuzzy-based emulator structure and test system

In this implementation, the fuzzy-based model defines the output voltage of a PEMFC Electrical
Power Generation System (PEMFC-EPGS) emulator, which is presented with the emulation test
system in figure 3-7. The experimental system scheme and a photograph are shown in figures
3-7(a) and 3-7(b), respectively. This topology uses experimental data recorded by the fuel cell

test system presented in section 3.2.1 (figure 3-1) in order to excite the emulator with the same
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physical magnitudes measured in the fuel cell prototype. This makes it possible to perform a
realistic comparison of the output voltages.

The emulator was developed using a low-cost microcontroller and a power stage. The PEMFC
fuzzy-based model was implemented in the microcontroller, and it defines the voltage reference for
the digital control system of the power stage. Also, the Fuzzy-Anfis systems of the fuzzy-based
model were implemented using three look-up tables, and the model inputs and feedback signals were
acquired through analog-to-digital converters (ADC) available in the microcontroller. The numeri-
cal methods for the real-time implementation of the model states and control systems were selected
following the evaluation of fixed-step differential equations solution methods for real-time simulation

and emulation described in appendix B.

Power Stage

The power stage was implemented using a step-down two-inductors DC/DC switching converter
introduced by Tymerski et al. in [85]. This DC/DC converter makes it possible to drive the output
voltage to positive and negative levels using a unipolar power source, which reduces the size of the
emulator and its requirements without a considerable increment in the complexity of the control
design. In this converter, high voltage-low current conditions are achieved with duty cycles near to
50 %, and in a nominal condition of 12 V input voltage and 5 V output voltage, defined in the middle
of the desired emulator voltage range, the duty cycle is approximately 63 % (switching frequency of
100 kHz).

Figure 3-8 shows the circuit scheme of the proposed switching power stage, which is based on an
unipolar output voltage implementation of the two-inductor step-down DC/DC switching converter.
This switching converter is able to provide high currents at voltages near to zero volts, and low
currents at voltages close to the input supply V,, and is regulated by a common designed linear
controller. Disregarding losses, the set of differential equations that describes the DC/DC converter

dynamics are

di, _Vy-(1—D)—wvc, -D

i, _ o) (3.21)
di;,  —ver-(1—D)+V,-D—

% _ —we (. )L+ f | ve (3.22)

dzc)l? _ip-(1- Dci'f‘ ir, D (3.23)

d;;_f i Ucé(RLoad) (3.24)

vy = Ve (3.25)

where D represents the duty cycle. Due to the unipolar implementation of the converter, the steady-
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Figure 3-8: Circuit scheme of the step-down two-inductor DC/DC converter used in the power stage.

state voltage gain in continuous conduction mode is

2D-1

Vo
D

Vg, 05<D<1 (3.26)

The electrical parameters of the implemented DC/DC switching converter are C¢ = 400 uF,
L=140 uH, C=15 uF, L, = 140 puH, C, =200 uF, and its switching frequency is 100 kHz. The
supply voltage range required is between 14 V and 18 V, and the maximum output current, voltage

and power are restricted to 12 A, 12 V and 100 W, respectively, with a conversion efficiency of 80 %.

Table 3.2: Operating point specifications.

Specification Value
Vy 2V

V, 5V
Output power 100 W
Switching frequency | 100 kHz
D 63 %
Sampling time 10 us

From equations (3.21) to (3.25), the discrete control-to-output transfer function [82] [86] for
the DC/DC converter, at the operating point described in table 3.2 and with the previous set of

parameters, can be expressed as

Go(2) = 0.7562% — 0.818522 — 0.571z + 0.6513 (3.27)
PR/ 24 358423 + 4.84322 — 2,929z + 0.6703 '

From this model, a digital control system for the power stage was designed and implemented
in the same emulator microcontroller to regulate the DC/DC switching converter output voltage.
The digital controller G.(z) given in (3.28) defines the duty cycle applied to the MOSFET by a

microcontroller PWM module (see figure 3-8). This controller was designed to achieve a phase
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margin of 61.8° and a gain margin of 10.9 dB.

~ 0.76362z — 0.4416
N z+0.7323

Ge(2) (3.28)
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Figure 3-9: DC/DC Converter open loop and control loop frequency response.

The frequency responses of the open loop (G,(z)) and control loop (G.(2) - Gp(2)) are depicted
in figure 3-9: they confirm the closed loop stability. The digital control system also incorporates
a prefilter F, which was adjusted to F=1.0907 to achieve a closed loop DC gain equal to one and,
therefore, null steady state error. The controller also generates a closed loop power stage bandwidth
of 1.82 kHz, which ensures that the fuel cell model reference can be tracked, since from the param-
eterized simulation model and prototypes experimental data, a 700 Hz bandwidth in the fuel cell
voltage dynamics was identified. It can be mainly attributed to the air compressor time constant.
This compressor time constant oscillates between 1.5 ms and 1 s according to the mathematical
models and experimental measurements, this depending on the compressor power, technology and
load. Also, from the model proposed in chapter 2, and Pukrushpan and Real models, it is deduced

that the main fuel cell dynamics are caused by the compressor and manifolds.

Therefore, this controlled power stage makes it possible to follow the voltage reference defined

by the fuzzy-based model with an output voltage ripple of 100 mV.
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Computational Load Analysis

Because the fuzzy-based model was implemented using look-up tables, fewer calculations are needed
than for computing the physical model. This means that computation is faster and the microcon-
troller, which process the control system of the power stage and the PEMFC fuzzy-based voltage
model, is used efficiently. The power stage control system takes 23 us of processing time and the
fuzzy-based model computation requires 96 us. To give a comparison, the computation of the phys-
ical model takes a minimum of 1.32 ms and its calculation time depends on the internal states of

the physical model, which makes it non predictable and unsuitable for real-time applications.

3.4.2 Experimental Validation

To evaluate the behavior of the emulator, an electronic load controlled by a computer with Matlab’s
Real-Time Workshop and a data acquisition system (DAQ) was used to modify the emulator output
current. The computer also defines the control signal for the fuel flow ratio of the emulator, thus
controlling the fuzzy-based model inputs. The output current and voltage of the emulator have been
stored in a database for analysis and comparison with previously recorded PEMFC experimental
data.

The emulator can reach voltage values between 0 V and 12 V and current values between 0
A and 12 A. Because of these specifications, the emulator can represent PEMFC with stack sizes
between 1 and 12 parameterized cells. The emulator dynamics were evaluated by simulations and
emulations of a PEMFC with a stack of 12 cells in series. This configuration was selected because it
demands maximum power from the emulator and makes it possible to evaluate its behavior in the

most critical conditions.

The behaviors of the physical model and the emulator in response to current transients are
presented in figure 3-10(a), which shows satisfactory emulator dynamics in the real-time processing
of the fuzzy-based model. In figure 3-10(b), the performance of the emulator in response to variations
in the current and fuel flow ratio is presented and, again, it is observed that the behavior of the
fuzzy-based emulator is in agreement with the physical model, the only difference being a 100 mV
voltage ripple in the emulator output caused by the switching component in the power stage.

To validate the emulator, its behavior was compared with static and dynamic PEMFC experi-
mental data corresponding to 12 cells in series (Cellx12). The Cellx12 and emulator polarization
curves of figure 3-10(c) show a good correlation between plots. To evaluate the dynamic behavior of
the emulator, its current was adjusted to reproduce that which had been recorded in the dynamic

experiment made with the real PEMFC. Figure 3-10(d) shows the experimental current (bottom,
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Figure 3-10: Fuzzy-Emulator static and dynamic evaluation.

dashed-black trace), the experimental voltage (top, black trace) and the emulated output voltage

(top, white trace). Again, the reproduction of the real PEMFC output voltage by the emulator is

excellent.

The experiments carried out demonstrate that the fuzzy-based model designed with the proposed
technique reproduces the physical model’s behavior quite accurately and that its implementation
in a low-cost microcontroller is a practical option to develop a PEMFC emulator. Also, the small-
calculation implementation of the fuzzy-based model, based on a discrete representation, do not

produce significant discrepancies.
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3.5 Evaluation of switching and linear power stages for PEMFC

emulation

The first step in the emulation of physical systems is to define the implementation characteristics
of the emulator by taking into account the application and objective. A choice must also be made
about the emulator actuator or power stage implementation, which interacts with electrical loads:
the two options are switching or linear power systems. In fuel cell emulation, switching power stages
are commonly used because they have high electrical efficiency [87], but in the emulation of such
other electrical systems as batteries [88] linear power systems are chosen due to their simplicity.
This section presents power stages intended to interact with the electrical loads being tested, each
of which exhibiting low cost, energy efficiency or power scalability characteristics; the advantages

and drawbacks of switching and linear power stages in fuel cells emulation are also analyzed.

3.5.1 Emulator structure revision

The hardware structure of the PEMFC emulator mixes a digital processing system and an electrical
power stage. In this new implementation, the emulation algorithm is implemented in a Silabs
C8051F120 low-cost microcontroller, which processes in real-time the PEMFC model and generates

the control signal for the power stage.

/
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Figure 3-11: Revised PEMFC emulation system structure.

Figure 3-11 depicts a revision of the PEMFC emulator structure presented in section 3.4 in great
detail. The requirements for processing the model responses and the power stage control in real-time
involve restricting the calculation time so that the sampling time can be guaranteed. This problem
was solved by using real-time timers to control the execution period of the digital loops. The system

has an emulation algorithm that controls the acquisition of the emulator inputs, the processing of
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the fuel cell model and the power stage, and it also allows to choose the right power stage driver. The
emulation algorithm initializes the real-time timers that generate interruptions when the execution
periods have been completed. This implementation has two different sampling periods: one for the
power stage control system and the other for the emulator output voltage refresh. The emulation
algorithm also controls a channel selector that permits to avoid the digital control system in order
to interact with power stages that could have their own control system. The emulation system also
makes it possible to produce an analog control signal or a pulse width modulated (PWM) control

signal. This is useful for controlling different implementations of switching or linear power stages.

In the emulation system linear and non-linear digital control strategies can be implemented. The
power stage control signal (analog or PWM) is generated by using two control algorithms. First, an
internal loop is implemented with a digital control system designed to track the voltage reference
generated by the emulation algorithm, which in figure 3-11 consists of a prefilter (F) and a linear
compensator (G¢(z)), but the emulator allows the use of any linear and non-linear discrete control
approach. Second, the emulation algorithm acts as a supervisory control loop that generates the

voltage reference for the internal loop using the emulator inputs and fuel cell model.

The emulation algorithm is processed inside the microcontroller with a sampling time of 10
us, where the power stage controller sampling time is automatically adjusted to 10 us or 100 us
depending on the output channel (PWM or analog, respectively) because of the maximum sampling
time allowed by the digital-to-analog converter (DAC). The fuel cell model is also computed with a

fixed step of 100 us, and the stack internal states and ancillary systems are satisfactorily reproduced.

From the analyses of the model proposed in section 2, and Pukrushpan and Real models, it is
deduced that the main fuel cell dynamics are due to the compressor and manifolds (constraining the
fuel cell voltage dynamics up to 700 Hz), and that the electrochemical reactions have time constants
between 10 and 20 orders of magnitude less than the compressor and manifolds ones [28]. Therefore,
they are considered to be static relations in the models. Likewise, the hydrogen and air manifold
equations exhibit time constants in the order of milliseconds, so the water membrane content dy-
namics depends on the electrochemical static equations and on the oxygen and hydrogen mass flow
dynamics, which also depends on the compressor and manifold time constants. The effectiveness of
different fixed-step differential equations solution methods for fuel cell model real-time processing
have been analyzed in appendix B, and the relation between sampling time and processing load has
been evaluated. The fuel cell model inside the microcontroller, then, is processed with a sampling
time of 100 s using the Euler integration method, and the agreement with the Matlab variable-step

simulation results and with the experimental measurements is satisfactory.
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3.5.2 Power stage analysis

Switching and linear power stages have been designed with different characteristics, and compared
in fuel cell emulation conditions. The first power stage is the one described in section 3.4.1. It is
based on a two-inductor step-down DC/DC converter, while the second and third power stages are

based on operational amplifiers and integrated linear regulators, respectively.

DC/DC converter-based power stage

The DC/DC converter-based power stage, described in section 3.4.1, has an output voltage ripple of
100 mV. It affects the voltage defined by the fuel cell model that does not predict voltage ripple in
free ripple load current. It should be pointed out that experimental fuel cell voltage exhibits ripple
caused by the air supply regulation system (see section 2.8), but the high frequency voltage ripple
caused by this switching power stage is not directly comparable with the fuel cell voltage ripple in

terms of frequency components and power.

Operational amplifier-based power stage

This linear power stage was designed using power operational amplifiers (OpAm). The OpAm
selected for this implementation was the OPA549 from Texas Instruments. It supports a maximum
continuous output current of 8 A and current peaks up to 10 A. This OpAm can also be supplied
with one polarity voltage and has a wide range of output voltage. To make this linear power
stage comparable with the switching power stage, a nominal output current of 14 A is required,
which means that two OpAms must be parallelized. Although the connection was made using the
configuration recommended by the manufacturer, the practical implementation had some problems
in current sharing due to differences in the impedances of the paths. The electrical resistance of the
connectors and cables also affects the current paths and, therefore, the current balance. To solve
this problem, a practical voltage follower in master-slave configuration with equalization resistances
was used. The scheme of the linear power stage based on the OPA549 OpAm is given in figure 3-12.

In this circuit, the equalization resistors R, guarantee current sharing whereas the variable
resistors R minimize the unbalance in each individual current. On the other hand, the equalization
resistances cause a steady-state error in the output voltage. Although R, is small (0.1 ), it generates
voltage drops at high currents when the emulator voltage is low and comparable with that undesired
drops.

The OPA549 has an open loop voltage gain of 110 dB and a Gain Bandwidth Product equal to
0.9 MHz, and from its frequency response [89], the continuous poles P; = 1.351 x 107 rad/s and
P, = 32.26 rad/s that model its open loop voltage response were defined. The pole P is out of
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Figure 3-12: OpAm-based power stage scheme.

the frequency range of interest ([0, 100] kHz), and therefore the continuous model of the OPA549
open loop voltage response can be approximated by (3.29), where V;(s) and V,(s) are the input and

output voltages, respectively.

Vo(s)  1.566 x 107
Vi(s)  s+32.26

Gopasi(s) = (3.29)

In order to design a control strategy to compensate the voltage losses caused by the equalization
resistors R,, the maximum R, voltage drop was calculated by taking into account the OPA549
voltage supply (V) and the maximum allowed load current I, and power dissipation W,,. The
relation K4 between the R, voltage drop vg, and the OPA549 output voltage v, is calculated as

follows:

Kpg= 22 = 12 tm (3.30)

Considering the specifications of the OPA549 (W,,, = 90 W, I1,, = 8 A), a supply voltage of 15
V, and the selected Rz (0.1 ), the maximum voltage drop allowed in the equalization resistors R,

is equal to 21.33 % of the OPA549 output voltage (K,q = 0.2133).

The transfer function of the OPA549 closed loop configuration in figure 3-12 is given in (3.31), and
considering the R, voltage drop, the steady state error of the OPA549 - R, loop (Gopasio.,, ($) —
K,q) is equal to Kpq.

_ Gopasag(s)  1.566 x 107 (331)
T 1+ Gopasio(s) s+ 1.566 x 107 :

Goprasioe, ()
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A Proportional-Integral (PI) controller was designed to compensate the R, voltage drop (null
steady state error) and to obtain a closed loop bandwidth of 2 kHz, which ensures the capability to
track the fuel cell model reference. This controller was digitized with a sampling time of 100 us so
that it could be implemented in the emulation topology of figure 3-11, and its transfer function is

given in (3.32). The prefilter F in figure 3-11 was set to F=1.

Ge(z) = — (3.32)

In this implementation, the electric currents requested by the load and by the OpAms operation
are provided in series by the power supply, and because of the input-output voltage difference, this
means that the electrical efficiency of the power stage is low and the power supply requirement is
high. The most critical limitation occurs in the thermal behavior of the OpAms when high current
at low voltages are requested because high power must be dissipated in the devices. The OPA549
has a thermal shutdown protection that disables the output power when the junction temperature
reaches 160 °C and re-enables it at 140 °C, thus providing a safety margin below the maximum
junction temperature recommended of 150 °C. This thermal shutdown system has a digital signal
(Tsq in figure 3-12) that drops to 200 mV when the shutdown occurs, and this was used in the

experiments to determine the dissipation limits.

Considering an operating point of 28 W output power, a 15 V supply voltage and 2 V output
voltage at 14 A of load current, this linear power stage will require 210 W of input power. This means
that the power stage must dissipate 182 W in thermal energy, which is large enough to damage the
OpAms.

Using the safe operating area for dissipation provided by the manufacturer it is possible to solve
these critical cases by means of a heat sink that maintains the OpAms at low temperature. This
results in a large size device which can be minimized by a forced air system, which increases the rate
of air flow over the heat sink and maintains a larger temperature gradient by replacing warmed air
faster than using the heat sink alone. The heat sink selected for the implementation has a nominal
thermal resistance of 0.5 °C/W. In order to verify the effect of the forced air system on its thermal
resistance, the voltage supply of the power stage was set to 14 V and the load current to 4 A, which
led to a supply current of 4.15 A and an input power of 58.1 W. Then, the output voltage (V,) was
sequentially changed, thus modifying the dissipated power (DP). This is done with the heat sink by
itself and with the forced air system. The experiments recording the heat sink temperature working
by itself (Ths,) and with the forced air system (Thsrq), as well as the ambient temperature (7).
This information was used to calculate the experimental thermal resistance of the heat sink either

by itself (0psq) and with the forced air system (6hsfq), and to obtain the change factor of these
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thermal resistances (K pg¢) so that the effect of the forced air system can be standardized. These

measurements and calculations are presented in table 3.3.

Table 3.3: Effect of the forced air system in the thermal resistance of the heat sink in the OpAm-
based power stage.

Vo (V) P (W) Thsa (OC) Ttha (OC) Ty (OC) Onsa (OC/W) etha (OC/W) Krt
2.00 50.10 54.00 37.60 22.60 0.63 0.30 | 0.48
5.20 37.30 48.00 36.00 25.00 0.62 0.29 | 0.48
7.20 29.30 40.70 31.00 22.70 0.61 0.28 | 0.46

10.00 18.10 33.60 27.60 22.60 0.61 0.28 | 0.45

The thermal data shows that the thermal resistance of the heat sink can be reduced to 48 %
or less of its value when the forced air system is used. In a practical low-voltage/high-current
polarization point of a 12 cell Hs Economy — EcoF'C' PEM fuel cell stack, the voltage is 4.78 V and
the current is 9.89 A. Using the OpAm-based linear power stage with a voltage source of 15 V to
emulate this electrical behavior, 101 W (50.5 W in each OpAm) needs to be dissipated. The devices
have a junction-to-case thermal resistance (6,;¢) of 1.4 °C/W, and in the implementation a thermally
conductive insulator providing a case-to-heat-sink thermal resistance (0cpr) of 0.28 °C/W was used.
Assuming an ambient temperature (T4) of 25 °C, the heat-sink-to-ambient thermal resistance (6gr4)
needed to dissipate the required power (PD) at a recommended safety temperature (T';) of 125 °C

is calculated as follows:

Ty—Ta

55 e —fen (3.33)

Opa =

Expression (3.33) leads to g4 = 0.3 °C/W, which can be reached with the forced air system

(Onsta), thus avoiding a bigger, heavier and more expensive heat sink.

Although the OpAm-based power stage has an almost zero voltage ripple, a small ripple appears
(between 5 mV and 15 mV) when the power stage operates in the emulation system. This ripple is
caused by noise induction in both output voltage and current sensing and affects the calculation of
the fuel cell model. However, this ripple is a small portion of the ripple generated by the switching
power stage (between 5 % and 15 %).

Linear regulator-based scalable power stage

The two power stages presented above have the capacity to provide the electric power required to
emulate a fuel cell system, but have a fixed maximum power. This is an important limitation when
the emulator has to represent fuel cell stacks with different numbers of cells because in some cases

the power stage will be over-dimensioned causing an excessively energy and space consumption,
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and, in other cases, the output power will not be enough. This issue is taken into account in the
design of this linear regulator-based power stage (LinReg), which shares the small voltage ripple
advantage and the low electrical efficiency disadvantage of the OpAm-based power stage presented
above. However, in this linear power stage its maximum output power, size and consumption can be
modified. These modifications are useful when the emulator represents fuel cell stacks with different
numbers of cells, and are carried out with the design of a scalable power system. The power stage
has a master circuit and several slave boards so that the maximum output power can be increased
depending on the application. Since this topology involves current sharing, the same master-slave
technique presented in the OpAm-based power stage was used. Also, an analog control strategy
regulates the output power stage voltage to track the voltage reference. Note that an analog con-
trol system is selected to test the performance of a regulation loop that does not require excessive
additional hardware because it only needs a single low-power OpAm, and because it is possible to

implement the master board with dual or quad OpAm chips.

Figure 3-13 shows the circuit scheme of the LinReg-based power stage, where the master and
slave circuits can be observed. It should be pointed out that the circuits are simple and that standard
integrated linear regulators are used, which contrast with either the specialized OpAm required in
the OpAm-based power stage or with the less common two-inductor step-down DC/DC converter
used in the switching power stage. The topology used in this linear power stage is based on the
circuit proposed by the manufacturer of the integrated linear regulator LM338, which can drive
currents up to 5 A. In this topology, equalization resistors were used in the regulator inputs in order
to share the current requested by the load. This structure enables slaves to be aggregated when
necessary, and the maximum output current increases by 5 A with each added slave stage. The
parameters of the circuit are: R, = 0.1 Q, R, = 2 kQ, C; = 3.3 uF, C, = 4.7 uF, Cs; = 1000 uF,
Rei =10kQ, Ry, = 10 k2 and Cy, = 10 nF.

The master and slave circuits have few components and they are all commonly-used, which makes
this power stage easy and fast to replicate and modify, and a low-cost option for a linear power stage
in fuel cell emulation. Also, because additional components are required for current sensing and
conditioning, the analog controller for the output voltage presented in figure 3-13 is simple to im-
plement. A dual-OpAm chip in the master board is used for this purpose, i.e., one OpAm for the
current sensing conditioning and another one for the controller. An additional element introduced
in this circuit is the output diode D,, the functions of which is to prevent undesired current flow
between the linear regulators, and to drop the output voltage below the linear regulator limit of 1.2
V. With these characteristics, the emulation algorithm shapes the channel selector of figure 3-11 to
avoid the effect of the digital controller G.(z) and to drive the power stage control signal directly

from the fuel cell model to the DAC.
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Figure 3-13: LinReg-based power stage scheme.

This linear power stage has the same disadvantage of power dissipation present in the OpAm-
based power stage, and this problem can be addressed using forced air systems or current sharing
until the power dissipated in each slave stage is safe. To evaluate the convenience of these possible
solutions, the power dissipation capability was experimentally tested with a selected heat sink work-
ing by itself and with a forced air system. Using a heat sink with a nominal thermal resistance of
1.0 °C/W, a voltage source of 14 V, and a load current of 2 A that generates an input current of 2.1
A (input power of 29.4 W), the output voltage was sequentially changed to modify the dissipated
power (DP) and to measure the performance of the solutions tested. The experimental data are

summarized in table 3.4 and the nomenclature is that used in table 3.3.
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Table 3.4: Effect of the forced air system in the thermal resistance of the heat sink in the LinReg-
based power stage.

