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Resumen

Las PEMFCs son el tipo més popular de celdas de combustible (FCs) y
tradicionalmente usan hidrégeno como combustible. Uno de los problemas
de la FC es su dindamica relativamente lenta a causa de la constante de tiem-
po de suministro de hidrégeno y oxigeno, que varia en un rango de varios
segundos. En este sentido, un supercondensador (SC) responde mas répido
que una FC cuando existe un cambio en la demanda de energia hacia la car-
ga. Al usar un banco de SCs junto a la FC, se logra tener mejor desempeno
y mayor tiempo de vida de la FC debido a la rdpida absorciéon y suministro
de energia de los supercapacitores ante dichos cambios de carga, dando en-
tonces un mayor tiempo de respuesta a la FC. Por tanto, se hace necesario
el estudio de estructuras que permitan el acondicionamiento de la potencia
con sus respectivos sistemas de control, que puedan mitigar las desventajas
mencionadas de la misma FC. Varias investigaciones han estudiado las difer-
entes propuestas de topologias con sus respectivos controles para operar a
FC y SC. En esta tesis se propone un esquema de control, implementado
digitalmente para operar un médulo PEMFC de 1,2 kW y un SC a través
de un convertidor DC/DC hibrido. Se ha propuesto una FC como fuente de
energia primaria y un SC se ha propuesto como fuente auxiliar de energia.
Asi mismo se proporciona una validaciéon experimental del sistema imple-
mentado en el laboratorio. Se han realizado varias pruebas para verificar
que el sistema alcanza una excelente regulacién de la tensién de salida (Vp)
y tensién de supercapacitor (Vgo) bajo perturbaciones de potencia de FC
(Prc) y potencia de salida (Fp) asi como otras pertubaciones descritas en
el anélisis de resultados.
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Abstract

PEMFCs are the most popular type of Fuel Cells (F'Cs) and traditionally
use hydrogen as the fuel. One FC problem is its relative slow dynamics
caused by the time constant of the hydrogen and oxygen supply systems that
can be in the range of several seconds. In this sense, supercapacitors (SC's)
respond faster than FC to a fast increase or decrease in power demand. Thus,
using SCs together with FCs improves FC life and performance by absorbing
faster load changes and preventing fuel starvation of the FC. Therefore,
it becomes necessary to study structures of power conditioners with their
respective control systems that can mitigate the disadvantages mentioned
of the FC itself. Several researches have studied the different topologies
with their respective control proposals to operate FC and SC. This thesis
proposes a digital control scheme to operate a PEMFC module of 1.2 kW
and a SC through a DC/DC hybrid converter. A FC has been proposed as a
primary source of energy and a SC has been proposed as an auxiliary source
of energy. An experimental validation of the system implemented in the
laboratory is provided. Several tests have been performed to verify that the
system achieves an excellent output voltage (Vp) regulation and SC Voltage
(Vse) control, under disturbances from FC power (Pp¢c) and output power
(Py) as well as other perturbations described in analysis results.
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Thesis Outline

The structure of this thesis consists of seven Chapters. In Chapter one, a
conceptual framework of the fuel cell and the supercapacitor are presented.
In Chapter two the power conditioners and their respective controls to op-
erate fuel cells and supercapacitors are presented. Chapter three describes
the analysis and design of a power conditioner. Chapter four, presents the
system modeling, as well as a control structure to operate a hybrid converter
and its transfer funtions. Chapter five describes the simulation results per-
formed using the software " M AT LAB — Simulink”. Chapter six shows the
experimental results obtained in the laboratory, giving a description of the
behavior of the system to different operating conditions. Finally, Chapter
seven shows the general conclusions of this thesis, as well as possible future
work in the development of the same.
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Chapter 1

Introduction

1.1 Introduction

Fuel cells (F'C's) tend to be an important source of energy in the future [2].
Nowadays, there is a great interest in its use, as fossil fuels are increasingly
affecting the environment [3], with the climate change, acid rain, ice melt-
ing, greenhouse effect, air pollution, oil spills, damage to the agriculture,
sea level raising, etc. For this reason, FCs modules that meet a wide range
of powers are being developed covering the worldwide energy demand [4].
At present, the development of renewable sources of energy has an impor-
tant role to protect the environment and the energy crisis around the world.
The fuel cell can be a very valid substitute for conventional fossil energies
[5]. However, the fuel cell still has a slow dynamic which is limited by the
supply of hydrogen and oxygen to the system, so therefore, its response to
changes in load demand is still slow. Accordingly, the fuel cell requires an
auxiliary energy storage whose function is to help mitigate the inconvenience
presented by the slow dynamic of a fuel cell.