Vo V) [ DP (W) [ Thsa (°C) | Thspa (°C) | Ta (°C) [ Onsa (“C/W) [ Opspa (°C/W) | Kry
T.00 2740 57.20 3580 [ 2320 T.24 0.46 [ 0.37
3.00 23.40 52.10 33.70 | 23.10 1.24 0.45 | 0.37
5.00 19.40 47.40 32.00 | 23.40 1.24 0.44 | 0.36
7.20 15.00 41.40 29.90 | 23.20 1.21 0.45 | 0.37

10.00 9.40 33.20 26.40 | 22.60 1.13 0.40 | 0.36

Table 3.4 describes the same behavior observed in table 3.3, and here the forced air system re-
duces the thermal resistance of the heat sink to 37 % of its nominal value. Taking the same example
used in the OpAm-based power stage thermal analysis, a 12 cell-stack low-voltage/high-current po-
larization point of 4.78 V and 9.89 A can be emulated using the heat sink either by itself or with
a forced air system, and sharing the load current to ensure that each linear regulator dissipates a
safe thermal power. This example considers a 15 V power source, so the electric power that must
be dissipated is 101 W. To calculate the number of slave stages required the equation (3.33) is
used, replacing the values of the junction-to-case thermal resistance (0;c = 1 °C/W) of the linear
regulator, the case-to-heat-sink thermal resistance (fcy = 0.28 °C/W) provided by the thermally
conductive insulator used in the implementation, the recommended safety junction temperature (7';
=125 °C) and the ambient temperature (T, = 25 °C). This analysis results in two possible solutions:
a) for the thermal resistances of the heat sink by itself (05, = 1.24 °C/W) and b) for the forced
air system (0psrq = 0.46 °C/W). If the heat sink is working by itself, the system can dissipate
a maximum power of 39.68 W when it reaches the maximum junction temperature recommended,
which means that three linear regulators are required, each of which should be at the 85 % of its
maximum junction temperature. The second option considers the use of the forced air system, so
that each linear regulator can dissipate a maximum power of 57.47 W before it reaches its maximum
junction temperature recommended, which means that two linear regulators need to be used, each
one working at 88 % of its maximum junction temperature. This example illustrates the advantage
of using the forced air system in this kind of power stage, which supplies the desired power with

fewer linear regulators and, therefore, with a lower power consumption.
This LinReg-based power stage also has a small voltage ripple between 5 mV and 16 mV, which

is similar to the ripple generated in the OpAm-based power stage, and just a small part of the one

generated by the switching power stage (between 5% and 16%).
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3.5.3 Power supply requirements and analysis of characteristics

An important electrical specification derived from the electrical efficiency is the power supply re-
quirement. A critical condition in linear power regulation systems occurs when the output voltage
is far from the supply voltage, because the input and output currents are similar and the difference
between the input and output powers is high. This is dissipated in the device. Thus, in the emulation
of a fuel cell polarization point of 2 V stack voltage and 14 A stack current, with a supply voltage
of 15 V in the power stage, the output power will be approximately 28 W (disregarding losses). At
this operating point, a linear power stage will require an input current approximately equal to the
load current, which requires to the supply an electrical power of 210 W and results in an electrical
efficiency of 13.24 %. In contrast, assuming the worst electrical efficiency of the switching power
stage (60 %), the power requested from the supply by the switching power stage will be 46.67 W
with an input current of 3.12 A. The difference in the electrical efficiency represents the excess power
supply required by the linear power stages over the switching power stage, which in this example is

450 %, and its therefore being bigger, heavier and more expensive.

The OpAmp-based and LinReg-based power stages provide the same model tracking and output
ranges as the switching power stage. The linear options require a higher power supply, but the
output voltage does not exhibit appreciable voltage ripple. This is an interesting characteristic
when different physical models are used in the emulator, or when different air supply systems and
control strategies are emulated, each of which has its own voltage ripple pattern. Also, the voltage
ripple frequency and amplitude change from one fuel cell prototype to another. The linear power
stages, then, can reproduce the fuel cell voltage ripple by modeling approaches. In contrast, the
switching power stage exhibits a high frequency voltage ripple, the amplitude of which is comparable
with the fuel cell voltage ripple. It is, therefore, difficult to emulate the fuel cell voltage ripple with
common switching power systems. This can be confusing because, in the time scale of the fuel
cell dynamic response, the difference between the voltage ripples of the fuel cell and the switching
power stage can be indistinguishable, but the ripple frequencies and powers are not comparable.
This problem can be observed in other reported fuel cell emulators based on switching power stages
[56][57][59][87][90], where their dynamic responses are considered satisfactory because the fuel cell
and emulator voltage profiles are approximated equal in the time scale of the fuel cell dynamic
response, but the voltage ripple is not analyzed. In the fuel cell emulators reported, the switching
voltage ripple is regarded as being acceptable since it is less than 2 % of the output voltage. The
switching and linear power stages proposed in this study have maximum voltage ripples of 2.5 %
and 0.4 %, respectively. These conditions make it possible to compare the proposed switching power
stage with other reported options in terms of electrical efficiency and fuel cell dynamic reproduction.

They also reveal the improvement of the linear power stages in the capability of reproduction of the
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Figure 3-14: Implemented power stages and microcontroller used in the emulator.

fuel cell voltage ripple present in ripple free current conditions, this by using modelling approaches.

The LinReg-based power stage can also change its maximum output power, size and weight,
which is an attractive characteristic in variable-cell stack emulation applications required in re-
search and teaching environments. This power stage has been developed using common, low-cost

electronic devices, which makes it easily reproducible, and a scalable and low-cost alternative.

In summary, the power stages presented provide the output power required to emulate a fuel
cell stack with a variable number of cells. Each power stage has advantages and disadvantages, and
will be selected or not depending on the application and emulation considerations. The switching,
OpAmp-based and LinReg-based power stages implemented are shown in figure 3-14, which also
shows the heat sinks sizes, the forced air systems and the microcontroller used in the fuel cell emu-
lation system implementation. It can be noted that four slaves were developed for the LinReg-based
power stage and, therefore, it can provide up to 25 A of load current. However, since the switching
and OpAmp-based power stages can, respectively, work below 14 A and 16 A, only two slave stages

have been used in the electrical behavior evaluation presented in the subsection below.
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Figure 3-15: Emulator power stages test system.

3.5.4 Evaluation of electrical behavior

The power stage circuit schemes, design considerations and power dissipation analysis of the power
stages have been presented above. The distinctive characteristics of each one have also been described
and some selection guidelines have been given. But the most important characteristics of the power
stages are the static and dynamic electrical behavior in the emulation of fuel cells. This electrical

behavior was evaluated using the test system presented in figure 3-15.

The test system used experimental data measured from a real PEM fuel cell stack, and stored
the stack current profile requested by an ECL-150 electronic load, the voltage profile from the stack
and the fuel flow ratio control signal of the MTS-150 fuel cell test station. Next, using the Matlab
Real-Time Workshop and a data acquisition card (DAQ), an Agilent 6050A electronic load was
controlled to request the experimental current profile from the emulator and its power stages. The
test system also reproduces the experimental fuel flow ratio signal so the emulator is controlled in the
same conditions as in the real fuel cell prototype. The emulator voltage, current and fuel flow ratio
data were stored so that the static and dynamic behavior of the emulator and its power stages could
be evaluated. This system can also test the emulator and power stages under other conditions using
the parameterized fuel cell model to generate current and fuel flow profiles so that the distortion in
the output voltage caused by both real-time calculation of the model and power stage operation can

be calculated.
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Figure 3-16: Static behavior of the switching and OpAm-based power stages.

Figure 3-16 compares the static behavior of the switching and OpAm-based power stages with
the measurements of a real 12 cell stack. No difference can be seen between the polarization and
power curves of the two power stages, whereas it can be observed a satisfactory similarity of both
power stages responses with the polarization and power curves of the real fuel cell prototype. The
performance of the LinReg-based power stage is the same as that of the OpAm-based power stage,
which confirms that the proposed power stages can reproduce the steady-state behavior of the
modeled PEM fuel cell power system.

Then, to evaluate the dynamic responses of the power stages and their effects on the emulator
output, the emulator and its power stages were tested with different current and fuel flow ratio
profiles, and their responses compared with the expected output voltages. Figure 3-17 shows the
responses of the switching (top-left), OpAm-based (top-right) and LinReg-based (bottom-left) power
stages to a dynamic current profile (bottom-right) with a fuel flow ratio of 85 %. In this experiment,
the tracking of the fuel cell model reference signal by the power stages is satisfactory. The outputs
of both linear power stages, presenting a small voltage ripple, are very similar. In contrast, the
switching power stage exhibits a notable voltage ripple that is not predicted by the model. Similarly,
figure 3-18 presents the response of the power stages to changes in the fuel flow ratio signal with a

load current of 6 A. Again, the power stages follow the model signal with a satisfactory dynamic
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Figure 3-17: Power stages responses to dynamic current profile.

response and the switching power stage presents a bigger output ripple. These experiments are
also useful for confirming the performance of the emulation algorithm and control strategies of the
power stages. Comparing figures 3-17 and 3-18 confirms the accurate real-time computation of the
emulation algorithm and fuel cell physical model inside the microcontroller. The tests also verify
the digital controllers performance of the switching and OpAm-based power stages and show the

satisfactory operation of the analog controller of the LinReg-based power stage.

The last evaluations of the power stages and emulation system were performed using an experi-
mental current profile measured from a real PEM fuel cell prototype, the fuel flow ratio of which was
set to 90 %. Figure 3-19 presents the responses of the emulation system with the different power
stages to a real load profile (bottom-right). The performance of the emulation system using the
switching power stage (top-left) is satisfactory because the mean values of the real and emulated
voltages are very similar, which makes it possible to reproduce the fuel cell behavior. This same
condition is observed in the OpAm-based (top-right) and LinReg-based (bottom-left) power stages
operation, but their voltage ripple is lower. However, in other fuel cell systems, like the 1.2 kW
Nexa power module, the voltage ripple exhibits a more complex profile, with high and low frequency
voltage ripple components of 20 mV and 200 mV, which can also be reproduced by modelling ap-

proaches in the emulation algorithm.
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3.6 Conclusions

This chapter presents a fuzzy-based modeling technique for PEM fuel cell electric power generation
systems. The implementation of the technique proposed requires a short computation time, and it
is suitable for use in real-time and embedded systems such as emulators. This fuzzy-based modeling
technique gives a simple description of the dynamic effects that affects the PEMFC voltage and
power. As a consequence of the simplicity, the data required for identifying the fuzzy models are
easily generable. The technique has been applied to a particular system, where the temperature,
humidity and pressure ratio have been regulated. This technique is currently being applied to more
general cases.

Using the fuzzy-based technique, a model of a user-designed PEMFC has been developed and
compared with a previously parameterized physical model and experimental data. The results val-
idate the fuzzy-based modeling technique proposed. This model was used to implement a fuel cell
emulator, which satisfactorily reproduces the behavior of the experimental prototype. The emula-
tor can be used in a preliminary step to develop control strategies and electronic power systems
that will subsequently be used in more expensive real PEMFC systems. The proposed switching
and linear power stages allow to emulate fuel cell systems, and the impact of using switching or
linear power stages in the emulation performance to be evaluated. A recursive problem has been
identified in the switching DC/DC converter-based fuel cell emulators reported in the literature: its
dynamic responses are considered satisfactory since the fuel cell and emulator voltage profiles are
approximately equal in the time scale of the fuel cell dynamic response, but the voltage ripple is
not analyzed. The emulation system proposed in this chapter improves this aspect by providing not
only the traditional switching alternative, but also linear options that enable the fuel cell voltage
ripple to be reproduced by modeling approaches. This characteristic means that it can be used to

emulate the behavior of a wide range of fuel cells prototypes with detailed or simplified models.

Finally, the experiments performed confirm that the emulation system behaves satisfactory in
the reproduction of fuel cell power systems. The proposed power stages also exhibit satisfactory
electrical responses, and their characteristics make the emulation system a useful tool for testing

power electronic systems designed to interact with real fuel cell prototypes.
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Chapter 4

Fuel Cell Power Systems

This chapter analyzes the power system structure required to operate PEMFCs in safe and optimal
conditions. First it analyzes the dynamic restrictions of the load that ensures the regulation of Ao,
and prevents oxygen starvation, and it also gives the control objectives in a fuel cell power system.
Then different hybrid topologies for fuel cell and auxiliary storage interaction are evaluated, and
control strategy designs are proposed in these environments and tested in simulation. Finally, the
fuel cell optimal operating points are studied and a power electronics system is designed to experi-

mentally evaluate the proposed strategy.

4.1 Introduction

The use of PEMFC systems in real applications requires control strategies for fuel cell and power
electronics systems, and the power electronics interface itself presents design problems because of the
dynamic restrictions of the fuel cell. The specialized literature contains numerous control strategies
that have been proposed to ensure that the fuel cell operates correctly for the application objec-
tives, i.e., Wishart et al. [91] propose a semi-empirical model and mathematical algorithms for
the optimization of the electric power. Wishart uses simulations, genetic algorithms and sequen-
tial quadratic programming to obtain the optimal temperature and pressure conditions so that fuel
cell operation generates the maximum power. Similarly, Zenith et al. [81] states that it is always
possible to extract the maximum power from the fuel cell, but recommends stack current control
to prevent fuel cell degradation. Zenith proposes theorems that describe fuel cell behavior as an
electric power generation system, and presents an analysis of the interaction between fuel cells and
DC-DC converters oriented to power converter control design. Other authors have proposed different
control objectives. Kim et al. [92] presents an analysis to obtain the optimal fuel cell-battery-power

converter configuration for automobile applications, where the optimization objectives are cost and
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performance. Other examples of specific control objectives are presented by Muller et al. [93] where
the load power is supplied in interaction with a battery in order to reduce the fuel cell heating.
Similarly, Vega-Leal et al. [94] control of a portable fuel cell system to reduce the air compressor

consumption without producing oxygen starvation.

The numerous fuel cell power systems reported in the literature show that control implementa-
tion depends on the objective and the application environment, but almost all the implementations
use a power electronics interface. The one commonly used here is a switching interface for high
conversion efficiency. The effects of the fuel cell interaction with switching converters have been
analyzed by Gemmen et al. [4], Choi et al. [5] among other authors: they conclude that the fuel
cell is sensitive variations in the stack current, which reduce electric power and degrade the fuel
cell. In order to support the DC-DC converter selection, Choi et al. [95] present a useful evaluation
of DC-DC converters for hybrid fuel cell-battery topologies. Another common approach reported
is the design of new DC-DC converter topologies for fuel cell applications, i.e., the new topology
proposed by Rong-Jong et al. [96], which has a high efficiency and low current ripple, but it is a
non-conventional converter with complex control requirements. In stationary applications is also re-
quired to avoid the low frequency oscillation caused by the inverter operation since this phenomenon
affects the performance of the fuel cell, and in fact, Ballard gives a maximum value for the 120 Hz
current ripple with respect to the DC component (35 % peak-to-peak) for the operation of the 1.2
kW Nexa power system. For this aspect different solutions concerning the bulk capacitor design and

power system control have been reported in the literature [97][98].

This chapter analyzes the mechanical considerations that must be taken into account in the fuel
cell control design and in the definition of the power load restrictions. This was done by simulation
analysis of the model proposed in chapter 2, which defined the safe load restrictions and therefore
the power electronics structure required. The control objectives for the fuel cell are proposed in
order to obtain an efficient power system. Next, common hybrid topologies for fuel cell and auxil-
iary storage interaction are analyzed, so that the most appropriate one can be selected for the load
profile. Subsequently, several control approaches for these hybrid topologies are proposed, and the
load restriction and control robustness are evaluated under simulation. Finally, the optimal oper-
ating points for the fuel cell are investigated in order to minimize hydrogen consumption, and an
experimental fuel cell power system for a 48 VDC bus implementation is described, and the proposed

optimization strategy validated.
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Figure 4-1: Ballard 1.2 kW Nexa power module scheme and manufacturer default control systems.

4.2 Mechanical considerations and control objectives

In PEMFC systems the main mechanical delays are caused by the air compressor, which is also the
actuator in the Ao, regulation strategies. Figure 4-1 shows the mechanical scheme of the Ballard
1.2 kW Nexa power module with the manufacturer default control systems, which are designed to
ensure a safe anode-cathode differential pressure and enough air flow to supply the load current.
This last control strategy was identified as a feed-forward control system and its equivalent Ao,
control behavior was described in chapter 2 - equation (2.37), which represents a static relation
between the stack current and the desired Ap,. Nevertheless, the real implementation is a static
non-linear relation (or look-up table interpolation) between the measured stack current and the air
pump voltage control applied as expressed in (2.23). Following the control structure given in figure
4-1, and using the compressor dynamics identified in (2.22) and the Ao, equations (2.6)-(2.9), the

closed loop oxygen excess ratio dynamics can be simplified as:

o WOg,ca,in o KWoz,Ca ch
WOg,Teac KWO2,7‘eaC ISt

Gem(s) - (0.99873 - I + 46.015) — 45
o I t ) = Koy - [Gem(5) - F1(Lst) + Fa(1s)] (4.1)
st

/\02 = KAoz : : =

}(Aoz'

where Ky, ., corresponds to the humidity, temperature and pressure conditions in a specific oper-
ating point, Kw,, ... represents the oxygen molar mass and Faraday constant ratio and K, the
ratio between the two constants. Fy(Ig) and F5(Ist) are static non-linear relations that depend on
the stack current and which define the Ao, value, and Gp,(s) is the linearized transfer function of

the compressor given in (2.22).
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From (4.1) it is deduced that the main dynamics in Ao, are imposed by the air compressor. This
implies that stack current transients cause almost instantaneous Ao, disturbances (disregarding the
cathode capacitance and electrochemical dynamics) that will be compensated according to the com-
pressor dynamics, i.e., in a step-up stack current transient the oxygen excess ratio decreases and it is
regulated by the compressor according with its time delay. In order to constraint the Ao, deviations
from the desired value in short and high current transitions, the stack current dynamics must be
constrained to a slew-rate that can be followed by the compressor. By simulating the fuel cell model
and the step responses of equation (4.1), a balance between Ao, deviations and the PEMFC power
system dynamic response (lower current slew-rate implies lower dynamic response) was obtained,
where the stack current slew-rate is limited to a maximum of 10 A/s with an instantaneous +1.2

Ao, variation as result of the compressor manufacturer compensation system delay.

The main objective of the PEMFC power system proposed in this chapter is the efficient supply
of the power requested by the load. Therefore, the load dynamics restriction can also be expressed
as the maximum fuel cell power slew-rate, which depends on the stack voltage, load current and
DC-DC converter efficiency. When the stack current is highest (that is to say, when the stack voltage
is the lowest experimentally recommended of 26 V), the average fuel cell power slew-rate is 280 W /s,
but due to mechanical non-linearities and other effects that are not discussed here, in this study
is proposed a recommended maximum fuel cell slew-rate of 250 W /s. In the sections below in this
chapter the effect of this power slew-rate is analyzed by modifying its value by 420 % depending on
the robustness of the controller implemented, using a higher value for robust controllers and a lower
value for common linear strategies. This approach is used because robust controllers can compensate

quickly and safe for the oxygen excess ratio by allowing a higher bandwidth.

The main design constrains and objectives of the proposed PEMFC power system are:

e To avoid the oxygen starvation phenomenon, which means restricting the fuel cell power slew-

rate.

e To provide the load with a regulated DC bus, the regulation parameters of which are defined

according to the load considerations.

e To minimize hydrogen consumption in order to increase autonomy and reduce operating cost.

The sections below analyze the power electronics structure, the design of the DC-DC converter

interface and the control strategies used to accomplish the above constrains and objectives.
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Figure 4-2: Fuel cell-ASD hybrid topologies.

4.3 Mathematical Analysis of Hybrid Topologies Efficiency
for Fuel Cell Power Systems Design

The fuel cell bandwidth constraint imposed to avoid oxygen starvation limits the load transient
frequencies that can be supplied by the fuel cell-based power system. In this way, the use of Auxil-
iary Storage Devices (ASD) to supply the high frequency transients is a common technique, where

capacitor banks, supercapacitors and batteries are the most typical ASD used.

In the literature different fuel cell-ASD hybrid topologies are reported [99] [100] [101] [102] [103].
The most used fuel cell-ASD hybrid topologies are the parallel and serial [76]. The parallel topology,
shown in the top of figure 4-2, uses an unidirectional DC/DC converter to isolate the fuel cell from
the load DC bus, and a bidirectional DC/DC converter that exchanges energy between the ASD
and the load DC bus. The serial topology shown in the bottom of figure 4-2 uses an unidirectional
DC/DC converter to isolate the fuel cell from the ASD bus, and a bidirectional DC/DC converter to
exchange energy with the load DC bus. These topologies support regenerative brake-like operations,
and therefore their topology efficiencies are higher than those obtained in applications where the
load is only a passive one-port.

In the same way, the use of batteries to support fuel cell energy generation systems is widely
accepted due to the advantages in DC bus voltage regulation and overload capability [104] [105].
Also, the use of batteries allows cold start without the pre-charge step, which could be required

depending on the storage capacity in supercapacitor-based systems [106] [107].
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The topologies used in the reported fuel cell-ASD hybrid applications [99]-[107] have been selected
taking into account different criteria such as common use, simplicity in the DC/DC converters con-
trol design, application restrictions, etc. However, the majority of the references have not considered
the topology efficiency as the main design criteria. Therefore, it is not clear which topology must be
selected in order to obtain the highest efficiency in the paths for the power that flows through the
power electronics system that interfaces the fuel cell, the ASD and the load. High topology efficiency
implies a lower electrical power required from the fuel cell in order to supply the load and regulate
the ASD state-of-charge (SOC), and according to equation (2.7), lower hydrogen consumption gen-
erating lower operating cost and an increase in the autonomy. This topologies efficiency evaluation
has been addressed by Moore et al. [108] for hydrogen fuel cell vehicles, considering a battery like
ASD. Moore used simulation-based results in order to analyze the efficiency of different topologies,
but his results depend on the particular load profiles considered for the simulations, and therefore

are not easily extendible to other load profiles and applications.

In order to compare the efficiencies of the parallel and serial topologies, the same conditions in
terms of DC/DC converters efficiency have been considered, this with the objective of obtaining
conclusions depending on the load profile characteristics. In this way, a generic consumption power
profile Pr, is considered, and the conditions where one topology is more efficient than the other are
determined. Following the nomenclature of figure 4-2, it is assumed the same efficiency n; for the
DC/DC converters that interact with the fuel cell in the serial and parallel topologies, efficiencies
2 for the bidirectional DC/DC converters in the ASD charge direction (parallel) and load-to-ASD
direction (serial). Finally, efficiencies 73 for the discharge direction of the bidirectional converters

are considered.

The efficiency of a topology is calculated depending on the power extracted from the fuel cell
(Prcp for the parallel and Py, for the serial) and on the net power consumed by the load (Pp) in the
requested profile, which is the difference between the powers consumed and regenerated by the load.

The efficiencies of the parallel and serial topologies are calculated in (4.2) and (4.3), respectively,

(1—-Fkg)- Pr
np (4.2)
PfCP
(1—-Fkgr)- Pr
ns = (4.3)
Psz

where kpr, denominated regenerative ratio, is the ratio between the power flows consumed P; and

returned Pr by the load. Pr can be expressed as in (4.4).

Pr=kp-Pr (4.4)
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Table 4.1: Nomenclature for the mathematical analysis of hybrid topologies efficiency.

Abbreviations:

FC Fuel cell

ASD Auxiliary storage device

SOC State of charge

Variables:

I Fuel cell stack current

Ao, Oxygen excess ratio

N1, N2, 73 Switching DC/DC converters efficiency

Pr, Load consumption power profile

Pr Load regenerative power profile

Prenr, FC power delivered directly to the load (parallel top.)
Pesr FC power delivered directly to the load (serial top.)
Prenp FC power delivered to the ASD (parallel top.)

PresB FC power delivered to the ASD (serial top.)

Ppp ASD power delivered directly to the load (parallel top.)
Ppg ASD power delivered directly to the load (serial top.)
kr Regenerative ratio

Pgpo, ASD power profile for equal topologies efficiency
Ppo, ASD power profile for generic load profile

kp Relative equalization power factor

Ky Relative ASD power factor

np Parallel topology efficiency

ns Serial topology efliciency

[z Efficiency ratio

Physical intervals:
(Interesting ranges)

M, 12, 13, 1P, NS (0,1)
kg 0,1)
1
kg [O s ]P
ks [O ’ WS'PI};OO]
fa [0, 00)
Constants:
F Faraday constant
Mo, Oxygen molar mass
Mn, Nitrogen molar mass

Additional subindex:
num Numerical calculation result
sim Numerical simulation result

The efficiency comparison is based on the fuel cell power required to supply the same load power
profile and to regulate the SOC of the ASD. Also, in this analysis it is considered a regenerative
power flow from the load (0 < kg < 1). The topologies have three main operating modes: In the
fist mode the load is supplied by the fuel cell and the ASD, this represented by equation (4.5) for

the parallel topology and (4.6) for the serial one, where Py, represents the power required from
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the fuel cell in the parallel topology and Py..r in the serial topology. Similarly, Pgp is the power
required to the ASD in the parallel topology and Pgg in the serial.

Pr=m-Psepr +13- Ppp (4.5)

Pr=n3(m - Presr + Pps) (4.6)

The second operating mode corresponds to the charge of the ASD (SOC regulation) by the fuel
cell, this modeled by equations (4.7) and (4.8), where Pj.,p represents the power extracted from

the fuel cell in the parallel topology and Py.;p in the serial topology:

Pppyfe=m 12 Prepn (4.7)

Pps fc =m - PresB (4.8)

In the third mode, the ASD is charged using the power feed-back from the load Pr. The Pg
power flow is affected by the DC/DC convert efficiency 72, and the effective power flows that charge
the ASD in both parallel and serial topologies are given in (4.9).

Pppr=Ppsr="mn2Pr (4.9)

These regenerative brake-like power flows (4.9) can be analyzed in terms of common feed-back
power in both topologies that affects the power demanded from the fuel cell in order to restore the

SOC of the ASD:

Pgp =mn2(m - Prepp +kr - Pr) (4.10)

Pps =m - Piesp+n2-kr - PL (4.11)

From equations (4.5)-(4.11) the power requested to the fuel cell in both topologies can be calcu-
lated as: Pgep = Pfepr, + Prepp in (4.12) for the parallel topology, and Pres = Pfegr, + Pregp in
(4.13) for the serial one.

2 (1 —kg) P+ (1 —n2-n3) Peo
-2

Pjog = ——2 2 Ep (4.13)

Pjep = (4.12)

In (4.12), Pgo represents the power required from the ASD to supply the load. Also, it is re-
markable that the power required to the fuel cell in the serial topology (4.13) does not depend on
the amount of power exchanged with the ASD.
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In order to compare the efficiency of both topologies, the first step is to find the conditions where
the power requested from the fuel cell in both topologies is the same, and therefore their efficiencies
are equal. From (4.12)-(4.13) it is concluded that, by assuming the same converters efficiency, the
same load consumption power profile and regenerative ratio, the condition for having the same

efficiencies depends on the power extracted from the ASD:

Prep = Pfes (4.14)
1— 1— )k
Pro, = n2 (L —m3)+ns(1—mn2) Rp, (4.15)
3 L—m2-m3
ko= L0 2 Uom il omlbn g oy <y, (416)

Pr, 73 T—m2-m3

where the minimum and maximum values of kp are calculated from the function analysis in different

79 and 73 conditions. This aspect is discussed below.

In (4.14)-(4.16) it is calculated the power Ppo, exchanged with the ASD that makes the power
requested to the fuel cell in both topologies (Pf.p and Pj.g) and the topologies efficiencies equal.
kp correlates Ppo, with the load consumption power.

The next step is to analyze the behavior of both topologies efficiency far from Ppo,, and this is
done by considering a generic ASD power profile Pgg,, defined in (4.17), where k, correlates the
generic ASD power profile with the Ppo, power that makes equal both serial and parallel topologies

efficiency.

P
PBOm = klﬂ : PBOO ) 0 S kw S 71/ (417)
13 - Ppo,

In order to compare the efficiencies, an efficiency ratio f, is proposed in (4.18)-(4.19).

fo= s _ Drer (4.18)

np  Ppes
03 + ke (1= m3)] = [1 — ke (1 —m2)]n3 - kR

fo = 1—mn2-n3-kgr

, f220 (4.19)

The conditions where each topology is more convenient can be obtained from equations (4.16)
and (4.19). kp gives information about the fraction of load power extracted from the ASD that
makes the topologies efficiency equal. A mathematical analysis of this parameter gives valuable
information about its behavior. First, the influence of changes on 7 is investigated, where the limit

values of 7y are used to evaluate the range of variation of kp in function of 7,:

lim+ kg =0

—0

" 1 (4.20)
lim kp = —

n2—1- 3
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Also, examining the partial derivative of kg with respect to 12 (4.21), and taking into account the
physical restrictions of the efficiencies and regenerative ratio ({0 < n; < 1,7 =1,2,3}, 0 < kg < 1),
it is concluded that kp and its partial derivative with respect to 7 are continuous. But due to the
structure of (4.21) it is difficult to determine its behavior, and therefore it is proposed to examine

this partial derivative in the 7o limits and also investigate the second partial derivative with respect

to 72 (4.22).
Okp _1—m3(L—kr)—m2-n3(2—m2-n3)kr (4.21)
o2 ns (1= - m3)?
k 1- 1-k
lim Okp _ 3 ( R) >0
PO 1w
lim BB IR (4.22)

n2—1= \ O 3 (1 —m3)
*kp  2(1—kg)(1—n3)

= >0
o3 (1 =12 -1m3)°

Due to the continuity of kg in 73, and since the second partial derivative and limit values in
(4.22) are positive, it can be concluded that kp partial derivative with respect to o is also positive,
and taking into account the positive kp limit values, it is concluded that increments in 7y cause

increments in kp and vice versa, which is expressed in (4.23).

Ay >0= Ak >0
N2+ Ay = kg + Akp Ay < 0= Akp <0 (4.23)

In a similar analysis the behavior of kg with respect to 13 is investigated in (4.24)-(4.26).

lirré+ kp — +00
”] —
Yim kg = - kn } (4.24)
nz—1-
Ok ma-[1—mp-m3 (1= m2)kr — 1273 (2 —m3)] (4.25)
Ons n3 (112 -n3)?
ok
lin%+ 8—B — —00 <0
— N3 4.26)
ok 1—ny-k (4.
lim B = —7727772 R <0

ns—1- \ On3 1—mo

The structure of (4.25) is also difficult to be analyzed, but its limits are negative (4.26) and also
it is continuous in the range of interest of 73 (0 < 73 < 1). In order to investigate if kg /0ns exhibits

a sign change, the solutions 73(g1,52) of 0kp/dn3 = 0 given in (4.27) were calculated.

n2 £ /—n2(1 —n2)(1 — kg)
(1412 -kr — kg)

73(51,52) = (4.27)

The physical restrictions of 7o and kg (0 < 172 < 1, 0 < kg < 1) guarantee that does not exist
a real 73 value having a physical meaning for dkg/dns = 0. From this dkg/0ns # 0 condition,
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the continuity of dkp/0ns in 03, and the negative limit values given in (4.26), it is concluded that
8]{33/8773 < 0.

The above mathematical relations indicate that increments in 73 cause decrements in kg and

vice versa, which is expressed in (4.28).

Ans > 0= Akp <0
s+ Ay = ke + Ak ¢ Aps < 0= Akp >0 (4.28)

Finally, a similar analysis of kp is performed on kg in (4.29)-(4.30), which is an interesting

variable since it represents the fraction of power feed-back from the load.

1 _
lim k= —20m)
kr—0+ n3 (1 —m2 - n3) (4.29)
lim kp=-—=>0
]i}R—>17 773
ok 1-
L. <0 (4.30)

Okr _7721—772-773

The influence of kg on kp is summarized in (4.31), where increments in kr cause increments in

kg and vice versa.

Akr > 0= Ak >0
kr + Akr = kg + Akp Akp < 0= Akpg <0 (4.31)

The mathematical relations presented in (4.23), (4.28) and (4.31) describe the behavior of kp.
This is graphically illustrated in figure 4-3, where kp profiles for different {n2,7ns,kr} conditions
are depicted. In the figure it is observed that increments in 773 reduce the kg value and therefore
the ASD power that generates equal topologies efficiency is reduced. This same effect is caused by
decrements in 73 and by decrements in the regenerative ratio kr. The figure also presents the kp

profiles under the usual design condition {72 = n3}. Finally, the physical limit kg = 1/73 is plotted.

The next analyses required are related to the efficiency ratio f,, which gives the final information

about the comparison of the topologies efficiency. The first evaluation is made on variations of kg:

lim fp = (1 —=n3) kx + 13 >0
kg0t (4.32)
lim f, =k, >0
kr—1—
Ofs 1—ky
fo —n3 (1 —n2-m3) (4.33)
kg

(1—n2 13- kg)®

Due to the range of k,, which can be grater or lower than 1 (0 < k, < Pr/(ns - Ppo,)), the
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Figure 4-3: kp functional analysis.

behavior of the efficiency ratio is described by (4.34).

k. <1 = O/a <0
ak (4.34)
ky >1 a
> = Ok >0

From (4.32)-(4.34) it is concluded that f, is continuous in the range of interest of kr. Also, for
any kg, this analysis indicates that f, is a monotonic function, and the limits calculated in (4.32)

constrain the range of f,, according to (4.35).

ke <12 k< fo<(-m)hatm = fo<1
ke >1 = (L—mp) ket < fu<he = fo>1 }’V{OS’“R“} (4.35)

The conditions presented in (4.35) describe the behavior of the topologies efficiency, and using the
definition of efficiency ratio f, given in (4.18), the efficiency comparison of both serial and parallel

topologies can be summarized as:

ke <1=np >ng
b1 e < e },V{ogkR<1} (4.36)

The results presented in (4.36) can be corroborated by analyzing the first and second partial
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derivatives of f, with respect to k;, and also calculating the f, limit values in k; — 0" and k, — 1

conditions:

Ofs _ (L—m3) —ms (1 —m2) kr

= 4.37
Ok, L—mn2-m3-kr (4.37)
0% f.
= 4-
el (4.38)
lim f, = i:>0<limf<l p)
k-0t " BT n2-n3 - kr k0t " I >0 (4.39)
khrnl fz=1 Ok

Equations (4.37)-(4.39) demonstrate that f, is monotonically increasing on k, with a linear be-
havior, and since fy(1) = 1, it is also valid the analysis presented in (4.35) and therefore the same

conclusion given in (4.36) is obtained.

Finally, the direct effect of 12 and 13 over f, can be analyzed in a similar way through partial
derivatives of f, with respect of each variable, but it is more informative to analyze the relative
effect of n2 and n3 over (0f,/0k,), this because it illustrates the behavior of f, in a defined load

profile condition under variations of the converters efficiencies:

2 _
Of ____17kr (4.40)
Ok 0ns (1 —=m2-m3-kr)
0% f, 9 1—kp
— 2.k <0 4.41
Ok 0N s R(l — -3 -kr)® ~ A

In the common design condition of {ny = 73} it is also interesting to analyze the effect of the
efficiencies deviation, and with this objective a new efficiencies deviation variable An that models

the deviation of 7y from 73 is defined:
An=mn9—1n3 (4.42)

The partial derivative of (0f,/0k,) with respect of An is given in (4.43).

0*fa 9 1—kr
= =-N3-k <0 4.43
R T N )

This analysis allows to investigate the efficiency relation in the {n, 13} regions where kg > 1/7s.
From (4.16) it is deduced that kg > 0, and due to the continuity of f, in the range of interest of ky,
the relations given in (4.36), (4.39) and (4.43) imply that, in kg > 1/n3 conditions, k, < 1 because
Pposx < Pr/ns, which is expressed in (4.44).

kp>1/n3= fo <1l=mnp>ns (4.44)
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From the analyses performed in (4.40), (4.41), (4.43) and (4.44) it is concluded that increments in
72 and 13 cause decrements in the variations of f, with respect to variations on k,. Also, positives
unbalances of 72 over n3 cause decrements in the variations of f,, and negative unbalances cause
increments in that derivative.

Finally, the analyses performed on f, are illustrated in figure 4-4, where practical kr and k,
ranges are evaluated for different 7, and 73 relations. It is confirmed that 7; does not have influence
in the efficiency ratio, and also that kg does not change the topology selection suggested by k,, this
because kr does not generate transitions across the plane f, = 1. The numerical calculations also
demonstrate that ns has a strong influence in the efficiency ratio, which physically indicates that

higher values of 13 generates lower efficiency discrepancies between the serial and parallel topologies.

fx:ns/rlP
fx:rlslrlF'

’ N> N3 N3 <Nz Rt
2
05 1 15
0 o0 05
ke=Pg /P, k,: Py, fraction

ko =PL /P k,: Py, fraction

(a) fu functional analysis, n2 < n3. (b) fz functional analysis, 72 > 73.

ke =P /P k,: Py, fraction

(¢) fz functional analysis, 72 = n3.

Figure 4-4: f, functional analysis in different 72 and 73 relation.
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4.3.1 General considerations and selection criteria

The analytical results presented in (4.23), (4.28), (4.31) give information about kp, and the results
presented in (4.36), (4.40), (4.41), (4.43) and (4.44) about f,. The kp analysis describe the conditions
where parallel and serial topologies have the same efficiency, and also defines the limit from which
one topology is more efficient than the other. In the same way, the results on f, describe which
topology has the higher efficiency depending on the load power fraction extracted from the ASD.

The mathematical relations (4.23) and (4.28) indicate that variations in the DC/DC converters
efficiencies modify the ASD limit power from which one topology is more efficient than the other.
The reduction of the 7, efficiency causes a lower limit value, and according to the definition of k,
(4.17) and the analysis of the efficiency ratio presented in (4.36), this implies that the region where
the serial topology is more efficient grows. This same behavior is obtained when the 73 efficiency
is incremented, and also a n3 > 19 condition has the same effect. This is important because the
DC/DC converters efficiencies are not constant with respect to the output power, and considering
the limit cases is an effective technique to estimate which is better topology for a given application.

The results presented in (4.31) analyze the effect of the amount of power feed-back from the
load on the behavior of the power limit factor kg, from which it can be concluded that higher
feed-back power (regenerative ratio) reduces the region where the serial topology is more efficient.
This behavior was expected because high feed-back power implies lower fuel cell-ASD power flow.
In this condition the parallel topology is more efficient due to the presence of only one converter
in the fuel cell-load path instead of the two converters present in the serial topology for the same
power flow (fuel cell-load). The power limit factor kp can be estimated by using the nominal values
of the efficiencies and regenerative ratio in equation (4.16).

The results of the efficiency ratio analysis presented in (4.36) imply that for ASD output power
Ppo, higher than the power limit Ppo, = kp - Pr, (kx = Ppo,/Ppo, > 1), the serial topology is
more efficient, and for lower ASD output power (k, < 1) than the same limit, the parallel topology
is more efficient. Also, the analytical results presented in (4.40), (4.41) and (4.43) indicate that
increments in 73 generate a reduction in the difference of consumption and efficiency between both
topologies, and the same effect is caused by increments in 7. Moreover, the results obtained in
(4.44) indicate that in regions where kg > 1/n3, the parallel topology has higher efficiency (lower
fuel cell power request). A numerical approximation to the efficiency ratio can be calculated by using

the rated power efficiency of the converters and operating point regenerative ratio in equation (4.19).

In summary, for load profiles that request an ASD power profile higher than an specific limit
defined by the load profile, the serial topology is more efficient than the parallel. For other cases,
the parallel topology exhibits a better performance in power requested from the fuel cell, and there-

fore its efficiency is higher. The results of the analyses presented provide mathematical expressions
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that can be used to estimate the most efficient topology for a defined load profile through simple

calculations.

4.3.2 Numerical Examples

Jiang et al. [109] [110] consider a load profile that periodically draws pulse current to test its adaptive
control strategy for active power sharing in hybrid fuel cell-battery power sources. The same type
of load profile was considered by Gao et al. [111], this work being focused in the supply of pulse
demands. Bonnet et al. [112] present a power profile generated by a driving cycle representative of
a real railway service as a pulsating demand, and Lam et al. [113] propose pulsating load changes
to simulate medium-hybrid vehicle power profiles. To illustrate the methodology and give efficiency
comparison, in this example a pulsating load demand with consumption and regeneration intervals
has been considered. This periodic load profile is presented in figure 4-5, where the profile is specified
by its amplitude A (W), regenerative power RS (W), period T (s) and duty cycle D (%). Another

important characteristic is the DC component DC' (W).

P
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I
I
|
|
|
A A
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RSV‘,,,, v t
<p>
A

Figure 4-5: Load power profile for numerical examples.

In this analysis the characteristics of the 1.2 kW Nexa power module from Ballard has been
considered; according to the model proposed in section 2, it has an air compressor that allows a
dynamic response in 150 ms for 1 A perturbations in the stack current. Also, the limitation of the
fuel cell power slew-rate has also been considered in order to provide more realistic results. A slow
air compressor dynamics can cause oxygen starvation, which can be generally avoided by limiting
the slew-rate, as was discussed previously in section 4.2 [114] [115].

The power slew-rate limitation causes a high-frequency filtering in the power requested to the
fuel cell, being those high-frequency transients supplied by the ASD. According to the experimental
results reported in [114] and the analysis performed in section 4.2, it has been considered a maximum

fuel cell power slew-rate of 300 W/s (250 W/s + 20 %), which causes that the fuel cell provides
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mainly the DC component of the pulsating load profile, and therefore the AC components are ex-

changed with the ASD.

The energy consumed in one period by the load profile is given by (4.45), and the energy feed-
back from the load in the regenerative stage is given by (4.46). The DC and AC components of the

load profile are given in (4.47) and (4.48), respectively. Also, the regenerative ratio can be calculated

as in (4.49).
B, = (A= RS)(Ts- D) [J] (4.45)
By, = (RS)(T,(1— D)) |J] (4.46)
Pr,.=A-D-RS [W] (4.47)
Po,.=A-D-(1-D) [W] (4.48)
kR = (ELpey) [ (ELeon) (4.49)

Example 1: Load profile with high DC power component

The load profile considered in this first example is specified by the following parameters: A = 1
kW, RS =300 W, Ts = 1 s and D = 80 %. Also, the efficiencies of the DC/DC converters are
m = n2 = n3 = 0.93 = 1o,pum- In one period, the energies consumed and returned by the load
can be calculated using (4.45) to Er_,, = 560 J and (4.46) to Efr,., = 60 J, respectively. The
regenerative ratio (4.49) in this example is kp = 0.1, and the load consumption profile DC (4.47)
and AC (4.48) components are equal to Pr,., = 500 W and Pr, . = 160 W, respectively.

o 1 + 70, num * kRnum

kB =
1+ 70,num

(4.50)

The numerical value of kg can be calculated from (4.16), but taking into account the equal
DC/DC converters efficiency considered in this example, it can be simplified to (4.50). Form this

equation it is calculated that kp = 0.57 and, from the kp definition (4.16), the power exchanged

with the ASD that makes equal the efficiencies of both serial and parallel topologies is Ppo, =
319.2 W. Considering that the AC load profile component is exchanged with the ASD, and taking
into account the efficiency of the DC/DC converters, it can be obtained Ppo, num = PrLac/M0,num =
172 W. This power is extracted from the ASD in order to supply the high frequency components
of the load consumption profile, and it is restored to the ASD by using the fuel cell and feed-back

powers in the same period.

From the k, definition (4.17) it is calculated its numerical value to kg pyum = 0.54 and, using the
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analytical results presented in (4.36), it is concluded that, for this particular load profile, the parallel
topology is more efficient than the serial one, and therefore requests less power power from the fuel
cell, minimizing in this way the hydrogen consumption. Moreover, using equations (4.18)-(4.19), it
is possible to calculate that the efficiency ratio for this example is fg pum = 0.962, which gives the

relation between the serial and parallel topologies efficiency.

In order to validate the parallel topology selection suggested by the numerical use of the an-
alytical results, a detailed physical simulation using Matlab/Simulink has been performed. The
simulation model considers a detailed and parameterized fuel cell physical model and its control
systems (previously described in section 3.2.1 [23] [114]), the recommended fuel cell power slew-rate
limitation, the battery model, the DC/DC converters efficiencies, and the same load profile for both
topologies. Also, to regulate the SOC of the ASD, a proportional-integral-derivative (PID) controller
has been tuned using the Ziegler-Nichols tuning method, which has been widely used in fuel cell
control systems [116] [117] [118]. This controller regulates the power requested from the fuel cell in

order to achieve a SOC=50 % in each period.

Figure 4-6 shows the load, fuel cell and ASD power profile waveforms of the simulation of both
topologies. In the simulations it is observed that the fuel cell DC power profile requested in the
parallel topology is lower than the requested in the serial one, and therefore the parallel topology
efficiency is higher. In order to provide a better illustration of the topologies efficiency relation for the
load profile given in this example, the simulation of the efficiency of both topologies over a time span
of 300 s is depicted in figure 4-7(a). In this simulation it is observed an initial transient caused by the
start-up of the fuel cell (0s < ¢ <50 s), in which the fuel cell operating point is changed from 0 W to
the steady state operating power. In this initial transient, the power requested by the load is mainly
extracted from the ASD, which is also later compensated by the SOC controller. The simulation of
figure 4-7(a) shows the steady state efficiencies np, sim = 88.8 % and ng sim = 85.1 % of the parallel

and serial topologies, respectively, being the relation between them fy sim = 1s,sim/Np,sim = 0.958.

These simulation results verify the analytical-based conclusion previously obtained by the cal-
culations performed using the nominal values of the power system and load profile. Finally, the
small numerical discrepancies between the fy num and fi sim values are mainly caused by the low-
frequency AC components of the load power supplied by the fuel cell, this because the slew-rate
limitation can be approximated by its time response to a second-order low-pass filter with a 2 rad/s

cut-off frequency.
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(a) Parallel Topology, Fuel cell and Load profiles (b) Serial Topology, Fuel cell and Load profiles
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Figure 4-6: Matlab/Simulink-based simulation of example 1 (A =1 kW, RS =300 W, Ts =15, D
=80 %).

Example 2: Load profile with high AC power component

In this second example it has been considered a similar load profile than in the previous subsection,
but in this case the load profile parameters are A = 1 kW, RS = 100 W, T5x, = 1 s, and D = 20
%. The same efficiencies 71 = 12 = 13 = 0.93 = 19 num have also been considered. Following the
same procedure presented in example 1, in one period the energies consumed and feed-back by the
load can be calculated to Fyr,,, =180 J and Fyr, ., = 80 J, respectively. The regenerative ratio in
this example is kg = 0.44, and the load consumption profile DC and AC components are equal to

Pr,. =100 W and Pr,. = 160 W, respectively. Using (4.50) it is calculated kp = 0.73, and

from kp definition (4.16), the power exchanged with the ASD that makes equal the efficiencies of
both serial and parallel topologies is Ppo, = 131.4 W. Making the same consideration of example 1,
the AC load profile component is exchanged with the ASD, and taking into account the efficiency of
the DC/DC converters, it can be calculated as Pgo, num = PrLac/M0,num = 172 W. This power is
extracted from the ASD in the consumption stage of the load profile and restored in the regenerative
stage.

Using the k, definition (4.17) ky pum = 1.31 and, from the analytical results given in (4.36), it

is concluded that the serial topology is more efficient that the parallel one for this new load profile.

Also, the numerical value of the efficiencies relation fy num = 1.049 is calculated using (4.18)-(4.19).
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(c) Topologies efficiency and regenerative ratio in {A = 1 kW,
RS = 100 W, Ts = 1 s}.

Figure 4-7: Numerical simulation of the serial and parallel hybrid topologies efficiency for pulsating
load demands.

A Matlab/Simulink time-based simulation of the efficiency of both topologies, depicted in fig-
ure 4-7(b), has been performed considering the new load profile. In this simulation it is again
observed an initial transient caused by the start-up of the fuel cell. The steady state efficiencies
are np sim = 74.65 % and ng gim = 78.1 % for the parallel and serial topologies, respectively, being
the relation between them [y sim = 18, sim /1P, sim = 1.046. Again, the simulation results verify the
analytical-based conclusion derived from the calculations performed using the nominal values of the

power system and the load profile.