The SC is a very attractive storage device to operate as an auxiliary source
of power fuel cell it. It presents very fast dynamics and can store more
energy than a conventional capacitor. Hybrid converters are usually used
as a primary energy source such as fuel cell and a secondary source such as
the SC offering many advantages as it allows the FC to operate for longer
integrating both technologies. Some applications of hybrid systems with fuel
cells are the uninterruptible power supply (UPS) and the hybrid electrical
vehicles (HEV') [6].

Based on the reviewed literature, it can be determined that the most used
topologies of power systems based on FCs are the non-isolated DC-DC con-
verters and the isolated DC-DC converters. The non-isolated converters are
boost and cuk with their respective variants, the isolated ones are: forward,
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push pull, half bridge and full bridge converters with their respective vari-
ants [7, 8].

This Section summarizes the study of topologies used in FC/SC application
and since the intention is to achieve high performance at all times, there
are also some basic dynamic requirements of the DC-DC converter like high
efficiency, high reliability and good output regulation. Figure 1.1 shows the
block diagram of a typical power system based on FCs. In the reviewed
literature, it shows a tendency to improve properties such as efficiency, vol-
ume, weight, equipment reliability and cost [9, 10].

Low Voltage High Voltage
DClink  Converter DC link
H; Fuel cell : DC V
V DC Load
Module | | 1"% e L
\— CJ<
i | Unidirectional
2 : > Bus DC
I
Supercapacitor DC Bidirectional
or e T ch
Battery : DC
Converter

Figure 1.1: FC power conditioning for electric power application scheme.

Another important point seen in the proposed systems of power conditioners
is the need for an energy storage mechanism (SCs), not only to give support
or provide additional power to the system, but also to support the peak
current demanded by the load. In the power conditioners, the energy used
in SCs must be restored. This requires additional features to the system,
such as the ability to recharge. This depends directly on the topology of the
power converters.
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1.1 Introduction

1.1.1 Literature review in hybrid systems

Thoungthon et al.[11] studied the control strategy of the FC/SC hybrid
power source for electric vehicles. The hybrid converter presents a control
principle to use FC as a main power source which operates with a boost con-
verter and SC as auxiliary power source which operates with a bidirectional
converter. The conception proposes the hybrid system control as a regula-
tion to the DC bus voltage with a fast auxiliary source as only power delivery.

Sanchez-Squella et al.[12] studied energy management in electrical systems
fed by multiple sources. They proposed a topology that is used in some elec-
tric vehicles. To ensure energy exchange, the interconnection of the storage
and load devices is performed by using power converters. In this sense, the
power converters are electronically switched to a circuit capable to adapt
the port voltage or current magnitudes to decisive values. The current and
voltage are tracked with control loops, usually proportional integrals (PIs).

Cervantes Isle et al.[13] studied supplied hybrid control technique in FC/SC
electric vehicle platforms developing a control scheme to operate a FC/SC
hybrid converter. Some tests certify that the control was able to have an
excellent output voltage regulation with disturbances in the load and its in-
put voltage.

Gebre T. et al.[14] studied the control of converters to operate the FC and
SC. The control was designed with proportional-integral controllers PI where
the objective was to regulate the DC bus voltage. Some measured variables
were the fuel cell current and the output DC voltage. The design had two
control loops; the inner loop regulates the FC current and the outer loop
regulates the output voltage.

Bernard Davat et al.[15] studied a multiphase interleaved step-up converter
for high power FC applications. The purpose of this system consisted in
parallel connections of three boost converters in order to operate at high
powers. The proposed control system has been used to measure the input
current of each converter and close the current loops. As well it connects
three current loops converters in parallel.

T. Azib et al. [16] studied a control strategy for a parallel FC/SC hybrid
converter proposing a power conditioner that can operate with two convert-
ers (FC and SC). These are used to integrate a power conditioner, where this
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integration is connected in parallel on the DC output voltage. The control
scheme has been proposed with the intention of manipulating the energy
transfer of FC as the primary source and SC as the secondary source to the
demands of the output power load.