In order to provide a more general validation, additional numerical simulations of the steady-
state topologies and regenerative ratio have been performed using a Matlab/Simulink model. Those

simulations consider DC/DC converters efficiency of 71 = 12 = 13 = 0.93 = 19.num, and a load
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profile parameters A = 1 kW, RS = 100 W, and Ts = 1 s. The duty cycle of the load profile has
been sequentially modified from 20 % to 100 % in steps of 10 % to cover a wide range of {DC, AC}
power profile and regenerative ratio conditions. The simulation results are depicted in figure 4-7(c),
where it is observed that for pulsating load profiles with D < 52.53 % (high AC component) the
serial topology provides a higher efficiency, and with D > 52.53 % (high DC component) conditions
the parallel topology efficiency is higher. In the figure it is also showed the regenerative ratio for the
different duty cycles, which for the load profile considered in this example, can be calculated from

equations (4.45), (4.46) and (4.49) as:

RS 1-D
kp=—— —— 4.51
R=™A—RS D (4-51)
1—kgr)-P
lim ng = ( r) - Pr =0T
kr—1- Pres pp=1 (4.52)
(1 - kR) : PL + '
lim np = =0
kr—1~ Psep kr=1

It is observed that the regenerative ratio grows meanwhile the duty cycle decrease, and therefore
the net power consumed by the load {(1 — kr) - P} also decrease, reducing in this way the power
extracted from the fuel cell. This is an important remark because the reduction of both load and
fuel cell power profiles generates a reduction in the calculated efficiency, this because the difference
between the fuel cell and load powers is more representative with respect to the load net power. In
the limit case when the regenerative ratio is near to one, the efficiency of the topologies drops near
to zero (4.52) because the net power consumed by the load is near to zero, but the fuel cell still
provides a small amount of power in order to compensate the DC/DC converter losses and restore
the SOC. But this low efficiency condition at high regenerative ratios does not imply a higher fuel
cell power profile than the one requested by the same load consumption in lower regenerative ratio

conditions.

Finally, the simulation-based results of the proposed numerical examples verify the analytical
results, and therefore also validate the selection criteria proposed in this section, which allows to
define the most efficient hybrid topology depending on the application and load profile nominal

values.
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Figure 4-8: Novel serial-parallel hybrid topology

4.3.3 Novel Non-regenerative Hybrid Topology Analysis

In the previous section the efficiencies of the most common hybrid topologies considering feed-back
power from the load (regenerative load) were analyzed. But there are in the literature several works
and applications where non-regenerative hybrid topologies were used [101]-[107]. In this way, the
analysis previously presented indicates that the serial topology is more efficient in power profiles that
request high ASD energy exchange, and the parallel in the opposite cases. But, the selection criteria
proposed require a previous knowledge of the power profile and, moreover, if the load profile suffers
changes in its frequency components, the traditional serial or parallel topology selected will not be
the most efficient at any time. Therefore, a topology that combines the serial and parallel efficiency
advantages for any fuel cell-ASD power profile is desirable. In this way, the topology proposed in
figure 4-8 is intended to address this issue, this because it has only one unidirectional converter in
any energy flow path considered for non-regenerative applications (fuel cell to load, fuel cell to ASD,

and ASD to load).

This novel hybrid topology, named serial-parallel topology, is not considered for regenerative
applications because, in that cases, it will require more power converters than parallel and serial

options, and therefore the comparisons are not fair.

In non-regerative applications, the regenerative ratio is set to kg = 0, and the fuel cell power

requested in parallel (Py., ) and serial (Py.4) topologies are given by (4.53) and (4.54), respectively.
-P 1—n2- P
Pjep = n2-Pr+(1—mn2-m3) Ppo (4.53)
-2

Psz =

Pr,
m-n3

(4.54)

Following the methodology presented in the regenerative case for both parallel and serial topolo-

gies, and also taking into account the nomenclature of figure 4-8, the fuel cell power requested Py,
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by the generic power load profile Py, in the serial-parallel topology is given in (4.55)-(4.56), where
(4.55) gives the load power equation and the SOC regulation condition.

P =mPrespr + 03 - Ppgp
Ppep =02 - PrespB } (4.55)
n2 - P+ (m —n2-m3) Ppo
Pesp = ( ) (4.56)

m-n2

In order to compare the efficiency of the serial-parallel topology with the parallel and serial
options previously presented, two analyses have been carried out. The first comparison is performed
between the parallel and serial-parallel topologies, where the conditions for P¢., = Pgcg, derived

from (4.57) are: {m = 1} or {Ppo = 0 W}.

PfCP:PfCSP } (457)

(1 =mn2-n3) PO = (m —n2 - 13) PO

The first condition {r; = 1} is non realistic, and the second one { Pso = 0 W} assumes null ASD
energy flows. Also, from (4.53) and (4.56) it is concluded that in {Ppo > 0,0 <nm; < 1,0 <12 <1,
0 < n3 < 1} conditions Py., > Pycg,. This conclusion can be verified by the reduction of inequation
(4.58).

Prep > Pregp

n2 - Pr+ (1 —m2-n3) Ppo >772'PL+(771—772'773)PBO
=72

(4.58)
-2
{1>m, Pgo >0}

In non-regenerative applications, the efficiencies of the parallel (np), serial (ns) and serial-parallel

(nsp) topologies are given in (4.59).

Py,
=B
s = == (4.59)
Psz
Pr,
Nsp =
PfCSP

From (4.53), (4.56), (4.58) and (4.59) it is concluded that for {0 < n; < 1, Pgo > 0} conditions
the serial-parallel topology is more efficient than the parallel option. In the limit case when the load
profile is supplied by the fuel cell exclusively (Ppo = 0 W), equations (4.53) and (4.56) are equal
to {Pr/m1} and therefore the topologies have the same efficiency. In the other limit case, when the
load profile is supplied only by the ASD (Pgo = Pr/n3), the relation between the efficiencies of
the topologies is given by (4.60), and therefore the serial-parallel topology is more efficient. These
analyses are summarized in equation (4.61), which implies that in realistic conditions the serial-

parallel topology is more efficient than the parallel option, and in the extreme condition when the
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power requested by the load is exclusively supplied by the fuel cell, the topologies exhibit the same
efficiency. This means that the lower the power supplied by the ASD, the most comparable the

topologies efficiencies.

1
ise =—>1 (4.60)
NP \pso=pPL/ns
P3020:>’I75p2’l7p, v {O<7’]l‘<17 2213} (461)

A second comparison is performed between the serial and serial-parallel topologies, where the

conditions for Pty = Pfcgp are:

Py, n2 - Pr+ (m —n2-13) Ppo

- (4.62)
m - 1M3 n "2
1 _
Ppoy=2. "B p (4.63)
n3 M —"n2-N3
P 1—
kp = -2% _ 12 B 0<kp <1/ (4.64)

Pr, 73 T — 1213

The same k, = (Pgo,/Ppo,) definition introduced in the previous section has been used to
correlate the generic power profile exchanged with the ASD (Ppp,) with the equal efficiency limit
power (Ppo,). Also, the efficiency ratio f, s_sp between the serial and serial-parallel topologies is
given in (4.65). Following the continuity and functional analyses presented in the regenerative case,

the efficiency relation (4.66) is obtained.

fe,5—sp = s (1 —m3)ks + 13 (4.65)
nsp

ky <1 = frs—sp<1 = WSSWSP}

ke >1 = fos—sp>1 = ns>nsp (4.66)

The efficiency comparison between the serial and serial-parallel topologies can be concluded from
(4.64) and (4.66). But in order to perform a fair comparison, the efficiencies of the converters that
charge the ASD from the fuel cell must be equal in both topologies, and therefore the condition
1 = 12 is considered. This implies that f, s_sp can be simplified to expression (4.67), which

depends on the load (Pr) and ASD (Ppo, ) power profiles.

P P,
fe,5—s5pP = 5 _ n3 |14 (1 —n3) BOI] <1, V{O < Ppo, < —L} (4.67)
nsp Pr, 73

In the limit case when the load power is supplied only by the fuel cell (Pgo, = 0 W) the
efficiency ratio {fs; s—sp = n3 < 1}, where 13 corresponds to the additional losses between the

topologies for this power flow. Also, in the other limit (and non-practical) case, when the load
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power is exclusively extracted from the ASD (Pgpo, = PL/n3), the efficiency ratio is unitary and,
therefore, the topologies have the same efficiency. These mathematical analyses are summarized in
equation (4.68), which implies that in realistic conditions the serial-parallel topology is more efficient
than the serial option, and in the extreme case when the load power is exclusively supplied by the
ASD, the topologies exhibit the same efficiency. This means that the higher the power supplied by
the ASD, the most comparable the topologies efficiencies.

P,
0 < Ppo, < —= = nsp > 1ls '
P , Y{0<m<1,i=1.3} (4.68)
Ppo, = P = Nsp =15

Numerical Examples

In order to validate the higher efficiency of the proposed serial-parallel topology demonstrated by the
analytical results, three numerical examples considering power profiles with different characteristics
have been performed. The first profile considers a high AC component represented by a pulsating
load power profile (Pr1) with parameters A = 500 W, RS =0 W, T, = 1 s, and D = 35 %, and
the efficiencies of the considered DC/DC converters are 71 = 12 = 13 = 0.93 = 70, pum. Following
the methodology for numerical examples presented in subsection 4.3.2, the DC and AC component
of the power profile in one period are Pr,. = 175 W and Pr,. = 113.75 W, respectively. The
regenerative ratio is set to kg, ,,, = 0, and using equation (4.50) kp, . = 0.518 is obtained, which

allows to calculate Ppo, = 90.60 W and Ppo, = 122.31 W.

From the k, definition (4.17) its numerical value is kg num = 1.35, and from the analytical
results given in (4.36) it is concluded that, for this non-regenerative load profile, the serial topology
is more efficient than the parallel one. Also, from the analyses summarized in (4.61) and (4.68) it is
concluded that the serial-parallel topology is more efficient than both serial and parallel traditional

topologies.

By using a Matlab/Simulink-based simulation of the three topologies, the efficiency of each
topology for the same load profile has been obtained. The simulation results are depicted in figure
4-9(a), where the steady states efficiencies of the parallel, serial and serial-parallel topologies are
np = 84.4 %, ns = 86.5 %, and nsp = 83.7 %, respectively. These simulation results verify both the
analytical results and the higher efficiency of the serial-parallel topology in this high AC-dominant

power component load profile.
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Figure 4-9: Numerical simulation of the serial, parallel and serial-parallel hybrid topologies efficiency

for non-regenerative pulsating load demands.

A second numerical example is presented considering a load power profile Pro with the same

parameters than Pr; but with a different duty cycle D = 50 %. In this example, the DC and

AC components of the load power profile in one period are Pr,. = 250 W and Pr,, = 125 W,

respectively. The regenerative ratio is set to kg,,,, = 0, and it is calculated that kp,,,, = 0.518,

Ppo, = 129.5 W, Pgo, = 134.4 W, and kg num = 1.03. Finally, from (4.36) it is concluded that,
for this Pro load profile, the difference in the serial and parallel topologies efficiencies is very small,
this because k, is near to 1, but the serial topology efficiency still slightly higher. Again, from the
analyses given in (4.61) and (4.68), it is concluded that the serial-parallel topology is more efficient
than both serial and parallel topologies.

The analytical-based results have been validated using a Matlab/Simulink-based simulation of
the three topologies for this Pry (D = 50 %) load profile. The simulation results are depicted in

figure 4-9(b), where the steady state efficiencies of the parallel, serial and serial-parallel topologies
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are np = 86.3 %, ns = 86.5 %, and ngp = 89.6 %, respectively. These simulation results verify the
analytical results, and also confirm the improved efficiency of the serial-parallel topology for this load
profile. In addition, the duty cycle that makes both serial and parallel topologies efficiency equal
(ky = 1) is D = 51.81 %, in which the serial and parallel topologies efficiency are ns = np = 86.5
%, instead the serial-parallel topology efficiency is ngp = 89.7 % for this duty cycle.

The third numerical example considers a load power profile Pp3 with a duty cycle D = 65 %. In
this new condition the load power profile DC and AC components, in one period, are Pr,,. = 325
W and Pr,. = 113.75 W, respectively. The regenerative ratio is set to kg,,, = 0, and also
kB, .., = 0.518, Ppo, = 168.35 W, and Ppo, = 122.3 W are calculated. Since k; num = 0.73, it is
concluded that the parallel topology is more efficient than the serial option for this Pr3 load profile.
Finally, the analytical results given in (4.61) and (4.68), indicate that the serial-parallel topology is

more efficient than both serial and parallel topologies.

The Matlab/Simulink-based simulation of the three topologies for this Pr3 load profile are plotted
in figure 4-9(c), where the steady state efficiencies of the parallel, serial and serial-parallel topologies
are np = 88.2 %, ns = 86.5 %, and ngp = 90.6 %, respectively. These results verify the analytical

conclusions, and also confirm that the serial-parallel topology is the most efficient for this load profile.

To cover a wider range of {DC, AC} conditions additional simulations have been performed, in
which the duty cycle of the load profile has been changed form 0 % to 100 % in steps of 10 %. The
simulations results are plotted in figure 4-9(d), where it is observed that in non-regenerative pulsat-
ing load profiles with D < 51.81 % (high AC component) the serial topology has higher efficiency
than the parallel one, but the novel serial-parallel topology is the most efficient. In the same way,
for D > 51.81 % (high DC component) conditions the parallel topology efficiency is higher than the

serial one, but again the serial-parallel topology efficiency is better.

In conclusion, the mathematical analysis and numerical simulations confirm that the proposed
novel serial-parallel hybrid topology has higher efficiency than the typical parallel and serial options
in non-regenerative applications, requiring lower fuel cell power to supply a load profile, and therefore
generating lower hydrogen consumption. This higher efficiency condition of the novel serial-parallel
topology is also non-depending on the load profile, making it ideal for unknown, non-predictable or
wide-frequency excursion load profiles. The main disadvantage of this new topology resides in the
DC/DC converters control design, since it requires to take into account the non-linear regulation
of the converters that interact with the fuel cell, and also the cooperative SOC and load bus reg-
ulation. Those are interesting research issues, since the literature offers analytical tools to address

those challenges [119] [120]. In this way, the fuel cell control approaches and power electronics anal-
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ysis and design presented in the next sections are restricted to the serial and parallel topologies,
since the novel serial-parallel topology requires additional analysis of implementation problems and
more complex control approaches, and therefore it is proposed for further developments and future
works. Similarly, the extension of this serial-parallel topology to consider regenerative power flows
will require more DC/DC converter than both serial and parallel options. In this case, the viability

analysis considering the higher efficiency provided but the higher cost and weight must be performed.

Finally, the flow chart for the hybrid topology selection procedure is summarized in figure 4-10.
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e N
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Serial-Parallel
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Figure 4-10: Hybrid topology selection flow chart.
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4.4 Fuel cell control

In this work, the fuel cell control is designed to regulate the oxygen excess ratio in a safe and effi-
cient state. This A\p, regulation is an important issue since this variable determines the safety of
the fuel cell and gives information about the relation of the energy produced and the air compressor
consumption to produce it. In this way, Pukrushpan et al. propose to regulate Ao, = 2 to guarantee
safety and to provide high efficiency [1] in a 75 kW fuel cell, and Arce et al. demonstrate that
the maximum constant Ao, value that can be regulated in a 1.2 kW Nexa power module without
air pump saturation is Ao, = 3.29 [27], and also that this value is near to the maximum efficiency
points, this consuming less hydrogen to supply the load. In summary, positive deviations of Ao,
from the reference value imply low efficiency and negative deviations increase the oxygen starvation

phenomenon probability.

The Ao, control strategies presented in this chapter have been designed using a linearized model
of the 1.2 kW Nexa power module, which depends on the fuel cell current I; and on the air pump
voltage control V,,, obtained in [27] and employed in (4.69). The linearization has been made around
an operating point of 15 A and 69.9 % of the maximum air pump control voltage, which is in the

middle of the linear zone of the polarization curve.

0.01218s2 + 0.01802s + 0.7242 7"

53 4 3.4552 4 7.324s + 5.745 [ Vap(s) }
I

—0.2659s — 0.001432
54 0.005318

A0, (5) = (4.69)

In the next subsections PEMFC power systems and control structures for both parallel and serial

hybrid topologies are analyzed and designed to achieve the control objectives proposed in section 4.2.

4.4.1 Parallel hybrid topology approach

The parallel topology is recommended for load power profiles with a dominant DC component, or
also when the power plant includes multiple energy sources. Figure 4-11 shows a typical scheme for
a fuel cell-based parallel hybrid topology, where the fuel cell power electronics interface consist on
an unidirectional DC/DC converter, which in this case has the main objective of restrict the fuel cell
power slew-rate. The ASD is interconnected to the bus by a bidirectional DC/DC converter, where
its main objectives are control the DC bus voltage and regulate the ASD SOC. In this application
example it is required to provide a 350 V DC bus that support transients of 30 % of the nominal
power, which in example is a typical requirement in Advanced Data Centers (ADC) and Telecom

systems [121].
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Figure 4-11: Parallel hybrid topology.

Following the Arce et al. recommendation, the Ao, reference is set to 3.29, and a digital fuel
cell controller is designed using a discretization of the Ao, control-oriented model given in (4.69).
The fuel cell controller was designed in digital domain to allow its implementation in portable and
embedded digital processing systems. The selected sampling time was Ts = 1 ms, this leading to

the follows Ao, discrete model:

1075 (1.2172% — 2.4322 + 1.215)

7o (2] ~0.26592 + 0.2659
%) T T 80.99722 + 2.9932 — 0.9966

z—1

Iu(2) (4.70)

ap(2)

From (4.70) a digital controller with a response time according with the air compressor constant
time and with a maximum over-impulse of 50 % has been designed. This controller has feed-forward
and feed-back components, where the first one has a fast response to modify the air flow in agreement
with the current demand, and the second one ensures a null steady-state error and limits the over-
impulse to avoid oxygen starvation situations (Ao, < 1). The designed controller is given in (4.71),
where e, (2) represents the Ao, deviations from the reference, and it has the same sampling time

of the model (1 ms).

z—0.9976

— (4.71)

Vap(z) = 5.033 ( exo, (z)) + 1.998 I, (2) + 39.987
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Figure 4-12: Oxygen excess ratio control (Ao, ).

Figure 4-12 shows the non-linear model behavior under the controller action, where it is observed
a satisfactory Ao, regulation (4-12(c)) in response to step-up and step-down stack current transients
(4-12(a)). These current transients have high and low frequency ranges, where the first four transients
(0s <t <100 s) are high frequency steps and the last tree ones (100 s < ¢ < 200 s) are low frequency
transitions. Simulations show that in low frequency transients the A\p, deviations are much lower
than in the high frequency range (15 % of the deviation). Similarly, in the low frequency range
the stack voltage profile is smoother (4-12(b)), which implies lower frequency disturbances in the
DC/DC converter interface (DCDCfc). Figure 4-12(d) exhibits the air compressor control signal
profile, which has high and low frequency transients in agreement with the current profile, and
where the smooth behavior is desirable because it implies less heating in the compressor allowing it
to operate in the linear zone.

The fuel cell interface DC/DC converter (DCDCfc) is a boost converter whose parameters are:
L =32mH, C =100 uF, Ry = 40 mQ, Rc = 33 mQ, switching frequency of 100 kHz, V, = 40
V (input voltage), V, = 350 V (output voltage). The control strategy of this converter implements
a digital inductor current control, which has a dynamic compensation ramp for the digital PWM
(DPWM) current control as is described in [122]. The inductor current reference corresponds to the
stack current profile, whose slew-rate restriction is dynamically calculated by dividing the selected

stack power slew-rate into the measured stack voltage. In this application the power slew-rate was

set to 200 W/s (250 W/s - 20 %) due to the simplicity of the fuel cell and DCDCfc controllers.
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(a) DCDCb circuit and control scheme.
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Figure 4-13: Bidirectional DC/DC converter DCDCb.

Bidirectional DC/DC converter control design

The bidirectional DC/DC converter (DCDCb) used to interface the ASD allows to regulate the 350
V DC bus voltage by supplying or absorbing load power. The ASD considered in this theoretical
exercise is a 220 V - 10 Ah lead-acid battery constituted by 18 cells of 12 V each one, which is
commonly used in industrial environments. The battery model used is a Thevenin model [123].
The DCDCDb converter was designed to allow voltage elevation on ASD-Load direction (boost
direction) and reduction in Load-ASD direction (buck direction). The circuital scheme is given in

figure 4-13(a), which has a boost and buck topologies sharing the inductor L allowing the design
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of conventional current control strategies. The converter operation has two stages: first, the power
deliver stage where the MOSFET M2 is inactive and MOSFET M1 is controlled by Cu to follow
the current reference in the inductor. Cu is an average current control and its current reference is
defined by a cascade supervisor controller Cm. This Cm controller generates the current reference

for Cu to follow the given ASD-to-bus current Iy..

The second operation stage is the absorption power stage, where M1 is inactive and M2 is con-
trolled by Cd and Cm, Cd is an average current control and the control behavior is equivalent to the
described in the power deliver stage, but in this case Cd follows the Ij,.; current reference to define
the bus-to-ASD current. Cm controller generates zero current reference for Cu (M1) or Cd (M2) to
disable them according to the operation stage definition previously described. Also, Cm controller
has a Proportional-Integral (PI) regulation strategy designed to achieve null steady-state error, null
maximum over-impulse, and a maximum stabilization time of 0.5 ms in response to 1 A (350 W)
load transients. These design characteristics makes the DCDCb constant time two magnitude orders

lower than the fuel cell time constant allowing the decoupling of both systems.

The DCDCb parameters are Cyqt = 100 puF, Cpys = 53.5 uF, L = 47 uH, Vg = 220V, Viys = 350
V and switching frequency of 400 kHz. The transfer function of the reference controller in Cm is
Gruda(s) = 2 (s +10%)/(s). Figure 4-13(b) depicts the regulation simulation of DCDCb, where the
input/output bus-interface current l, is controlled in the deliver (I, > 0) and absorption (l, < 0)
power stages. The control scheme exhibits a satisfactory performance in high frequency reference
transients and operation transitions as is showed in figure 4-13(b)(I), and also in low frequency ref-
erence transients and operation transitions the behavior is the expected (figure 4-13(b)(II)), which

confirms the accomplishment of the control requirements.

The Cm current reference iy.c; (4.72) is defined to compensate the power difference between
the load and fuel cell caused by its power slew-rate restriction, where Ppoqq and Ppcpcye are the

electric powers of the load and DCDCfc converter, respectively, and Vi, s the load (bus) voltage.

Z'bref = (PLoad - PDCDCfc) /%us = Z'Lou,d - iDCDCfc (472)

In this application the SOC of the battery is regulated reducing or incrementing the time taken
to make zero the battery current (in both directions), being the SOC estimated through the bat-
tery voltage, this allowing to guarantee the nominal charge/discharge cycles. This simple method
is enough given the time constant of the fuel cell and the reduced battery model used in the simu-
lations, but in real applications a more accurate SOC estimation will be required, which is not the

subject of this section.
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Figure 4-14: Dynamic system response simulation.

Simulation results

The simulation of the proposed parallel hybrid fuel cell power system is performed by using a power
load profile that exhibits transients between 25 % and 30 % of the nominal power. Figure 4-14 de-
picts the system dynamic response, where figure 4-14(a) shows the load and fuel cell power profiles.
The simulation reveals that the fuel cell produces a power in excess of 11 % over the requested by
the load to compensate the DCDCfc losses, whose efficiency was considered equal to 90 %. The bus
node currents given in figure 4-14(b) illustrate the fuel cell power slew-rate restriction, where the
DCDCb converter compensate this effect and adjust its current (supply or absorption) to maintain
the bus voltage. Figures 4-14(c) and 4-14(d) show the fuel cell polarization and control, where the
Ao, regulation is satisfactory allowing a safe operation near of an acceptable efficiency zone. Figure
4-15 presents a zoom of the simulation results in high and low frequency transients. In this way,
figure 4-15(a) shows the load and fuel cell power profiles in high frequency transients, where it can
be observed the power slew-rate restriction applied to the fuel cell by DCDCfc converter. Figure
4-15(b) shows the bus node currents in the same conditions, where the battery supply the high fre-
quency components of the load profile. Similarly, figure 4-15(c) depicts the fuel cell and load power

profiles for low frequency transients, where the power slew-rate restriction systems affects only in
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Figure 4-15: High and low frequency power transients response.

the beginning of the transient. This is corroborated by the bus node current profiles given in figure
4-15(d), where the battery supplies a small amount of current and the fuel cell provides almost all

the load current.

Finally, the fuel cell power system proposed for a regulated DC bus using batteries as ASD in
parallel hybrid topologies allows a safe operation, allowing a satisfactory oxygen excess ratio regula-
tion and a fuel cell operation in an acceptable efficiency zone, this respecting the dynamic limitations

of the fuel cell and the control objectives proposed in this chapter.

4.4.2 Serial hybrid topology approach

The serial topology presented in figure 4-16 must be used to supply load power profiles with high
frequency components (AC component dominant), or also when it is required a semi-regulated DC
bus applications where the load regulation converter is owned by the load. This is commonly in
automotive applications where the electronic loads (electronic fuel injection system, ABS break sys-

tem, radio, etc.) have each one its particular supply voltage regulator.
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Figure 4-16: Serial hybrid topology.

From the oxygen excess ratio definition it is observed that variations on the stack current are
transmitted directly to Ap,. In this section it is proposed to filter this current to provide a constrained
Ao, regulation, and therefore more safety and efficiency control results. Other important issue is the
air pump saturation and heating, since these cause non-linear behaviors and increase power losses.
The final consideration is the fuel cell power slew-rate restriction, which has been set to Sgyt. = 300
W/s (250 W/s 4+ 20 %) based on the mechanical considerations of section 4.2 and on the robust

characteristic of the Ao, QFT controller proposed in this section.

From the above considerations, the following design constraints are formulated: a) for current
transients lower than 10 A, Ao, deviations must be constrained to +1, b) the air pump must not be

saturated, ¢) the air flow must not have high-frequency oscillations to avoid excessive heating.

The control design was performed using the Ao, control-oriented model given in (4.69), and the
Ao, reference was set to 3.29 by the same reasons given in the parallel hybrid topology control design
of the previous section. The A\p, model can be rewritten as (4.73) to allow a better nomenclature
in the controller design, where V,, represents the air compressor control signal and I,; the stack
current.

A0, (8) = P1(8)Is(s) + P2(8)Vap(s)

26. .14
Pi(s) = 6.65+0

~10%s +0.53 (4.73)
~1072(1.225% + 1.80s + 72.42)

P2(s) =
() = 3 352 1 7325 1575
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Figure 4-17: Control structure.

The control structure designed in this section is presented in figure 4-17. In this structure the
power requested to the fuel cell is regulated to control the SOC of the battery, and it is also limited to
avoid damages. The current requested to the fuel cell is defined first to fulfill the power demand, and
is later filtered by F'(s) in order to suppress high-frequency components, respecting the maximum
considered power slew-rate of Sgyr.. Assuming the lower safe stack voltage condition (26 VDC), the

maximum current slew-rate corresponds to the time-domain designed filter transfer function given

in (4.74).

9

F(s)= ———— 4.74
() s24+6s+9 (4.74)
Since the requested filtered current I, can be considered as a known perturbation that must

be canceled to regulate A\p,, it is proposed to regulate the air compressor action by feed-forward
and feed-back controllers. While the feed-forward controller G2(s) provides anticipative action to
cancel the effects of the requested current changes [124], the feed-back controller G1(s) provides

tight regulation of A\p, whereas maintains robust stability.

The feed-forward transfer function G2(s), given in (4.75), was designed according to the air
compressor dynamics to obtain a phase margin of 60° and a gain margin of 10 dB, where V,, 1., (s)

is the air compressor control component provided by this controller.

Vap,1., (8) = G2(s) It (s) + 39.98 } (4.75)

G2(s) = 1.2

The feed-back controller G1(s) was designed using QFT control theory concepts, in order to

robustly satisfy the design constraints. This feed-back controller is described in the next subsection.

The SOC controller regulates the battery charge to guarantee a nominal number of charge cycles,
and it maintains the battery in the required conditions for assisting in load transients. This controller

modifies the power generated by the fuel cell in two domains: a) In non-saturation conditions, the
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controller makes a fine-tuning using the control-to-output transfer function (4.76), which gives the
relation between the change in the power requested APj..(s) and the error in the SOC egoc(s).
This controller was designed to achieve null steady-state error with low frequency response. b) In
overload situations, when the battery SOC changes excessively fast, the SOC controller keeps the

power request saturated until the SOC reaches the fine-tuning zone.

15 0.7
APfcsoc (S) =100 s esoc(s) (4.76)
S

Finally, to avoid fuel cell stress, its maximum power was limited to 1 kW. This limitation and
the current filtering generate a difference dP between the power requested and the generated that

is supplied by the battery.

Ao, QFT Control Design

Quantitative feedback theory is a robust control design method, which is based in the frequency
response of the system to control. Such frequency response is plotted against the numerical solution

of closed loop inequalities which impose stability or performance constraints [125, 126].

In this particular case the requirements of the closed-loop system are: a) reject current per-
turbations, b) avoid air pump saturation, ¢) assure robust stability. The first requirement can be
expressed as a gain constraint of the closed-loop transfer function between Ao, and the perturbation

Istl
/\02 (S)
Ist (S)

P1(s) + P2(s)G2(s)
1+ P2(s)G1(s)

= F(s) (4.77)

For an oxygen excess ratio of +1 in front of a step current perturbation of 10 A, it can be
approximated the closed loop requirement (perturbation rejection criteria) as
P1(s) + P2(s)G2(s

(5)+ PAIG2As) | _ s

1+ P2(s)G1(s) |~
01 =5, $=jw, Vw<0.1lrad/s.

(4.78)

The second requirement refers to the amplitude of the control signal V,;,, which must be limited
to avoid undesired saturations (V,, < 100) taking into account the maximum current transient
considered (10 A). The transfer function between the control signal and the maximum expected

perturbation is
G2(s) — P1(s)G1(s)
1+ P2(s)G1(s) ’

= F(s) (4.79)
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which has been constrained with the following requirement (control signal limitation criteria):

G2(s) — P1(s)G1(s)
F(S)1001 PG | =%

02 =45, §=jw, Yw>0rad/s.

(4.80)

Besides of the previous performance constraints, the system must also maintain stability and
acceptable damping properties. Such properties will be assured maintaining a minimum phase
margin of 60° and a gain margin larger than 10 dB. This can be achieved by bouncing the input-

output closed-loop transfer function (Ao, rey is the controller reference) given in (4.81) as described

in (4.82).
Noo(s)  P2(s)G1(s)
Nowrer(s) 1+ P2(s)G1(s) (4.81)
P2(s)G1(s)
TP < (4.8)

d3:=1, s=jw, Vw>0rad/s.

The three previous requirements were numerically solved using CAD tools (see i.e. [127]) to
derive bounds that delimit the necessary gain and phase at each frequency of interest. Such bounds
form lines that were plotted in a Nichols chart against the transfer function P2(s). A detail of this
Nichols chart is depicted in figure 4-18. Once all requirements and plant data were collected in the
Nichols chart, the design of controller G1(s) was carried out by using Matlab’s QFT Toolbox, which
allows to manually select the appropriate controller to satisfy the requirements. In the figure, the
open-loop transfer function must be between the solid and dashed lines bounds in order to fulfill the

requirements.

40

0.1 Hz0.01 Hp

20

20 f— — g — =

Magnitude (dB)

-40

60 F

80 L i i i i i i
-350 -300 -250 -200 -150 -100 -50 0
Phase (degrees)

Figure 4-18: Nichols chart of the requirement bounds and the transfer function P2(s). Note that
the requirements are not satisfied.
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The designed QFT controller G1(s) is given in (4.83), and the open-loop transfer function
P2(s)G1(s) satisfying the requirements is plotted in figure 4-19.

3046.35(s +1.26)  (13.44s% + 28.80s + 59.29)
G1(s) = : 4.83
) = S i18)(57536) (5 ¥ 15ds +59.20) (483)

40
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Figure 4-19: Nichols chart of the requirement bounds and the transfer function P2(s)G1(s). Note
that with controller G1(s) all requirements are satisfied.

QFT Controller Simulation

The QFT controller G1(s) was designed to avoid air compressor (pump) saturation and to meet Ao,
constraints considering current filtering. Figure 4-20 depicts the responses of the controller to three
current profiles, namely unrestricted, limited in slew-rate and filtered. In the interval 0 s <t < 175 s
the stack current has high-frequency transients that are not restricted. The response of the QFT
controller to 10 A step transients generates oscillations in the air compressor control signal and
therefore undesired heating in the compressor, and also the A\p, does not fulfill the +1 constraint.
This is expected because high-frequency current components affect directly A\p, and the air com-
pressor dynamics does not allow a faster response. In order to protect the fuel cell, in the literature
it is reported the restriction of the stack current slew-rate [104], but with this procedure Ao, is still
affected by high-frequency components. This can be observed in the interval 175 s < ¢t < 350 s,
where the stack current slope is limited to 10 A/s, and the QFT controlled air compressor response
exhibits high-frequency oscillations. Also, the Ao, constraints are unfulfilled. Finally, in the interval
350 s <t < 530 s there are presented the behaviors of the air flow and Ao, regulated by the QFT
controller in response to the current profile filtered by F(s). In this condition, the QFT controller
fulfills the constraints in air compressor saturation and control signal ripple, and also the Ao, devi-

ations caused by current transients of 10 A are constrained.
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Figure 4-20: Current filtering effect on the Ao, control.

The performance of the QFT controller was also contrasted with a classically designed PI con-
troller Gpy(s) presented in (4.84), which was designed to achieve a phase margin of 60° and a gain
margin of 10 dB.

s+ 2.3
s

(4.84)

GPI(S) = 2.68

Both controllers were tested under the same filtered current profile that has 10 A and 15 A
transients. Figure 4-21 shows the filtered current profile, the air compressor control signal and the
Ao, profiles generated by the controllers. It is observed that QFT controller fulfills the Ao, deviation
restriction in response to 10 A current transients. The PI controller does not achieve this low Ao,
error profile, and only at transients of 5 A it is possible to accomplish the +1 restriction. Also, the
PI controller does not prevent the oxygen starvation phenomenon in ¢ = 160 s when a 15 A step-up
transient causes Ao, < 1. In this same condition, the QFT controller does not fulfill the constraint
of Ao, but avoids oxygen starvation phenomenon. The air compressor control profile generated by
the PI controller has saturations and ripples, and these effects heat the air compressor and make its
behavior non-linear, increasing the power losses and decreasing the control efficiency. In comparison,

the QFT controller arrives near to the saturation limits but the flow is not saturated, and the control
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Figure 4-21: QFT and PI controllers comparison.

behavior exhibits low ripple. Also, the Ao, regulation is satisfactory, and even when the current
transients exceed the maximum considered in the design process the QFT controller avoids oxygen
starvation phenomenon.

In summary, the QFT controller fulfills the design constraints and exhibits better results than a
classically designed PI controller. Finally, the QFT controller provides safety against oxygen star-

vation phenomenon even at higher over-current conditions.

Filtering and voltage regulation

The stack current filtering was performed controlling the input current of the DC/DC converter
DCDCi (figure 4-16) according to F(s). The topology selected for DCDCi was a DC/DC boost
converter [128], controlling the inductor current using a sliding-mode current control strategy [129].
The electrical parameters of the converter are: L = 140 uH, C = 70 uF, switching frequency of 100
kHz, an electrical efficiency assumed constant 71 = 0.95, and a capacitive filter between the fuel
cell and the converter of Ci = 100 pF. The simulation of the input current control of the DCDCi

converter is presented in figure 4-22, where a satisfactory correlation between the reference and
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the input current can be observed. The response time to a 12 A step reference is 80 us, which is
three magnitude orders lower than the fuel cell response time. Also, this response time is enough
considering the delay introduced by F'(s), which generates the current reference for the sliding-mode
controller of the DCDCi converter. This current reference depends on the F(s) dynamics and on
the current requested by the DCDCv converter (figure 4-16). The difference between the fuel cell
generated and required powers is exchanged with the battery, altering in this way its SOC and

voltage.

Input Current Control

35 T T T T T
Reference
Input Current
30 b
< 25t i
1<
e
3 2ot 1
15 b
10 Il Il Il Il Il Il Il Il Il
4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
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Figure 4-22: DCDCi converter control simulation.

The voltage level considered for the intermediate DC bus is 220 VDC, this due to the extended
and documented use of 220 VDC batteries in industrial applications, considering 1 Ah batteries in
this case. The load bus has been set to 400 VDC due to its common use in inverters supply and
hybrid vehicles. The nominal load power is 1 kW, and the load profile has high-frequency transients

and overloads.

The intermediate DC bus (battery) voltage variation and the load power transients are compen-
sated by the DCDCwv converter in order to regulate the output voltage. The DCDCv has a boost
topology, and the inductor current is controlled using a PWM current control loop and a linear volt-
age controller G, (s), given in (4.85), which ensures a 60° phase margin and a 10 dB gain margin to
regulate the output voltage, where I, (s) is the current reference given to the PWM current control

loop and e,,($) is the error in the output voltage.

Inw(s) . -2.1755 + 65.237
vo = =1 4.
Guols) = 2y = 10" =7 700895 (485)

The electrical parameters of the DCDCv converter are: L = 400 uH, C = 440 uF, switching
frequency of 100 kHz, a capacitive input filter Ci = 440 pF, and a constant electrical efficiency
ns = 0.95. The simulation of the controlled converter DCDCu is presented in figure 4-23, which
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Figure 4-23: DCDCyv converter control simulation.

shows the requested load profile, the required input current and the output voltage regulation. The

load power profile has high-frequency transients of 40 % of the nominal power, which are transmitted

through the input current to the intermediate DC bus. The simulation shows a fast response of the

controller regulating the output voltage.

Finally, the switching DC/DC converters DCDC% and DCDCv permit to regulate the load volt-

age and to filter the fuel cell requested current.

Serial topology dynamic simulation

The serial topology has been recommended for pulsating power load profiles, and therefore in this

simulation the load profile has a high frequency AC component. Figure 4-24 presents the simulation

of the topology controlled by the strategies designed, detailing its response to a pulsating load profile
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Figure 4-24: Serial topology simulation.

with high-frequency transients and overload demands, which AC components are depicted as a black
zone due to the small time between plots, which is caused by the high frequency pulses. Figure
4-24(a) shows the load and fuel cell power profiles, where the high-frequency filtering and overload
operations are supported by the topology. The regulation of Ao, is depicted in figure 4-24(b),
where the design constraints are respected in both Ao, and air compressor control signal. Also, in
this figure it is observed the effect of the anode purge process, in which the purge valve is opened
to remove water particles and inert gases that deteriorate the output power. This purge process
causes an increment in the hydrogen concentration and therefore an increment in the hydrogen
partial pressure that generates the rise of the output voltage. This perturbation is compensated by
modifying the stack current (figure 4-24(d)). The purge process frequency depends mainly on the
amount of water vapor W, produced, which according to equation (2.8) given in section 2 depends
on the stack current. Also, a high current condition requires high hydrogen flows which carry inert

gases.
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A purge process in figures 4-24(b) and 4-24(d) occurs at ¢ = 155 s because the stack voltage
was deteriorated below the purge limit by the water vapor and inert gases accumulation along the
load profile. Due to the purge process the stack voltage exhibits a fast rise, but the high current
condition at t > 155 s increases the production of water vapor and the accumulation of inert gases,
and in these conditions the stack voltage begins to drop again. Also, the purge process causes an
additional fast perturbation in the stack current due to the purge valve current consumption. The
purge process control is implemented in the Nexa power module and also in the simulation model
used in this particular simulation, which is based on the Real et al. model [23]. In the simulation
results it is observed that the disturbances caused by this purge process are also regulated by the
designed Ao, control system.

Finally, the battery management is presented in figure 4-24(c), in which the battery voltage
varies according to the power exchanged with the intermediate DC bus by two components: a high-
frequency component due to the DCDCuv current ripple (again depicted as a black zone due to
the small time difference between plots) and the battery internal resistance, and a low-frequency
component due to the SOC variation caused by the average power exchanged with the bus. Also,
in figure 4-24(c), it can be observed the fine-tuning of the SOC in a near-to-reference zone, and the
saturation of the fuel cell power to restore the SOC after an overload condition as was indicated in
the topology control description and in the SOC controller given in (4.76).

In summary, the simulation results of the serial topology and control systems in response to a
high-frequency, pulsating and overloaded power load profile, exhibit a satisfactory behavior in the

DC intermediate and load buses fulfilling the control constraints.
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4.5 Fuel cell power interface system design and experimental

setup

The main objective of this chapter is the design of a fuel cell power system that provides a regulated
DC bus with safe and efficient fuel cell operation. The fuel cell power interface system designed
for this experimental setup considers an unidirectional power flow from the system to the load, and
therefore the hybrid serial topology requires simpler power converter implementation. Also, the fuel
cell-based DC bus design process developed in this section is intended for automotive, aerospace and
telecom applications, where the electrical loads commonly have their own power supply regulation
system, being also the serial topology the best option. In order to design a generic bus supply
system, it has been considered a DC bus with voltage regulation strategy supplied from the fuel cell
following the serial hybrid topology, which can be used for unidirectional applications, but it can be
easily extended to bidirectional power flows in order to supply regenerative loads.

In this work is proposed the regulation of the fuel cell stack current using an input current con-
trolled DC/DC switching converter [130]. Similarly, other authors have been proposed this same
strategy with different objectives [30] [106] [131]. Also, in this work a capacitor was selected to
supply power transients due to its high-frequency capabilities, easy state-of-charge estimation and
low serial resistance in contrast to battery-based systems. The use of supercapacitors and fuel cells
in hybrid topologies has been analyzed in [132] and [133], whose results are also valid for high

capacitive-low serial resistance capacitor banks.

The block diagram of the proposed fuel cell power interface system is depicted in figure 4-25,
considering a DC/DC power converter and input filter in series with the fuel cell (1.2 kW Nexa
power module), which regulates a capacitive DC bus in order to supply the load. Also, there are
considered the power converter input current control and bus overvoltage protection. The power
interface system is externally controlled by real-time Matlab-based regulation strategies in order to

ensure bus performance and fuel cell safe operation.

4.5.1 DC/DC power converter and input filter

The Nexa power system user manual [134] reports a maximum operating limits for stack voltage
of 22 V and 50 V, but these limits correspond to extreme conditions, i.e. 22 V at short duration
stack current transients (60 A - 70 A for 10 ms - 1 ms, respectively) and 50 V for zero stack current,
being these limits also measured at the beginning of fuel cell life at standard operating conditions
(sea level, 30 °C). In this work it was considered a real, and experimentally measured, safe stack

voltage range between 26 V and 46 V, and due to telecom, aerospace and electric vehicle applications
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Figure 4-25: Fuel cell power interface system - block diagram.

use 48 V (or above) DC buses, a boost DC/DC switching converter topology was used. Also, the
boost topology has the inductor in series with the power supply, allowing in this way a controllable
input current ripple, which is not possible in buck converters due to its discontinuous input current,
requiring a high input filter for this issue. The designed power converter has a nominal power of
1.2 kW to support the Nexa power module, but in order to make it robust, redundant and scalable,
it was developed using several power conversion modules, each one of the with a maximum power
of 300 W. This is showed in figure 4-25, where are presented input and output power buses that
allow the connection of multiple power conversion modules. In this work were developed four 300
W boost converter modules to interface the 1.2 kW Nexa power module, but the structure is flexible

to support higher or lower power systems using different number of modules.

The circuit scheme of each DC/DC boost converter module is given in figure 4-26, where it

is showed the boost converter topology, inductor current sensing and conditioning, and inductor
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current control. The core of the converter module is the DC/DC boost converter, whose basic

elements are the inductor L, MOSFET N-channel and SCHOTTKY diode, and also was introduced

a Rsense shunt resistor to measure the inductor current.
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Figure 4-26: DC/DC boost converter module circuit scheme.

The boost converter module has two states: the first one is given with the MOSFET in con-
duction (ON) causing the inhibition of the diode and therefore the inductor is parallelized with the
input voltage. The inductor current grows with an approximately linear waveform due to the small
resistance of the inductor and Rsense, incrementing in this way the energy stored in the inductor.
The second state is given with the MOSFET in non-conduction (OFF) causing the conduction of

the diode and therefore the inductor is now connected between the input and output, transferring its
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stored energy to the load. In steady-state the output voltage is grater than the input voltage causing
the reduction of the inductor energy in each cycle. Also, if the output capacitance is dominant, like
in this application case, the output voltage can be considered constant in one cycle and therefore
the inductor current waveform can be considered linear. The switching of the converter between
these two topologies generates a continuos inductor current waveform, and this operating mode is
denominated Continuos Conduction Mode (CCM). In cases where the inductor current falls to zero,
the diode is inhibited when the MOSFET is OFF and a new state appears, which is characterized
by zero inductor current. This operating mode is called Discontinuous Conduction Mode (DCM)
due to the discontinuity in the indictor current waveform [128]. Each converter module supports up
to 300 W and its inductor was designed for a nominal current of 10 A (for inductor construction,

and diode and MOSFET selection see Appendix C).

In order to reduce the electromagnetic radiation generated in the converter, two sets of capac-
itors of 22 uF EPCOS MKT (100 V, 10 % tolerance) where placed in the input and output of the
converter, being localized near to the inductor and diode, respectively. These capacitors gives a
discharge path for the inductor in input source disconnection, but for safety was introduced an an-
tiparallel STTH12R06D diode to support this condition, and which one also avoid negative capacitor
voltages. This diode also causes a short circuit condition in cases where the input polarization cables
were inverted, this being detectable in Nexa power system software and laboratory power supplies.
Another antiparallel STTH12R06D diode was introduced in the converter output to avoid negative

voltage conditions in the capacitive bus, i.e. in suddenly disconnection of inductive loads.

The current sensing uses the shunt resistor technique, where the voltage drop in Rsense (10 mQ)
is conditioned to obtain the inductor current value. The Rsense voltage drop range is [0 mV, 100 mV],
which is acceptable for the INA169 amplifier used in the implementation. The amplification per-
formed by the INA169 was limited to 10 V/V in order to avoid reduction in its bandwidth, this
because the required 100 times amplification to obtain a current sensing relation of 1 A/V con-
straints the INA169 bandwidth to 44 kHz. This was addressed by using a two stage additional 10
V/V amplification based on operational amplifiers (TLC2272), where the first stage allows a fine
tuning of the voltage gain and the second one has a fixed voltage gain of 3.2 V/V. The TLC2272
allows unipolar supply, which simplify the design, and have the two operational amplifiers required
for the additional 10 V/V amplification. The voltage signal that represents the inductor current of

the boost module is called Isense in figure 4-26.

The power conditioning system input current must be controlled in order to regulate the fuel
cell stack current, and therefore the converter modules are controlled in current mode. In this way,

the inductor current was controlled using sliding mode control technique. In the current control
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implementation a window comparator was used to detect when the current reaches its maximum
and minimum allowed values triggering the RESET or SET signal of a bistable circuit (S-R flip-flop),
respectively. The use of this bistable reduces the circuit noise sensibility and it stores the switching

state applied to the MOSFET driver.

In CCM the inductor current waveform is approximately triangular, and in general, it is possible
to perform an analysis using sliding mode control theory assuming a sliding surface S(z) = i, —IpRey-
IBRet, the boost converter module average inductor current reference, is considered constant in the
cycle and in the middle of the hysteresis band of the comparator, Ipper = (IMAX+IMIN)/2[129).
The converter module was designed to operate between 40 kHz and 100 kHz, but in low reference
current cases the switching frequency tends to increase due to the hysteresis reduction caused by
the IMIN saturation (to zero). This was addressed by forcing the converter module to operate in
DCM extracting the required power in burst mode cycles [135], where the converter absorbs the
average power in each cycle required to generate the desired average input current; this without

incrementing the switching frequency.