A. Kirubakaran et al. [17] studied fuel cell technologies and power electronic
interface. The study shows that it is possible to improve the efficiency of
the power converters used for the operation of FCs, getting a better system
performance. Therefore, some techniques have been studied that can help
to significantly reduce the switching losses of the converters and increase
the efficiency of them. The techniques usually employed were crossing zero
voltage (ZVS) and zero current crossing (ZCS).

Oleksandr Krykuno et al. [18] studied the DC/DC converters for FC appli-
cations. Some converters like boost, push pull and extended forward were
mathematically analyzed as the main purpose to find the most efficient con-
verter for the boost converter to present a better efficiency. Therefore, boost
converter is a good option to operate the FC system.

Farzad Abdous et al. [19] studied a DC/DC converter control by the slid-
ing mode method. The sliding mode method has been employed to operate
the FC to control the output voltage through the outer close loop and FC
current regulation through the inner close loop. The sliding mode method
is used to operate in discontinue forms.

1.2 General objective

The main objective of this research is to design a methodology for a power
conditioner applied to a hybrid system of a fuel cell and a supercapacitor,
as well as to implement a control structure that allows the governing of the
whole system.

1.3 Particular objectives

The particular objectives of the thesis are the following:

e To study the fuel cell technology (structure, operation, types, applica-
tions).
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1.4 Contributions

e To study the supercapacitor technology (structure, operation, electri-
cal characteristics, applications).

e To study the power conditioners systems and their control structures
based on FCs/SCs.

1.4 Contributions
Tha main contributions of this thesis focuses on the following:

e To proposed a configuration of the power conditioner to operate fuel
cell as primary source and backup power system with supercapacitor
as a auxiliary source.

e To proposed a control structure to operate the power conditioner.

e To simulated in Matlab-Simulink software of the proposed system op-
erating in closed loop.

e Implementation of the power conditioner and DSP programming of
the control structure proposed by software code composer estudio.

e Validation of experimental results in the laboratory.

1.5 Fuel cell
1.5.1 Definition

A Fuel cell is an electrochemical device that through a series of electrochem-
ical reactions converts energy from fuel (typically hydrogen) into electrical
energy. In addition to generating electricity and heat, fuel cells generate
water. FCs are similar in operation, to the batteries that produce direct
current (DC), but unlike them, a FC does not get exhausted and it cannot
be recharged [20].

1.5.2 Principle of operation

The PEMFC (Proton exchange membrane fuel cell) has two electrodes which
are separated by two electrolytes. Oxygen passes through one electrode and
hydrogen over the other. When hydrogen gets ionized it loses an electron.
When this happens, both particles (hydrogen and electrons) take different
paths towards the second electrode. The hydrogen migrates to the other
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electrode while the electron makes it through a conductive material[21]. Fig-
urel.2 shows a schematic of a fuel cell.

Electric load

- +

Oxygen (02)
Exhaust (H20)

e

Hydrogen (Hy)

-

l%
apoyien

apouy

Electrolite

Figure 1.2: Fuel cell.

The PEMFC operates very much like to a battery. The difference being that
the PEMFC produces electricity from an external source of fuel and oxygen
as opposed to the limited capacity of energy storage that the battery has.
The reactives typically used in a fuel cell are hydrogen on the anode side and
oxygen on the cathode side. Moreover conventional batteries consume solid
reactive, and once depleted, must be eliminated or charged with electricity.

1.5.3 Electrical characteristics

The ideal voltage of a single cell of FC is 1.23 V at 25 °C, 1 atmosphere
and to obtain high levels of tension, it would be necessary to have a large
number of cells. Therefore, to reduce complexity and assembly costs, the
low voltage electric loads are preferred. Usually it is necessary to accommo-
date the voltage level at high levels to liaise with other stages of the supply
system. Figure 1.3 shows the different losses of regions of operation in fuel
cell at steady state.
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1.5 Fuel cell
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Figure 1.3: Cell Voltage—Current Density curve of an ideal fuel cell [1].

The three types of losses are shown below:

e Activation region: occurs when the operation of charge transfer at
the electrode-electrolyte interface is slow.

e Ohmic Polarization: results from the electrical resistances of the
fuel cell.

e Concentration polarization region: occurs when the availability of
reactants is limited by diffusion, thus resulting concentration gradients
reduce the activity of the electrode leading to losses in the output
voltage.