The burst mode is generated by introducing a diode-resistor network (Dcl - Rh1, figure 4-26) in
the window comparator in order to compare IMIN with Igg. s+ Vy (Vg is the diode Dcl voltage drop)
while IMAX is still compared with Ig e as depicted in the circuit scheme of figure 4-26. In CCM this
diode increments the hysteresis band in V; and introduces a steady state error in the average current
of V4/2, which is compensated by the power conditioning system input current control (PCSICC).
In low reference current conditions, Iprey < (IMAX +IMIN)/2, the PCSICC changes Ipgey, and
therefore IMAX and IMIN, in order to achieve the desired average current. When IMIN is saturated
to zero, the diode Dcl avoids the SET of the MOSFET when the inductor current drops to zero,
this because IMIN comparator has at least a Vy level in its negative input (inductor current zero)
which keeps the MOSFET OFF generating the DCM. When the average current decreases from the
reference value Ir.¢, PCSICC grows the converter modules reference Ipg.f, and therefore IMAX
and IMIN, causing eventually the SET of the MOSFET. Similarly, when the average current is
greater than Ircy, PCSICC decrease Iprey generating DCM and burst mode. This procedure avoids
the reduction of the hysteresis band and therefore the switching frequency is not incremented, in

fact it is decremented.

Figure 4-27 shows the experimental inductor currents of the four converter modules in CCM and
DCM operating modes. The CCM depicted in figures 4-27(a) and 4-27(c) is the normal operating
mode, where each module is controlled by its own local current control which reference current
IpRey is defined by the supervisory controller PCSICC to obtain a desired average input current
Ires. The inductor currents in the converter modules have triangular waveforms, but because the
small differences in the converter inductors, capacitors, diodes and MOSFET drivers, the triggering

times of the MOSFETSs (and even the switching frequencies) are not the same, causing in this way
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Figure 4-27: Converter module CCM and DCM operating modes.

partial current ripple cancelation [136]. The amount of canceled ripple depends on the inductor
currents phase differences, which depend on the electric elements differences. These differences
do not affect appreciably the system dynamics, and also are a natural condition due to the electric
elements tolerance. Figures 4-27(a) and 4-27(c) depict two oscilloscope shots taken in different times,
where it is observed the four converter modules inductor currents, each one with different phase and
small differences in its switching frequency, being the first shot the better ripple cancelation case. In
this way, the four-module power system gives a natural partial input current ripple cancelation which
helps the input filter to request a small-ripple current to the fuel cell. An interleaving triggering
and control of the four modules for better and regulated input current ripple cancelation can be

implemented in further works for system improvement.

The DCM has a different MOSFET triggering behavior than CCM, this because the supervi-
sory controller PCSICC modifies Ipge¢ causing the MOSFET SET, and the MOSFET RESET is
triggered by the IMAX comparator. These conditions cause the almost simultaneous SET of the

MOSFET in the converter modules because Ipges is common for all them. This is depicted in
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figures 4-27(b) and 4-27(d), where it is observed the inductor currents of the four converter modules
operating in DCM for average current references of 3.65 A and 1.97 A respectively. To obtain
these average currents burst mode is required in order to avoid sliding-mode switching frequency
increasing, which experimental validation given in figures 4-27(b) and 4-27(d) reports an approx-
imated equal switching frequency of 32.7 kHz for the first current reference and 22.8 kHz for the
second one. The switching frequency and phase of the modules are approximately the same because
the MOSFET SET depends on a common controller, but this synchronization avoids current ripple
cancelation generating an increment in the input current ripple. Further improvement of the power
system can be performed by redesigning the burst mode implementation or using a different tech-

nique to address the low reference current-increase switching frequency situation.

The MOSFET driver of the converter modules, depicted in figure 4-26, consist in two high-
current fast transistors (ZTX653 and ZTX753) in totem pole configuration which drives the MOS-
FET through an damping resistor of 5 Q. A 15 V zener diode was connected at the MOSFET gate
to avoid damages caused by overvoltage or negative voltages, which are not normal conditions, but
these problems can be generated by driver or supply failure. Also, to guarantee the shutdown of the
MOSFET if the driver does not have supply, it was placed a 100 kS2 resistor between the MOSFET
gate and ground (boost converter commonly requires low-side MOSFET configuration where source
is connected to ground). The driver supply is locally stabilized using a high-frequency decoupling
capacitor of 3.3 uF.

In order to reduce the current ripple in the fuel cell, the input filter was designed to absorb
the current ripple generated by the converter modules, which in normal operating mode (CCM and
DCM) is constrained between 0 A for complete cancelation and 14 A for inductor currents in phase.
The probability of experiment the 14 A worst case is small due to the electronic elements differences,
but for fuel cell safety it has been considered in the design. Also, in DCM the inductor currents will

be in phase but the requested power will be lower than in CCM.

The input filter consist in a L-C network designed to absorb the current ripple in normal operating
conditions (input current grater than 10 % of the nominal stack current), being selected a design
current of 3.5 A (7.6 %), where it can be found DCM and CCM operating modes. The burst
mode caused by DCM generates high current ripples (inductor currents in phase) with a minimum
switching frequency between 32 kHz and 36 kHz. Using the cut-off frequency of L-C filters (4.86)
and commercially available capacitors and inductor cores, the filter depicted in figure 4-28 (L¢, Cq1)
was designed to has a cut-off frequency around a decade under the minimum switching frequency.
This filter has a cut-off frequency of 3.5 kHz, being it enough to filter the high frequency components

of the converter current ripple.
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Figure 4-28: Input filter circuit scheme.
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The circuit scheme of the implemented input filter given in figure 4-28 has an additional resistor-
switch network (Rf2, SW2), which is used to charge the capacitive bus and input filter with a
constrained current in order to avoid fuel cell damages in the start-up of the system. This is neces-
sary because the power system must be pre-charged using the fuel cell, which implies a fast and high
energy request in the system start-up. Rf2 constraints the charge current, indicated by LED diode
Df2 ON (charge mode), until the power system energy is the required for normal operation, indicated
by Df2 OFF (operating mode), time when SW2 switch is manually closed to exclude Rf2 config-
uring in this way the power system in its operating structure. In further development this charge

system will be automatized with diode or MOSFET circuital structures to improve the power system.
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Figure 4-29: CCM and DCM power conditioning system input currents.
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Figure 4-30: Power system control board circuit scheme.

The experimental input filter currents, and therefore fuel cell currents, measured in CCM and
DCM operation are depicted in figures 4-29(a) and 4-29(b), respectively. In CCM the input current
ripple of the power conditioning system is approximately 377.3 mA and in DCM is 849.2 mA, being
these ripples almost constant for each operating mode due to the hysteresis band low variations.
These current ripples are acceptable because they represent less than 10 % of the nominal fuel cell
current [137], being 0.82 % in CCM and 1.85 % in DCM. Also, in the experiments presented in
figure 4-29 the CCM and DCM current ripples corresponds to 6.4 % and 23.2 % of the DC currents,
respectively, those being under the recommended 30 % limit for high and low frequency current

ripples [134] [138].

The supervisory control of the converter modules includes de average input current control and
overvoltage protection, which ones must be applied to all the modules at any time. These were
implemented in a single power system control board, which circuit scheme is given in figure 4-30.
This control board includes a 15 V voltage source implemented with linear regulators, which allows

to supply the integrated circuits for control and operation of the system using the fuel cell without
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additionally power supplies or equipment.

The average input current regulation strategy performed by the PCSICC controller was imple-
mented using a voltage average operational amplifier, which calculates the average input current
value from the inductor current sensing signals of the converter modules. Next, the error of the
average current from the reference Ig.s is calculated to be processed by an integrator operational
amplifier that close the control loop. The input current control technique (PCSICC) is therefore an
Integral controller that generates the IMIN and IMAX values using a resistor-diode network as given
in figure 4-30. The maximum and minimum values of the hysteresis band are defined by the relation
between RA and RB. In this application was used the TLC2272 integrated chip, which operational
amplifiers are Rail-to-Rail allowing it to generate control signals near to ground and supply levels.

This integrated chip, in the control board, has an approximated output current loMAX = +5 mA.

The control board also implements the bus overvoltage protection, which consists in a comparator
network that evaluates the bus voltage in front to a preset maximum allowed voltage of 55 V. The
comparator generates a INHIBIT signal that forces the MOSFET shutdown in the converter mod-
ules (ON for normal operation and OFF for shutdown), reactivating the MOSFET switching control
when the overvoltage condition is over. An additional P-MOS MOSFET and resistors network has
been introduced in order to minimize the current peaks in converter MOSFET reactivation. These
peaks could be normally generated by the integrator saturation caused by the discontinuous zone
of the DCM currents, but in an overvoltage condition the additional P-MOS network, activated by
the comparator output (INH_A), forces the fast drop to zero of the integrator output by masking
its inputs with a constant high voltage. This condition disappears when the overvoltage condition

ended because the P-MOS is inhibited and the integrator recover its control inputs.

The experimental evaluation of this protection is depicted in figure 4-31, where experiment (a)
shows one single module normal operation where ripple cancelation does not occur and therefore
represents the worst case. This experiment shows a normal CCM operation where the bus voltage
fulfills the limit restriction of 55 V, being 48 V in this case. Figure 4-31(b) presents the action of
the overvoltage protection when the bus voltage arrives the 55 V limit. This experimental condition
was forced by defining a constant high inductor current without supervisory control action, causing
in this way a periodic activation of the overvoltage protection. The same procedure was followed
using the four converter modules without supervisory input current control, obtaining the inductor
current profiles depicted in figure 4-31(c), where it is observer a high frequency in the overvoltage
protection activation contrasted with the single module experiment (figure 4-31(b), 8.53 kHz), being
approximately 22.5 kHz for all converter modules. In the same way, figure 4-31(d) shows the average
input current (input filter current), constrained in this experiment by the activation of the overvolt-

age protection. This experiment reports a satisfactory behavior of the overvoltage protection, but
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Figure 4-31: Bus overvoltage protection experimental evaluation.

makes evident the high distortion in the input current caused in the activation of the protection,
which is mainly generated by the synchronization of the MOSFET activation due to the overvoltage
protection system. This input current distortion, analyzed in terms of current ripple, represents a
4.16 % of the fuel cell nominal current and a 38.2 % of the DC current, which respects the maximum
current ripple recommended (10 %) but does not respect the maximum ripple-DC relation recom-
mended (30 %) and therefore the fuel cell must not be under this condition unnecessary prolonged
time. It is noticed that this is not a normal operating mode, it is a protecting mode that must not
be active unless load or power system fail, but its operation can be improved by using interleaving

converter modules control to reduce the current distortion.

Finally, this protection circuit has an additional switch (SW1) that is used to safe turn-on/turn-
off the power system. The system is turned-on by charging the bus capacitance and next closing
SW1, and similarly, is turned-off by opening SW1. Also, SW1 switch is useful to manually inhabita-
tion of the MOSFET, and therefore of the power conversion system, when fuel cell or load undesired

operating situations are detected.
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4.5.2 DC bus capacitor design and voltage regulation

In order to provide a regulated DC bus, the bus capacitor dimensioning and energy regulation must
ensure a system behavior in admissible voltage limits and power transients restoring times. In the
power interface system the relations between the switching converter, capacitor and load currents

and powers are given by:

idc/dc =ich t 1Load (487)

Pdc/dc = Py + PrLoad (488)

where ig4./4. and Py./q. correspond to the output of the switching converter, ic, and Py, to the
capacitor, and i7,,qq and Proqq to the load. Also, it is necessary to take into account the switching
converter losses, which are represented by a power conversion efficiency of 74,4, considered constant
in all the power range.

In a power transient, the capacitor initially supplies the power to the load, then the fuel cell
operating point is moved to the new steady-state constraining its maximum power slope to the de-
fined slew-rate limit. If the load current has a high-frequency ripple, this one is supplied by the bus

capacitor and the fuel cell provides the low-frequency components.

In order to dimension the capacitor, the following DC bus parameters were defined: maximum
load power transient considered AP;, (W), maximum fuel cell power slew-rate admissible Sgy.
(W/s), and maximum bus voltage deviation allowed K,; (%). Due to the power converter efficiency,
the slew-rate limit that affects the power delivered to the capacitor and load is Sr = N4c/dc * SRrfe
(W/s).

The most critical load transient case is reached in a power step of APy, then the fuel cell
power will be changed with a slope of Sgs. until it reaches the new steady-state power point at
Atq = AP /SR (s). Therefore, the power P, (t) supplied by the capacitor in this time interval can

be expressed as
Puy(t)=AP, —Sp-t, 0<t<Aty (4.89)

and the energy Fr., exchanged between the capacitor and the load is

Ata AP?
Erw = Po(t) dt = —L
Teb | b(1) 555

(4.90)

also, this energy difference produces a bus voltage variation of (K,p/100)- Vopys from the steady-state
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value Vipys. This voltage change can also be expressed as a function of the capacitor initial energy

and the energy remaining at Aty seconds (when the power exchange with the load has ended) as

1
Erep = 5ch Vibus |1 — (1 = Kup/100)?| (4.91)

Finally, the capacitance that ensures the desired maximum bus voltage change at the considered

load transient is deduced from equations (4.90) and (4.91) as

_ AP
Nacjde - SRfc - Vipus |11 — (1 — Kyp,/100)?]

Cep (4.92)

Other important parameter of the DC bus behavior is the voltage restitution time At, after a
load transient. To restore the bus voltage in a desired restitution time, the linear-non-linear (Lnl)
control technique was used, which has also been used to regulate DC/DC switching converters in
[139] and [140]. The principal characteristic of this technique is a fast recovery after transients
because the system supplies the maximum possible energy until the controlled variable reaches a
desired limit, where a linear controller makes a smooth regulation. Using the Lnl control technique,
the fuel cell will supply a defined power excess AP,;¢. over the one required by the load to restore
the capacitor energy at the desired restitution time, and therefore the effective power excess that

restores the bus voltage is APy = Ngc/dc - APrbfe-

Using the same considerations made in the capacitor dimensioning, recovering the bus voltage
from a load power transient of APp requires to restore the energy Erp., exchanged between the
capacitor and the load defined in (4.90).

The Lnl control technique saturates the maximum power delivered by the fuel cell to Pr. =
(Proad +AP:3)/(Ndc/qc) in a bus voltage recover operation. However, in the beginning of the voltage
recovering the Lnl control does not take any action; instead, the fuel cell power changes respecting
the slew-rate limit until it reaches the Lnl limit, which occurs at At,; = AP,,/Sg seconds after
the beginning of the recover operation, and then the fuel cell power is held constant during At =
At, — At,1 seconds. The power excess over the one required by the load, supplied to restore the
capacitor steady-state during the Lnl saturation zone can be expressed as

SR't7 0<t< At
APo(t) =3 APy, Aty <t < At (4.93)

and the energy Fr.. exchanged with the bus as
At

Errey = Aprcb(t) ~dt = APrb (Atr -
0

AP ”’) (4.94)

25r
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Finally, to restore the energy of the capacitor in the desired restitution time At, after a load
power transient of AP, a power excess limit AP, is required, obtained from equations (4.90)

and (4.94) as

2
AP.ype = Srype | Aty — \/At% - <A7Pfg>
ndc/dc Rfc
(4.95)
Al > (L
Ndc/dc SRfc

APrbfc < Atr : SRfc

where the constraints on At, and AP,¢. are achieved when the fuel cell power slew-rate limit is

fulfilled.

The Lnl control technique allows a smooth regulation near the steady-state by means of a linear
control system, and therefore the Lnl saturation will affect the fuel cell power control reference in
high power transients. In power transients that require a fuel cell power below the defined limit,

the linear control defines the power reference, but again respecting the fuel cell power slew-rate limit.

The series resistance of the capacitor generates power losses that can be considerable depending
on its ohmic value and bus voltage. For the previous APy load transient, the capacitor current is

given in (4.96) and the energy dissipated in its serial resistance R is described by (4.97).

AP — Sip-t
iop(t) = =" 0<t< Aty (4.96)
‘/b’U.S
Ata R, - AP?
Eyre :/ i%(t) - R dt = > L 4.97
R () 3Ndcjac - Srfc Vins (4.97)

The dissipation factor K r, defined in (4.98), presents the energy spent in R in comparison

to the energy exchanged with the capacitor.

Esr,cb o 2Rs : Ajt)L
Erey, 3V;2

us

Kr, = (4.98)

The power consumption in Ry is reflected as an increment in the restitution time At,., caused
by the excess of energy required to restore the bus voltage. Assuming the energy dissipated in the
restitution operation approximately equal to the dissipated in the transient supply, the excess of
energy required is 2F, 5. From equations (4.90) and (4.94) it is calculated the increment in the

restitution time At, ry given in (4.99), and the relative increment factor Ka; r, defined in (4.100).

2R, - AP}

4.99
3VE72US ’ ngc/dc ’ APbeC : SRfC ( )

Aty py =
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At, AR, - AP}
Katps = —0= = L (4.100)

Atr 3‘/1)211“3 (nsc/dc ’ AP’I?bfc + API%)

In this work, a 48 V DC bus has been selected to illustrate the design and control process, due
to its common use (i.e. aerospace and telecom power systems, etc.). The DC bus parameters are

summarized in table 4.2.

Table 4.2: DC bus parameters.

Parameter Value
Ndc/dc 85 %
Vbbus 48V

Ky, 5%
APy, 300 W
SRfe 250 W/s
C 19F
At, 2.7s
APpge 100 W

The fuel cell power slew-rate has been designed from the mechanical consideration and exper-
imental behavior of the Nexa power module as was previously described in section 4.2. Also, the
bus restitution time and fuel cell power excess have been designed to obtain an acceptable response
time without an excessive excursion of the fuel cell power from its final steady-state. The capacitor
required in this application must support at least 50.4 V, and actually does not exist a single ca-
pacitor or supercapacitor that fulfills both voltage and capacitance specifications, and therefore it is
necessary to use a module constituted by commercially available capacitors. In this work, the bus
capacitor bank was implemented using a parallel array of 7 Nippon Chemi-con U36D capacitors of
0.27 F and 63 V, each one with a serial resistance of 4 m{). The capacitor bank theoretical serial
resistance is 571 uf2, but the experimental value that considers also the connectors and cables is R,
= 1.87 mQ. From equations (4.98) and (4.100), and taking into account the accepted variation of
the bus voltage defined by K, the energy dissipated in Ry is between 0.015 % and 0.018 % of the
energy exchanged with the load, and the increment in the restitution time is between 0.027 % and
0.033 %. A supercapacitor-based system with the same characteristics can be implemented with
commercially available devices, i.e. using a serial array of 27 AN-series LS ultracapacitors of 50 F
and 2.7 V. Each one of these supercapacitors has a serial resistance Ry, = 16 m(2, which results in
a total Ry = 432 mQ that generates an energy dissipation between 3.4 % and 4.2 % of the energy
exchanged with the bus, and an increment in the restitution time between 6.3 % and 7.7 %. In terms
of resistive losses, for high voltage applications it is more efficient to use high voltage capacitors in

parallel instead of low voltage supercapacitors in series.
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Figure 4-32: Fuel cell power conditioning system.

Finally, the fuel cell power conditioning system implemented is depicted in figure 4-32, where
it is observed the output bus 1.9 F capacitor bank, the controlled DC/DC converter modules, the

power conditioning control board, the input filter and the bus capacitor charge resistor.

4.6 Minimum fuel consumption control strategy for fuel cell-

based power systems

The topology used to control the implemented fuel cell-based power system is presented in figure
4-33, where the boost DC/DC converter is controlled to define the fuel cell current and the bus
capacitor supplies the power transients. Also, the topology allows to control the capacitor voltage
in order to provide a regulated DC bus. These regulations are performed by controlling the fuel cell
power production in agreement with the load power and bus voltage, being the fuel cell controlled
through its current and Ao, profiles, which controllers were implemented by using the Matlab Real-
Time Windows Target and a National Instruments data acquisition card (DAQ) to interface with
the sensors and actuators.

The main objective of the control strategy developed in this section is ensure a safe and efficient
fuel cell operation in a regulated DC bus, and therefore the first step is define the optimal fuel cell
operating points. Next, the controllers that allow the fuel cell operation in that conditions must be

designed, implemented and tested. Both procedures are described in the next subsections.
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Figure 4-33: Fuel cell-based power system control topology.

4.6.1 Fuel cell maximum power points characterization

Fuel cell output power depends on the stack current and air pump flow rate. The stack current
is the result of the load and auxiliary system currents, and therefore a higher air pump flow rate
implies higher current demand. For constant stack current conditions, this power relationship has
an optimal point where the relation between the power generated by the stack and the one spent by
the air pump is maximum. In those operating points the power delivered to the load (net power) is

the maximum for the load current requested.

The analysis of common control objectives for the fuel cell Nexa power module (Nexa) Ao,
profiles is summarized in figure 4-34, where the behavior of the net power as a function of Ao,
in constant-stack-current curves is presented. These net power curves describe the effective power
delivered to the load, which is the electric power generated by the stack minus the power required
by the auxiliary systems. Also, figure 4-34 depicts the Ao, profiles generated by constant voltage,
Ao, = 3.29 and maximum power control strategies. The constant voltage control is not safe because
its profile is near to the oxygen starvation limit (Ao, = 1), the constant Ao, = 3.29 was chosen
because it is the highest Ao, constant value that can be achieved before the air pump saturation,
and therefore is the farthest constant value from starvation limit. Finally, the maximum power
profile determines the values of A\p, where the relation between the energy delivered to the load and

the energy spent by the air pump is maximum, and again this profile is far from the starvation limit.
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Figure 4-34: Fuel cell Nexa power module Ao, profiles.

In the maximum power points, the stack current requested by the load and auxiliary systems
is the minimum possible to produce the particular stack power condition. For example, in fig-
ure 4-34 it is observed that the maximum power point corresponding to a 610 W net power is
{I+ =17.5 A, Ao, = 4.35}, but this net power can be also generated in other operating points like
{Is+ =19 A, Ao, = 1.8}. From this minimum stack current condition of the maximum power points,
and from the hydrogen flow requested in the electrochemical reaction (2.7), it is concluded that the
maximum power points correspond to the minimum fuel consumption conditions to provide a par-
ticular net power. This work proposes to follow these maximum power points in order to supply
the power requested by the load with the minimum fuel consumption, providing safety to the fuel
cell and smooth behavior of Ap,. In this way, Ao, must be regulated following the maximum power
profile and the fuel cell net-current will be also controlled to avoid high-frequency transients that

produce fast changes in the oxygen excess ratio and in the output power.

Fuel cell temperature changes cause stack voltage variations, modifying in this way the stack
power at the maximum power points. According to the stack voltage variation caused by changes in
the stack temperature (T ), it described in the model proposed in chapter 2 (2.36), and considering a
defined net current and Ao, operating point, the net power variation caused by temperature changes

is calculated as follows:

APnet.,T = dVT . Inet (4101)

where dVp is the voltage variation caused by thermal effects (2.36), Ij,e; the net current and AP,¢; 7

the power deviation.
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Figure 4-35: Nexa fuel cell current and Ao, optimal profiles for fuel consumption efficiency.

In order to identify the net-current and Ao, optimal profiles for minimum consumption, the
maximum power points were experimentally obtained for constant temperatures. This was performed
by heating the cooling fan input air to control the stack temperature, being limited up to net power
operating points where the stack does not require heating to achieve the desired temperature. Figure
4-35 shows the experimental maximum power points operating conditions at 31 °C, 35 °C and 44 °C.
Using the net power deviation given in (4.101), the net power of those maximum power points at
35 °C is calculated, and these conditions are used to identify the net current and Ao, optimal profiles
at 35 °C depicted in figure 4-35 (solid line).

From the identified net current and Ao, curves it is calculated the optimal operating conditions
to produce a required net power at 79, = 35 °C. Equations (4.102) and (4.103) allow to calculate the
optimal net current (Ipet,0p) and Ao, op to generate a requested net power Ppep 35 when Ty = T0,.

The equations parameters are given in table 4.3.

3
Inet,op - Z |:ak . (Pnet,35)k:| (4102)
k=0
5
AOsoop = 3 [bk - (Pnet,35)’“} (4.103)
k=0

To obtain Ipet,0p and Ao, op at different stack temperatures, it is necessary to take into account
the power deviation caused by the temperature. The required net power P,.; can be expressed as
the power P, 35 generated with the same net current and Ao, at Tsot plus the power deviation

caused by the temperature difference:

Pret = Pnet,35 + Ajt)net,T (4104)
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Table 4.3: Let,0p and Ao, ,op €quations parameters.

k Ak bk
0 —1.868 13.323
1 3.802 x 1072 —6.878 x 1072
2| —2.888x 10~° 2.352 x 1074
3 3.072 x 1078 —4.139 x 1077
4 3.566 x 10710
5 —1.194 x 10713

From (4.101) it is noted that the power deviation also depends on the net current. Replacing
(4.101) in (4.104) it is obtained the polynomial equation presented in (4.105), whose solution de-
scribes the P, 35 value used to calculate the optimal operating point {Inet,op s A0, 0p } that produces

the required net power at the given stack temperature.
Pnet,35 + A‘/fc,T : Inet,op - Pnet =0 (4105)

Equation (4.105) is a third order polynomial equation with at least one real solution. In cases
where more than one real solution exist, the selection criteria given in (4.106) is used, and also

constrained to the power slew-rate restriction.

Pnet.,35 >0
if Tst > Tgp = Pret,3s < Pret (4.106)
Zf Tst < Tsot = Pnet,35 > Pnet

The procedure to obtain the optimal operating point for any required power and stack temper-
ature is: calculate the required net power P, 35 at TS (35 °C) solving equation (4.105), and next

calculate the optimal net current and Ao, values using equations (4.102) and (4.103).

Finally, to allow a comparison with the internal control system of the 1.2 kW Nexa Power Mod-
ule, its experimental net current and Ao, profiles at the same temperatures of the maximum power
points profiles are also depicted in figure 4-35. The Nexa internal control system describes non-

optimal Ao, values that require higher net currents and therefore higher fuel consumption.

4.6.2 Minimum fuel consumption point tracking and control algorithm

Equations (4.102) and (4.105) define the reference of the fuel cell net-current control, as function
of the power requested and stack temperature. Due to the effect of the current in the behavior
of A\o,, this net current regulation is a feed-forward control system that allows fast responses to

power transients and smooth Ao, behavior. Similarly, equation (4.103) defines the reference of the
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Ao, feedback control system to achieve the same minimum consumption condition. Also, a slew-
rate power regulation is designed to minimize the transient effects in Ap,, and this is done by the
current slope constraint and the coupling with a capacitor that provides energy in high-frequency
transients. In this way, the air pump control voltage and DC/DC converter input current are reg-

ulated to produce the demanded electric power while tracking the minimum fuel consumption points.

The fuel cell current is controlled to follow the profile defined in (4.102), which allows the fast
tracking of the operating points that produce the requested power with maximum efficiency. Also,
the current is affected by the power slew-rate regulation system, constraining the maximum current
slope and therefore reducing the \p, control transients that deviate it from its optimal profile.

The controller developed to regulate Ao, has been designed using the linearized model given in
(4.69). This controller has a feedback component designed to obtain a gain margin of 10 dB and a
phase margin of 60°. Also, the controller has a feed-forward component that depends on the current,
designed to obtain the same gain margin. The transfer function that defines the behavior of the
air pump voltage to control Ao, in a desired profile is summarized in (4.107), where ey, (s) is the

deviation of \p, from the desired value.

1+0.44 exo, (5
Vipl(s) = | 158112225 4 H 2o, (9)

40 4.107
1+ 26s Lai(s) ]+ (4.107)

The model described in (4.69) considers a controlled air pump that produces the desired air
flow, and its control strategy corresponds to the Nexa regulation system for this device. In order
to perform an experimental validation of the proposed Ao, control and minimum consumption
strategies, an externally accessible controller for the air pump has been developed. This controller
has been designed to reproduce the closed loop behavior of the air pump controlled by the Nexa
control board. Following the identified Nexa control strategy, the feed-forward controller given in
(4.108) has been implemented. The controller defines the air pump motor speed reference M, to
obtain an air flow equal to the one generated by the Nexa air pump controller at the same control

voltage V), condition.

24 11.3s+13
IS D ) (4.108)

M, (s) = 1.315 g
p(5) 2 +16.75 + 255 P

The designed Ao, and air pump controllers were used to evaluate the behavior of the fuel cell
and DC bus systems in response to high-frequency load power transients, this following the control
topology previously described in figure 4-33. The change in the load power requested determines the
reference of the fuel cell current controlled by the DC/DC converter, and for the air pump voltage
control system to follow the optimal profiles that ensure a minimum hydrogen consumption for the

load profile.
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Figure 4-36: Fuel cell and DC Bus control in load power transients.

Figure 4-36(a) presents the experimental behavior of the fuel cell control system in response to a
300 W step-down load power transient. It is observed the action of the 250 W /s slew-rate regulation
system and the bus restoring system that saturates the power excess over the one required by the
load to the designed value. The corresponding Ao, optimal reference and experimentally controlled
profiles for the fuel cell power delivered are depicted in figure 4-36(b), where a satisfactory perfor-
mance and smooth transitions are observed. Finally, figure 4-36(c) depicts the measured bus voltage
profile, where the capacitor-bank supplies the high-frequency transient and therefore its voltage is
modified in the expected deviation, and it is also restored by the bus control system in the specified
restitution time. Similarly, figures 4-36(d)-4-36(f) present the experimental behaviors of the fuel
cell and DC bus control system in response to a 250 W step-up power transient. It is observed the
expected performance of the control system and a satisfactory Ao, regulation in the tracking of the

minimum fuel consumption points. Also, it is noted a small Ao, ripple caused by the air flow system.
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Figure 4-37: Hydrogen consumption comparison in a load profile.

4.6.3 Fuel consumption and efficiency analysis

To analyze the fuel consumption efficiency of the fuel cell system with the proposed Ao, control
profile, its hydrogen flow profile was compared with the one generated by the internal control sys-
tem implemented in the Nexa control board. This was performed by controlling an electronic load
to obtain the load current profile depicted in figure 4-37(a), which requests high and low frequency
transients meanwhile the bus control system regulates the load voltage. The capacitor bank provides
the energy to the load in the transients that does not fulfill the selected power slew-rate. In the
same figure the experimental behavior of the DC bus voltage is presented, which corroborates the
expected capacitor bank energy control and the constraint of its voltage to the maximum admissible

deviation limits.
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The defined load profile was applied to the fuel cell system working with both Nexa and optimal
profile controllers. The fuel cell net power profile in both cases was the same due to the decoupling
performed by the DC/DC converter and its power slope limitation. The experimental Ao, profiles
performed by Nexa and optimal profile controllers are depicted in figure 4-37(b), where the last one
performs an accurate tracking of the minimum consumption points. This was done because of the
satisfactory performance of the Ap, and air pump control systems at the optimal profile. The Ao,
profile generated by the Nexa module internal control follows a similar behavior compared with the
optimal profile but has significant differences in the steady-state values. Also, the Nexa controlled
profile presents lower regulation in load power transients, which could be dangerous for the fuel
cell because this implies a high probability of entering in an oxygen starvation condition. Figure
4-37(c) presents the experimental hydrogen flows generated by both control strategies to supply the
load power. It is observed a significant reduction of the hydrogen flow requested at high power
using the optimal profile control instead of the Nexa internal control, and also a small reduction at
low power. These behaviors are in agreement with the corresponding Ao, profiles and the fuel cell
power characterization presented in figure 4-35, where at Ao, values far from the maximum power
points higher currents are required to produce the desired net power and therefore higher hydrogen

consumption.

Finally, considering an hydrogen cylinder of 240 gr, the presented load power profile of figure
4-37(a) could be supplied by the electrical power generation system during 8 hours using the Nexa
internal control. Using the optimal profile control, this load power profile can be supplied during
additionally 18.7 minutes with the same hydrogen cylinder. This supply time excesses can be also
expressed in terms of fuel use efficiency, the optimal profile control being 3.87 % more efficient
than the Nexa internal control in this particular case. The analysis shows a higher efficiency of
the optimal profile control compared with the Nexa internal control for high power profiles. In this
way, in the high power component of the requested net power profile (P, > 600 W), the optimal
profile control is 4.43 % more efficient than the Nexa internal control. Similarly, in the low power
component (P,.; < 600 W), the optimal profile control is 2.89 % more efficient than the other
strategy. Finally, for a constant fuel cell net power of 885 W, the optimal profile control is 5.2 %

more efficient than the Nexa internal control.

With these results, the optimal profile control allows to supply the load for a longer time with the
same hydrogen storage than other strategies which generate non-optimal Ao, profiles. This implies
an increment in the efficiency of the overall electrical energy generation system based on fuel cells.
Also, the developed control strategies protects the stack by decreasing the probability of oxygen

starvation.
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4.7 Conclusions

This chapter has defined the most critical mechanical restrictions and control objectives for fuel
cell-based power system controllers. The analysis reports that an auxiliary storage device is needed
to supply high-frequency load transients and to avoid fuel cell damages caused by oxygen starvation
phenomenon. In the specialized literature typical serial or parallel fuel cell-ASD hybrid topologies
are used to fulfill this requirement. This chapter has analyzed the efficiency of both topologies, and
given a selection criterion that depends on the load power profile: for load power profiles that request
a higher ASD power than the limit defined by the consumption and regenerative power profiles, it
should be processed by the serial hybrid topologies because they are more efficient than the parallel
topologies in these conditions. Likewise, high regenerative ratios increase the minimum ASD power
when the serial topology is more efficient. This indicates that the parallel topology is more efficient
in DC dominant component profiles.

The selection criteria proposed requires a previous knowledge of the frequency components or
dynamic behavior of the load profile, so the most efficient topology cannot be selected in unknown
load profile cases. This chapter also proposes a novel serial-parallel topology for these cases because,
in practical conditions, it is more efficient than both serial and parallel options. In extreme cases,
when the load power is supplied exclusively by the ASD or the fuel cell, the serial-parallel topol-
ogy is as efficient as the best of both serial and parallel topologies in these conditions. Since there
are numerous non-regenerative applications, and for the comparison in terms of number of DC/DC
converters between the three topologies to be fair, the serial-parallel topology was mathematically
analyzed considering non-regenerative conditions. In future developments, the analysis can be ex-
tended to address other applications or considerations. Another interesting future development is
the design and implementation of the control systems required to operate this novel serial-parallel
topology, which is a challenge for the non-linear regulation of the converters that interact with the

fuel cell, and also for the cooperative SOC and load bus regulation.

Control strategies for the fuel cell in both traditional parallel and serial topologies were also
proposed, and the relation between the fuel cell maximum power slew-rate and controller robustness
was presented. The parallel topology uses a small slew-rate because the controller considered is a
common lineal design. The serial application, however, uses a robust QFT controller that allows a
more aggressive power slew-rate and gives higher bandwidth to the system. Next, an experimental
system was designed in order to test the theoretical control approach. In this setup, a power interface
system based on four DC/DC boost converter modules was designed, in which the average input
current was controlled to define the fuel cell stack current. Also, the capacitor bus dimensioning
process allows to select it depending on the applications parameters, being in this case a 48 VDC bus

with voltage deviations and restitution time restrictions. The serial resistance effect of the capacitor
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bank was also analyzed, and the losses in a parallel capacitor bank were compared with the losses

in a serial array of supercapacitors.

Then the fuel cell maximum power points were characterized as a function of the oxygen excess
ratio Ao, and stack temperature. The net current and Ao, optimal profiles that produce lower losses
to supply a desired power and prevent oxygen starvation phenomenon have also been identified. In
the same way, the fuel cell net current control was implemented by using the power interface system
fulfilling the fuel cell power slew-rate obtained experimentally, allowing a smooth control of the air
pump voltage and an efficient and safe \p, regulation. In order to regulate the DC bus, the capacitor
bank supplies the load power transients while the control algorithm modifies the fuel cell power to

the new steady-state.

In addition, Ao, and air pump control strategies were developed to evaluate the proposed op-
timal profiles. The prevention of oxygen starvation and the hydrogen flow profiles of the proposed
strategy and the Nexa internal control were experimentally compared. These evaluations demon-
strated that the minimum fuel consumption points can be tracked by using the identified optimal
profiles to control the net current and Ap,. This allows smooth transitions of the oxygen excess
ratio and decreases the probability of oxygen starvation phenomenon even more. Notice that the
combination of a safe Apo control strategy and a constraint on the slew-rate of the power supplied
by the fuel cell can increase the lifetime of the fuel cell. This control strategy also makes it possi-
ble to use the same amount of hydrogen to supply the power required by the load for longer time
than other non-optimal Ao, profiles. This can also be expressed as an increase in fuel consumption

efficiency, which is extremely useful in portable applications such as aerospace, telecom, vehicles, etc.

Finally, the minimum consumption control approach presented in this chapter requires the fuel
cell maximum power points to be characterized offline, and the aging of the stack and auxiliary
systems can change these points. Taking into account the rejuvenation procedures performed by
the control board of the Nexa power module, however, the aging effects will be perceptible only in
the long term. In this case, the fuel cell can be characterized for the new fuel cell behavior and the
model proposed in chapter 2 can be parameterized again. Studies have been made of the effect of
fuel cell aging [141] [142], which means that the control technique can be improved in the future to

take this issue into account.
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Chapter 5

Conclusions and Future Works

This thesis reviews the basic theory on fuel cell control and power interfacing for real applications.
The revision illustrates the characteristics of the modeling approaches reported in the literature,
and makes it possible to select the most appropriate approach for individual applications. It also
identifies a need for two fuel cell modeling approaches. The first is a model with a circuit-based
load connection which can predict important internal states such as the oxygen excess ratio or
stack temperature. This model is required because the existing circuit-based models do not predict
internal states that are important in fuel cell operation and protection, and the physical models
available represent the fuel cell as a non-linear voltage source difficult to analyze and implement
for power electronics design and simulation. The second approach required is a low-computation
consuming model intended for real-time applications, such as emulator design, which gives an easy

and accurate parameterization procedure to represent real prototypes.

The first need has been addressed in chapter 2. A mixed model has been designed that predicts
internal states using physical and identified equations, and makes load interaction through a diode-
based circuit. This model estimates the oxygen excess ratio using electrochemical relations, and
computes the thermal model of the fuel cell to predict the output voltage deviation caused by stack
temperature changes. The output circuit models the fuel cell electrical impedance to achieve a
more realistic load interaction. The modeling procedure, which includes estimating the compressor
dynamics and losses, identifying the control system and calculating the output impedance has been
presented. The model parameterization procedure can be applied to any fuel cell prototype by
performing simple experimental tests such as load current step response and recording the stack
current, voltage and temperature changes, as well as the air flow and air temperature profiles. The
model was parameterized using experimental data from a state-of-the-art-prototype (Ballard 1.2
kW Nexa power system), and implemented in a standard power electronics simulator (PSIM) for

validation. This implemented model makes it possible to analyze and estimate the effects of power
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electronic designs (DC/DC converters, inverters, filters, etc.) on fuel cell health and performance.

The oxygen excess ratio and stack current ripple are particularly important for these aspects.

In the same research line, the fuel cell system was also analyzed to document the causes of
stack voltage ripple in ripple free current conditions, which is not predicted by reported models.
The results show that this voltage ripple is mainly caused by oscillations in the compressor control
system, and is particularly critical in resistive loads where it causes current ripple, which degrades
the stack power. Similarly, the procedure for estimating membrane water content, focused on the
sensors required for its reproduction, was analyzed. This analysis has identified the minimum set of
sensors that allow to calculate the membrane water content. This estimation is useful for designing

stack protection systems and evaluating the safety of control strategies.

This model can be improved, in future works, by considering more complex models for compres-
sor dynamics and losses, and a more detailed model for thermal-based voltage changes. Theoretical
equations should be included to explain the voltage ripple inside the model, which is also desirable
in order to reproduce the fuel cell dynamics more accurately. Finally, the results found for the esti-
mation of the membrane water content make it possible to design on-line estimation systems, which

can protect the fuel cell against insufficient-membrane-wetted conditions that degrade the stack.

The second modeling need has also been addressed in this thesis, and a fuzzy-based modeling
technique has been developed intended to reproduce fuel cell dynamics with minimum calculation
requirements. This model is described in chapter 3, where the theoretical background of the modeling

technique is given, and justified by a state-of-the-art analysis.

Basically, the fuzzy-based modeling technique considers three main physical phenomena of the
fuel cell. The first is the variation of the polarization curve, which depends on the fuel flow applied.
It is represented as static stack current-voltage ratios for different fuel flow ratio operating points,
where the fuel flow ratio is a normalization relative to the maximum fuel flow applicable to the stack.
The second phenomenon modeled is the charge double layer effect caused by the electrode-membrane
structure, which has a capacitor-like behavior. The third phenomenon is the instantaneous ohmic
effect generated by stack current transients, which is absorbed by the steady-state model when the

current transient ends.

Chapter 3 uses a new approach based on fuzzy estimators trained by the ANFIS algorithm to
describe the modeled phenomena. The fuel cell polarization reproduction is based on a fuzzy-ANFIS
model obtained from stack current, voltage and fuel flow experimental data, and the polarization
curve depends on the fuel flow ratio condition. This approach makes it possible to parameterize this
model to real prototypes by performing simple ramp-like current profiles measuring stack voltage
and fuel flow control signal. The instantaneous ohmic effect is modeled by a non-linear resistor,

the resistive value of which is given by a fuzzy-ANFIS model, trained using fuel cell equivalent
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resistance calculated from experimental measurements of the instantaneous voltage deviations caused
by defined current transients. This approach makes it easy to parameterize the model by performing
controlled current transients in the desired operating range, and obtaining a resistive value for each
operating condition. Similarly, the charge double layer effect is modeled by a capacitive system,
represented by a first order delay, where the capacitance is given by a fuzzy-ANFIS model. This
fuzzy-ANFIS system is trained by a set of time constants calculated from simple current and fuel
flow ratio transients performed on the prototype, so the model reproduces this dynamic component
in the desired operating range. Finally, a discrete transfer function of the dynamic stack voltage,
supported by the three fuzzy-ANFIS models, has been described. This model is contrasted with a
previously parameterized fuel cell physical model and validated with experimental data from a real

prototype, which leads to the satisfactory reproduction of fuel cell behavior.

The main discrepancy between the fuzzy-based model and the prototype behavior is in the volt-
age ripple presented in the experimental data, which is not predicted by the parameterized physical
and fuzzy-based models. The fuzzy-based model can be improved in future work by considering the
voltage ripple effect, and modeling it with oscillators which frequency can be also fuzzified. Another
important future improvement for this model is the inclusion of a thermal model, which can be also
modeled by a first order delay where the constant-time be fuzzied. Finally, the consideration of
the oxygen excess ratio is a useful improvement that could be make this model suitable for fuel cell

control strategies evaluation, and also it is interesting to perform it in a future development.

This thesis has also presented the advantages of using emulators to test fuel cell control devices
and strategies, and to evaluate power electronic implementations intended to interact with fuel cells.
A fuel cell emulator structure has been proposed for designing a low-cost emulation system, which
reproduces different prototypes by modifying the fuel cell model, where portability and low cost are

also valuable characteristics.

The emulator design has been developed using the fuzzy-based fuel cell modeling technique,
which provides satisfactory accuracy with few calculation requirements, so it is ideal for real-time
applications. The model has been implemented in a low-cost microcontroller, which also computes
the control of the power stage. Chapter 3 describes linear and switching power stages for fuel cell
emulation, and analyses their advantages and drawbacks. The main conclusions are: the switching
power stage requires a small power supply, but introduces a non-modeled voltage ripple, which is
not correlated with the real fuel cell voltage ripple. In contrast, the linear power stage does not
introduce a considerable voltage ripple, which means that it can be emulated by modeling approaches.
Its main drawback, however, is that it requires a high power supply. The implementation and
control considerations of the emulator and its different power stages have been described, analyzed

and experimentally validated, and the behavior of a real fuel cell prototype has been satisfactorily
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reproduced. Also, the switching and linear power stages proposed improve the state of the art of
fuel cell emulation in terms of voltage ripple analysis and reproduction capability, which makes it

possible to emulate a wide range of fuel cell prototypes with detailed or simplified models.

The emulator can be improved by taking into account the strategy for controlling the air flow
rate in the fuel cell system that is to be reproduced, which mainly causes the output voltage ripple.
Also, powerful calculation devices, like DSP or FPGA, can be used to improve the emulator by using
more complex physical fuel cell models, thus making it possible to emulate on-line such important

internal states as the stack temperature and oxygen excess ratio.

The next step in using fuel cell systems in real applications is to control the stack in safe and
efficient operating conditions, and to design a power electronics interface system to interact with real
loads. This thesis has taken into account both issues by designing a power system interface and fuel
cell control. Chapter 4 has defined important physical restrictions on fuel cell operation and control
objectives that guarantee safe fuel cell power generation. A control oriented non-linear relation
that describes the behavior of the oxygen excess ratio has also been presented (4.1), and it was
concluded that the main delays in regulating the oxygen excess ratio are caused by the compressor,
and that the stack power slew-rate must be limited to avoid oxygen starvation. Next, the most
common fuel cell-auxiliary storage device topologies have been reviewed, and their efficiency for
the different load power profiles analyzed. This analysis provided a selection criteria that depends
on the load power profile: the serial hybrid topology must be selected for load profiles with high
frequency transients or dominant AC components, and the parallel topology is most efficient at low
frequency load profiles or when the DC component is high, where the threshold depends on the fuel
cell bandwidth and on the consumption and regenerative power profiles. This criterion can be used
to select a topology when the application does not constrain this freedom (i.e. when each load has its
own power converter). Likewise, a novel serial-parallel hybrid topology has been proposed, which is
more efficient than the reviewed topologies in practical load conditions. It is, therefore, suitable for
fuel cell-auxiliary storage device applications whose load profiles have not previously been identified.
Its advantages and higher efficiency have been analytically demonstrated and validated through
numerical simulations in non-regenerative conditions, but its analysis can be extended to different

considerations in future developments.

The fuel cell control system is the core of a power supply system, and chapter 4 has presented
control approaches for both parallel and serial hybrid topologies. Since the serial-parallel topology
requires additional control and implementation analyses, it has not been considered for control design

here, but it is an interesting future development.

The parallel and serial approaches presented in this study demonstrate that the fuel cell can be

controlled in a desired oxygen excess ratio set point, so that the operating conditions are safe and the
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load can be supplied at the same time. The control structure presented includes linear and robust
designs (i.e. QFT controllers), which constrains air flow oscillations and stack current slew-rate in
order to maintain the compressor in its linear zone and the fuel cell far from the oxygen starvation

boundary.

The next step in the control of the fuel cell power system is to define the control profiles. This
thesis has presented a methodology for modeling the optimal operating conditions, represented by
the oxygen excess ratio and the load current profiles that depend on the stack temperature, so that
the fuel consumption can be minimized and the load supplied. This methodology obtains these
profiles by performing simple steady-state tests on different load conditions. They can be applied
to any fuel cell power system. Using the optimal operating points identified, an optimal regulation
strategy has been proposed for controlling the fuel cell based power system: a DC bus voltage is

regulated and the power requested by the load is supplied with minimum hydrogen consumption.

In order to validate the control systems and fuel minimization strategy proposed, an experi-
mental, fuel cell-based power system has been designed and implemented, in which new theoretical
developments have been used to design the bus capacitance. This power system consists of a four
boost module converter, an input filter, a bus capacitor bank, and an input current controller. The
experimental results corroborate that this implementation regulates the DC bus voltage and con-
strains the stack power slew-rate. Chapter 4 also gives practical considerations about the control

and implementation of the system, which are valuable for further designs.

The experimental validation of the minimum consumption strategy has also been presented.
The methodology for estimating the optimal operating points, the system for correcting thermal
deviations and the overall control structure have all been discussed. The experimental results show
that the proposed minimization strategy consumes less hydrogen than the manufacturers control
system, and, because it is more efficient, it supplies the load for longer time. This system and its
control strategy can be applied to any autonomous fuel cell-based power system, particularly in

automobile or telecom applications, to increase the overall system efficiency.

The main limitation of the proposed strategy is that the optimal control profiles must be identi-
fied off-line, so they can be deviated by stack or compressor aging. The system for minimizing fuel
consumption, then, can be improved in future developments by considering the effect of aging on
the maximum power points of the stack. Likewise, another useful improvement to the system would
be to develop and implement a strategy for identifying optimal control profiles on-line. This would
compensate for aging and make the system able to control fuel cell array systems instead of a single

prototype.

In conclusion, this thesis gives theoretical background on fuel cell analysis and control. It also

gives practical and experimental considerations to improve fuel cell operation and offers theoretical
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tools for designing fuel cell-based power systems. Its use is illustrated with practical and validated
examples. Finally, this thesis proposes a novel strategy for regulating fuel cell power systems which

minimizes fuel consumption, and improves the state of the art in this field.

The results and conclusions presented here identify future research lines that will be investi-
gated in future work by the author. Two direct developments will be addressed. The first is the
experimental validation of the criterion for selecting hybrid topologies given in chapter 4, and of
the advantages of the proposed serial-parallel topology described in the same chapter. The power
electronics design and control for the novel serial-parallel topology are also possible issues for future
work. The second is the on-line estimation of the maximum power points of fuel cell systems, which
aims to improve the fuel minimization strategy proposed in this thesis.

In general, the modeling of fuel cells for power electronics applications is an open field, as is the
modeling of fuel cell power systems that take into account the power conversion stage. Likewise,
fuel cell emulation requires a deeper analysis of modeling considerations and operating conditions,
and a design methodology must also be proposed and standardized. These open research fields are
work opportunities. This same aspect has been identified for the design of fuel cell control systems,
where non-linear control techniques could be a better solution for achieving safe operation and higher
efficiency, because fuel cell power systems are non-linear in nature. These fuel cell power systems
also require a specific power electronics design that takes into account the mechanical restrictions of

fuel cells, and the restrictions in power electronics control strategies.

170



ROVIRA I VIRGILI UNIVERSITY

FUEL CELL MODELING AND CONTROL FOR FUEL CONSUMPTION OPTIMIZATION
Carlos Andres Ramos Paja

ISBN:978-84-692-6902-2/ DL:T-1848-2009

Appendix A

Adaptive-Network-Based Fuzzy

Inference System (Anfis)

In order to illustrate the Fuzzy-Anfis structure, its the mathematical analysis is presented using a
multiple-input-single-output (MISO) system. This does not imply less generality because a multiple-
input-multiple-output (MIMO) system can be modeled as MISO systems interconnected.

In literature are reported different MISO fuzzy reasoning systems, and in the Fuzzy-Anfis appli-
cation of this thesis, the Takagi-Sugeno if-then rules are used. These rules has premise conditions
that implies consequent outputs. A typical if-then rule of a MISO system with n inputs and m rules

is:

if 21 is C1j and xo is Caj and -+ x;is Cy5 and - -+ x,, is Cp; then f; = lz (pij - @) + 15 (A1)

=1

where {z;, i =1---n} are the inputs, {C;j, i=1---n, j=1---m} the fuzzy sets and {p;;, 5,
i=1---n, j=1---m} the output function or consequent parameters. The output f; of a rule

computation is a linear combination of the input variables plus a constant parameter r; [77].

Each rule has an absolute firing strength {w;, j = 1---m} that defines the weight of its value in
the final output. The function to calculate this weight depends on the T-S fuzzy system implemen-
tation, and in this application the product function was used. The final output of the MISO fuzzy

system is a weighted average of each rule output [77], calculated as follows:

f=> () (A.2)

j=1
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Figure A-1: Fuzzy-Anfis network structure.

where {w;, j =1---m} are the normalized firing strengths of each rule defined as

Wi
P J
w; =

W
D w
=1

The Fuzzy-Anfis systems used in this application are trained off-line as five-layers adaptive neural
networks and used in the estimation process as T-S fuzzy systems. In this way, the network structure
of the Fuzzy-Anfis systems used is presented in figure A-1, where its different layers are observed.

The outputs of Layer 1 are the fuzzy sets membership grades of the inputs, and these are obtained

by using a defined membership function (MF) p(z). The most common MF are the generalized bell
function (A.4) and the gausian function (A.5) [77] [78], where {a;;, bij,cij, i=1---n, j=1---m}

are the MF or premise parameters. In this work was selected the gausian MF for the Fuzzy-Anfis
systems.

1
p,c, (1) = R (A4)
14 |2
»
z—cii\2
Hg,Ci; (I) = 67( aijj)

(A.5)
The outputs of Layer 2 are the absolute firing strengths {w;, j =1---m}, which are calculated
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using a generalized AND operation. In this work was selected the product operator and therefore

wj is calculated as follows:

n

wi =[] 1o, (@0)] (A.6)

i=1

where jig.c,; (z;) is the Cy; fuzzy set MF that evaluates the input ;.

The outputs of Layer 3 are the normalized firing strengths defined in (A.3). The outputs of
Layer 4 are the if-then rules results {f;, j =1---m} defined in (A.1) weighted by the normalized
firing strengths:

(pij - @) + 15 (A7)

1

n
1=

wj'fj—wj'l

Finally, the output of Layer 5 is the summation of the outputs of Layer 4, and corresponds
with the T-S fuzzy output previously defined in (A.2). The structure of figure A-1 has static and
adaptive layers. The adaptive layers have variable parameters and therefore require training, and
this is contrarily in the static layers that not have changing parameters. The adaptive layers in this
structure are Layer 1 due to its premise parameters, and Layer 4 due to its consequent parameters.
This network is trained using the hybrid learning algorithm described in [77], which uses the least-
squares method to identify the consequent parameters and gradient descent to update the premise

parameters according to the errors backward propagated.

Due to the Anfis network structure and the hybrid learning algorithm, the Fuzzy-Anfis systems
can approximate any non-linear function in a defined input range as was demonstrated by Jang [77].
Also, different real-time implementation techniques for T-S fuzzy systems have been reported, those
with different accuracy and computation load levels that allow to adjust the real-time implementa-

tion to the application requirements and hardware specifications.
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Appendix B

Evaluation of Fixed-Step
Differential Equations Solution

Methods for Real-Time Simulation

and Emulation

For Real-Time implementation, numerical methods for differential equations solution must be step
by step, which takes information from previous iterations to generate the new states. In real-time
simulation and emulation systems, the input data generally comes from Analog to Digital Convert-
ers (ADC) and the output interaction is performed through Digital to Analog Converters (DAC) or
Pulse-width modulation (PWM) outputs. In this appendix, a review of common differential equations
solution methods for Real-Time implementations is presented. Also, an accuracy and computational

load analysis oriented to fuel cell applications is performed.

B.1 Fixed-step differential equations solution methods

The discrete nature of the differential equation solution methods input and output data, in real-time

simulation and emulation systems, implies that the solution methods must have fixed step size.

dy

L ) (B.1)

The most common solution methods for the differential equation (B.1) in real-time are the Fz-
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plicit Euler and Runge-Kutta methods [143].

B.1.1 Explicit Euler Method

The Euler method require to transform the differential equations into integral equations:
y(r) = /f(w,y)dw
1
Y1 ="Yo +/ f(z,y)dz (B.2)
zo

The solution of equation (B.2) is intended to obtain the future value of the function by using
its present value and an integration of the signal: f(x,y) = f(zo,y0), Y& € (x0,21) = y1 =

Yo + hf(xo,yo), where h = x1 — xq is the integration step:

Yn+1 = Yn + h.f(xru yn) (B3)

Figure B-1: Explicit Euler Method.

In figure B-1, the Explicit Euler Method is presented, where the tendency of the curve in the
point (zg,yo) is calculated through a linear approximation with slope m = f(zo, o), obtaining a
variation of the function y(x) in the interval do = x1 — 29 = h of (y§ — yo). The real variation of

the function in the interval dz is dy = y1 — yo and the error of the Euler approximation is:

e=yi —
e=h- f(zo,yo0) — dy (B.4)

Analyzing (B.4), it is deduced that the error is directly proportional to the integration step size;
and making a physical interpretation of the variation dy, it is concluded that this one depends di-

rectly of h. These analyses allow to affirm that the Explicit Euler Method requires small integration
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step size to obtain solutions with acceptable errors.

B.1.2 Runge-Kutta Methods

Runge-Kutta method represent a standard in commercial simulation systems, because it virtually

converges in all cases that it is applied. A basic analysis of the Runge-Kutta method can be done

from the second order method (RK2), in which is carried out an intermediate step of size %, with

the objective to obtain a better estimation of the slope to carry out a more accurate lineal approach

of the function.

Figure B-2: Second Order Runge-Kutta Method.

In figure B-2 the RK2 method is represented, where the first step consists on an Explicit Euler
approach to find the mid point (x1,yo + k1), and then the slope of the straight line is calculated at

this point like mo = f(zo+ %, Yo+ k—zl), which is used to estimate the final estimation of the function

y():

kl = hf(xnvyn)
ky=h-f(tn+%yn+%) (B.5)
Yn4+1 = yn+k2

This method calculates a slope m; to approach an intermediate point of the function, where a
new slope mo is calculated, which is used to estimate the variation of the function in the interval
h, and therefore this method is also known as Mid Point Method. Carrying out an error analysis in

t =n+ 1, where y(t) |;=n+1= y(n + 1), is obtained that e = ks + v, — y(n + 1), arriving to:

h
e_h.f<a:n+—,yn+ 5

> >+yn —y(n+1) (B.6)

From the equation (B.6), it is deduced that the error depends on a high order expression of the
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integration step size (h?), completing the expression of RK2:
y(n+1) = yi1 +O(h%) (B.7)

where O(h?) represents the error in the approximation of y(n + 1) through y,,+1.

Fixed Step 4th Order Runge-Kutta Method (RK4)

This method requires four evaluations of the derivation function for each integration step (four times
the Euler evaluation), obtaining an error in terms of h®, which indicates that the error decreases

drastically when the step size h is reduced. Its calculation steps are given in (B.8).

k& =h- f(xnayn)

ke =h-f(tn+5,y0+ %)

ks =he f (w0 + 5,00 + F)

ka=h-f(zn+h,yn +k3)
_ ki | ke o ks | ks

yn+1—yn+g+§+?+F

Yn+1 —y(n+1) = O(h®)

(B.8)

The high convergency ratio and satisfactory approximation in the solution makes of this method
a standard in the simulation and emulation industry. In this way, in [144] a power systems real-time
simulator is presented, which uses the Runge-Kutta method for the simulation of the mathematical
models, being executed in a DSP. Also, in [145] an implementation of the RK4 algorithm in a parallel
simulation system is presented, focused on power systems simulation, and exposing the possibility

of using the system in real time simulations.

In summary, it is possible to affirm that the Runge-Kutta methods have satisfactory accuracy,

good convergence and a moderate calculation volume [42].

B.1.3 Real-Time Considerations

In [146], an analysis of the precision of these two methods is presented, which is summarized in the
tables B.1 and B.2. In table B.1, the deviations of the Euler and RK4 methods with respect to an
analogical integrator is presented, it depending on the number of steps that each method takes to
process the highest frequency of the signal. For example, the RK4 method reaching a precision of
0.001 dB with 8 integration steps.

In table B.2, the approximation error is analyzed depending on the number of steps that each

method takes to process the highest frequency in the signal, and it is compared with the error of
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Table B.1: Deviations in Euler and RK4 Methods.

Jogeasation [ Buler RK4
0.0 dB | 0.000004 dB

16 0.06 dB | 0.00007 dB

8 0.2dB |  0.001dB

4 0.9 dB 0.02 dB

2 3.9 dB 0.4 dB

Table B.2: Equivalent errors to discretization errors.

Resolution | 1 part in | Euler W RK4 fintegration mjj:{s{?::lwn
8 256 ’ 35"
10 1024 41 4.9
12 4096 83 6.9
14 16384 170 9.7
16 65535 360 14.0

discretization in an analog to digital converter (ADC). This information is very useful in the selection
of the processing system. i.e. using a 10 bits ADC to acquire the input signals, it is necessary to
use 5 RK4 integration steps to obtain the same error of 1 part in 1024, or 41 Euler integration steps
to achieve the same precision. The use of more integration steps than the ones suggested by table
B.2 is useless because the error introduced by the ADC masks the additional numerical integration
precision, and therefore, the increment in the computational time required by the additional steps

do not generate more precision in the overall system (ADC+processing).

In conclusion, Runge-Kutta methods are appropriate for systems with high variability in the
simulation/emulation signals, since they can provide an acceptable approximation without compro-
mising strongly the sampling time. On the other hand, Euler methods enable a fast approximation
of the system behavior, being adequate for systems with low variability in the signals. Due to Euler
method requires small calculation power, it is suitable to be implemented in low-calculation-power

embedded systems.

B.2 Real-Time simulation of Fuel Cell systems

Real-Time simulations of the non-linear model proposed by Pukrushpan et al. [1] have been per-
formed, this in order to analyze the behavior of Euler and RK4 methods in fuel cell states calculation
for real-time implementations. The processing environments used are Personal Computes (PC) and
Embedded systems. The PC environments use the MATLAB Real-Time Windows Target Toolbox
and RTAI-Linux Target Application, looking for emulate the fuel cell stack and its auxiliary systems.

The Embedded environments used are the DS1104(@©) dASPACE PowerPC Target and a TMS320C6711
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Texas Instruments DSP (DSK Starter Kit).

The Real-Time Windows Target [41] allows the real-time execution of simulink models on Win-
dows 2000/XP environments. Likewise, the RTAI-Lab Linux Target [147] allows the Hard Real-Time
execution of simulink models implementing the Real-Time POSIX standards [148]. These imple-
mentation platforms can coexist with another applications and it is possible to develop graphic user
interfaces (GUI) without additional hardware.

The high-performance embedded system DS1104©) dSPACE [149] allows the hard real-time ex-
ecution of complex simulink models that require high calculation power. For signal monitoring,
dSPACE provide the ControlDesk tool [150] that allows the visualization and interaction with in-
ternal and external signals in run-time. DS1104 characteristics: PCI Interface, PowerPC main pro-
cessor, TMS320F240 secondary processor, 32 Mb of DRAM, USB programming interface, 4x 16-bits
ADC, 4x12-bits ADC, 8x16 DAC, 2x12 DAC, 20xDIO, 3¢ PWM coder.

The last implementation platform evaluated was the TMS320C6711 DSK [151], which has a
high-performance floating point DSP-processor. The programming is performed through the Matlab
DSP TM320C6000 Target and has the characteristic of operating autonomously, being possible to
programming the real-time model from an external memory. This characteristic makes it ideal for
prototyping of emulators, since it is easy to transport, low cost and do not require additional hard-

ware.

The procedure of selecting the numerical methods for real-time implementations has been trivi-
alized in many developments, but the appropriate selection of the numerical method has definitive
influence in the final prototype characteristics like: size, power request, complexity and cost. In
this appendix the analyses are focused on a fuel cell model, which was also simulated using the
variable step size algorithm ode45 (Dormand-Prince) of Matlab/Simulink to analyze the precision
and computational loads of the fixed-step approximation methods, this because the ode/5 algorithm
implements a step size control to minimize the integration errors. The mathematical model was
implemented with Euler and RK4 methods, evaluating their performance for real-time simulations.
The programming was developed in Matlab/simulink using the Real-Time Workshop Toolbox and

the Targets required for each implementation platform.

B.2.1 Real-Time Simulation Results

Figure B-3 shows the comparison between the outputs of the dynamic-step-size method (green line)
and the outputs of the real-time simulations of the Euler method (red line) and RK4 method (blue
line). The real-time evaluation was made using the processing of the physical variables: cathode air

mass flow (figure B-3(a)), membrane water content (figure B-3(b)) and stack voltage (figure B-3(c)).

180



ROVIRA I VIRGILI UNIVERSITY

FUEL CELL MODELING AND CONTROL FOR FUEL CONSUMPTION OPTIMIZATION

Carlos Andres Ramos Paja

ISBN:978-84-692-6902-2/ DL:T-1848-2009

[ka/s]

=

Stack Voltage (V)

Figure B-3(d) depicts the errors in the estimations of the previous variables, where it is observer a
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Figure B-3: Comparison of the simulations.

3% band in the approximation errors.

The absolute average errors of the cathode air mass flow calculation generated with the Euler

and RK4 methods (fixed step) with respect to the variable step method, and between the Euler and

RK4 methods, can be calculated as follows:

Esdew = 100 -
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Eagrs = 100 - (B.10)

EaRew = 100 - (B.11)

where €gewu_i, €dra_;i and €peq_; are the errors in each interval time of Euler Method, RK4 Method
and Euler-RK4 Methods, respectively. It is observed that Euler Method error (Eage,) and RK4
Method error (F4r4) are almost equal, which is confirmed with the error between these two methods

(EAReu)'

In figure B-3(e) the polarization curves are presented, these obtained with the variable step-size
simulation and with real-time simulations of Euler and RK4 methods. The errors in the polarization
curve are depicted in figure B-3(f), being enclosed in a 1.5 % band. It is also noticed that the errors

of the methods executed in real-time are similar.

B.2.2 Computational loads comparison

The real-time implementations of the mathematical model using the numerical methods were made
with 10 different sampling times (0.1 ms to 1.0 ms, with intervals of 0.1 ms). In figure B-4 are
presented the average computational loads for each sampling time in the selected implementation
platforms. The reduction in the computational load when Euler method is used is remarkable: with
a sampling time of 0.1 ms, RK4 demands 70% of the processor and Euler requires less than 30%
(Real-Time Windows Target, figure B-4(a)). In the RTAI-Lab Linux Target implementation, it can
be noticed that the processor load decreases, which also provides the execution in hard-real-time

keeping the real-time POSIX standards.

A satisfactory performance of the two numerical methods in the embedded platforms can be
also observed (figures B-4 (c¢) and (d)), where the Euler method presents a small computational
load, allowing the realization of additional operations in the processor. In the particular case of the
TMS320C6711, which is the most adequate for an emulator implementation due to its autonomy, it
is possible to combine both numerical methods for different parts of the mathematical model, using
Euler for small-variance signals and RK4 for high-precision signals. Equally, taking into account
the information of tables B.1 and B.2, it is possible to adjust the numerical methods and sampling

times to do not deteriorate the resolution fixed by the data acquisition systems.
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Figure B-4: Computational loads comparison.

B.3 Final remarks

In the selection of a numerical method for the solution of physical equations, it intended for emula-
tion of dynamical systems, it is necessary to keep in mind the quantization errors of the ADC and
DAC systems. Similarly, it is necessary to evaluate the volume of numerical calculation required in
function of the reached precision. These analyses allow to choose the most appropriate algorithm

avoiding to waste time of calculation without obtaining a substantial increment in the precision of

the solutions.

It is observed that Euler method precision is virtually the same that the RK4 method in some
of the states of the particular case analyzed (fuel cell model), and noticing that RK4 requires more
calculation volume (200 %), it is possible to affirm that Euler method is acceptable for real-time

emulation of the fuel cell stack. In the same way, due to the fuel cell system dynamics, it is possible
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to use the Euler method for real-time emulation of the air supply system. This implies a smaller cost
in the hardware implementation in comparison to the requirements of RK4 or superior methods.
Using commercial hardware it is possible to implement real-time emulators in embedded devices,
such as the TMS320C6711 DSK evaluated. This system can work stand alone, requiring a minimal
additional hardware and permitting an easy transportation and turn-on of the emulator. Finally, the
TMS320C6711 DSK has a high-calculation power processor, which makes possible to emulate addi-
tional components of the energy generation system such gas refinement system, DC/DC or DC/AC

converters and control, fuel cell and fuel flow control systems, etc.
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Appendix C

DC/DC boost modules

construction considerations

In this appendix some important construction information and considerations for the DC/DC boost

modules are given.

C.1 Inductor construction

The inductors for the DC/DC boost modules have been constructed using commercially available
toroidal cores Kool My 77076-A7 from Magnetics [152]. Next, using the Magnetics software design,
it was defined a minimum section of the inductor wires of 1.3 mm? (AWG16), which was obtained by
using 20 copper wires with sections of 0.07 mm? interleaved to generate lower ESR at high frequen-
cies. The average values of the four modules characterization, measured using a QUADTECH LCR
1910 inductance analyzer and a QUADTECH 1320 current source [153], are: L = 56 uH (Ibias = 8 A),
Roc = 12 mQ, ESRyq kHz = 145 mQ, ESRs50 knz = 175 mQ and ESR1g0 kH, = 300 mQ.

C.2 Diode and MOSFET selection

The selected diode was a Schottky diode 43CTQ100PBF with characteristics: IF(AV) = 40 A using
two diode in parallel, VR = 100V, VF = 0.67 V. It has a TO 220 packing case with thermal resistance
of 1°C/W (junction-case).

The MOSFET used was a IRFB3077PBF, which characteristics are: VDSS =75 V, RDS(on) =
3 mQ, ID =120 A. Its TO 220 packing case has a 0.5 °C/W junction-case thermal resistance, and an

additional 0.5 °C/W case-heat sink thermal resistance.
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Both diode and MOSFET are over-dimensioned to generate circuit robustness. Also, in this
application it was used a heat sink with 2.9 °C/W thermal resistance (heat sink-ambient), which

due to the switches over-dimensioned, must maintain its temperature near to the ambient without

forced convection.
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Appendix D

Publications

The main results of my Ph.D. research have been or are intended to be published in journal papers
and conference proceedings. The next journal papers and conference papers are published or ac-

cepted for publication, and they contribute to the divulgation of my research results.

D.1 Journal Papers

C.A. Ramos-Paja, A. Romero, R. Giral, E. Vidal-Idiarte, L. Martinez-Salamero, ” Fuzzy-based mod-
elling technique for PEMFC electrical power generation systems emulation”, IET Power Electronics,

Vol. 2, no. 3, pp. 241-255, 2009.

C.A. Ramos-Paja, C. Bordons, A. Romero, R. Giral, L. Martinez-Salamero, ” Minimum Fuel Con-
sumption Strategy for PEM Fuel Cells”, IEEE Transactions on Industrial Electronics, Vo. 56, no.
3, pp. 685-696, 2009.

C.A. Ramos-Paja, R. Giral, L. Martinez-Salamero, J. Romano, A. Romero, G. Spagnuolo, ”A PEM

fuel cell model featuring oxygen excess ratio estimation and power electronics interaction”, IFEE

Transactions on Industrial Electronics, Accepted for publication in 2009.
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D.2 Conference Papers

C.A. Ramos, A. Romero, R. Giral, ”Métodos Numéricos en la Emulacién de Sistemas de Potencia”,
Seminario Anual de Automdtica, Electrdnica Industrial e Instrumentacion (SAAEI'06), Gijén-Spain,

September 2006.

E. Arango, C.A. Ramos-Paja, J. Calvente, R. Giral, A. Romero, L. Martnez-Salamero, ”Fuel Cell
Power Output Using a LQR Controlled AIDB Converter”, International Conference on Clean Elec-
trical Power (ICCEP ’07), Carpi-Italy. May 2007.

C.A. Ramos-Paja, A. Romero, R. Giral, ”Evaluation of Fixed-Step Differential Equations Solution
Methods for Fuel Cell Real-Time Simulation”, International Conference on Clean FElectrical Power

(ICCEP ’07), Carpi-Italy. May 2007.

C.A. Ramos-Paja, A. Romero, R. Giral, L. Martnez-Salamero, ”Maximum Power Point Tracking
Strategy for Fuel Cell Power Systems”, IEEE International Symposium on Industrial Electronics
(ISIE07), Vigo-Spain, June 2007.

C.A. Ramos-Paja, A. Romero, R. Giral, ”Modelado, Control y Disefio de Sistemas de Potencia para
Optimizacién de Consumo en Pilas de Combustible”, Graduated Student Meeting on Electronic En-

gineering, Tarragona-Spain, July 2008.

J. Rios-Torres, C.A. Ramos-Paja, C. Pinedo, A. Romero, R. Giral, ”Plataforma para evaluacién
y monitoreo del funcionamiento de una pila de combustible FCPUV”, I Simpdsio Ibérico de

Hidrégeno, Pilas de combustible y Baterias avanzadas, Bilbao-Spain, July 2008.

C.A. Ramos-Paja, C. Olalla, C. Bordons, A. Romero, R. Leyva, R. Giral, ”Hybrid topologies analysis
for fuel cell QFT control design”, 15th Interantional Congress of Electrical, Electronic and Systems
Engineering (Intercon 2008), Trujillo-Peru, August 2008.

C.A. Ramos-Paja, C. Carrejo, A. Romero, E. Vidal-Idiarte, R. Giral, C. Bordons, M. Milanovic,
”Control suave del exceso de oxigeno en una pila de combustible limitando la razén de cambio de la
potencia con una rampa de compensacién dindmica”, Seminario Anual de Automdtica, Electronica

Industrial e Instrumentacion (SAAEI'08), Cartagena-Spain, September 2008.
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