1.5.4 FC types

In general the different types of fuel cells are designed in a similar form al-
though they vary depending on their construction of the electrolyte. There
are six main types which are shown below [22]:
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e Alkaline fuel cells (AFC), this type of FC is very old, its cost is

very high and it is not very commercialized. The AFC operates at
temperatures between 65 and 220 °C with a pressure of 1 atmosphere
and each cell can deliver up to 1.2 V.

Proton-exchange membrane fuel cells (PEMFCs) are the most
common fuel cell used in light transports. They operate at relatively
low temperatures (in the order of 80 °C'). The PEMFCs have an elec-
trical efficiency between 40 and 60 percent and its main advantages
are high power density and longer lifetime in comparison to other fuel
cells. Automotive manufacturers use this in their applications for light
vehicles.

Phosphoric acid fuel cells (PAFCs), PAFCs have had a greater
impact on a commercial level than any other fuel cell. These PAFCs
generate electricity from over 40 to 80 percent of its efficiency. They
operate at temperatures from 180 to 210 °C and they are very appro-
priate for use in stationary generation as hotels, hospitals and build-
ings. Also the PAFCs are used in mobile applications such as trucks,
boats or trains. They are in commercial production units of approxi-
mately 200 kW

Molten carbonate fuel cells (MCFCs) operate at temperatures
of 600 and 700 °C, so they heat in gas turbines and vapor is used to
have an increase in efficiency. Among its advantages are the following;:
they do not require noble metals, they can use for operation natural
gas, synthesis gas, biogas, etc. Its main disadvantage is the high cost.

Solid oxide fuel cells (SOFCs) the SOFCs operate at high temper-
atures in the order of 1000 °C so it is not necessary to use noble metal
electrodes, therefore it is possible to reduce its cost. SOFC has its
high efficiency between 80 and 85 percent. The SOFCs are attractive
as an energy source because they do not pollute and are usually very
reliable. Its main application is in industrial applications and where
high power is required.
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1.5 Fuel cell

e Direct methanol fuel cells (DMFCs) this type of fuel cell uses
methanol as fuel; its operation is very similar to the PEMFC. The
DMFC works at low temperatures in the order of 50 — 100 °C. The
DMFC is very useful in portable applications such as mobile phones
and laptops and it is considered in the transportation industry.

1.5.5 Applications

Fuel cells operate in a wide range of powers being used in four areas such as
the residential, stationary, transportation, and portable [23].

e Residential is where fuel cells can be connected to the network and
supply electrical power when required or they can even be used in ru-
ral areas where there is no electricity. Because fuel cells produce heat,
they are good for heating a house.

e Stationary is used mainly in hotels, universities, clinics, buildings
and industry being significantly less costly than fossil fuels.

e Transportation, many automobile companies are doing studies and
tests on their new car models with the fuel cell with the idea of im-
plementing them in cars. Some manufacturers include Ford, Daimler-
Chrysler, Volkswagen, etc. Other applications are in ships, trains and
planes.

e Portable has been a large niche for fuel cell applications because
portable devices can be operated from very low powers. Among its
main applications are: mobile phones, laptops, palms, video cameras,
alarms, battery chargers, etc. Normally the type of fuel cell that is
used for low power is DMFC where its main fuel is methanol.

An important aspect to consider is the fact that fuel cells are a source of
clean energy which brings many benefits to the environment. As the tech-
nology continues advancing, prices of fuel cells will get cheaper so they will
be more commonly used in our homes.

11
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1.5.6 Advantages and disadvantages

In general FCs offer many advantages when compared to fossil energy sources.
Although some of the FCs attributes are only valid for some applications,
most advantages are more general. However, there are some disadvantages
facing developers and the commercialization of fuel cells [24].

Advantages

Fuel Cells do not need conventional fuels such as oil or gas and can
therefore eliminate economic dependence on politically unstable coun-
tries. Since hydrogen can be produced anywhere where there is water
and electricity, production of potential fuel can be distributed widely.

Low temperature fuel cells (PEM-DMFC) have low heat transmission
which makes them ideal for military applications.

They are a great alternative in energy planning in short, medium and
long term.

Fuel cells represent a great alternative for clean and efficient energy.

They can be easily transportable, which makes them much more flex-
ible.

It is a technology that promises much in the future, as petroleum starts
getting finished, there will be a need to use non-conventional sources
of electricity.

It is a source of energy which does not produce noise, and they can be
used in cogeneration processes.

It has great flexibility to operate with other systems of electricity gen-
eration to increase the efficiency of the system.

Disadvantages

12

The technology is not yet fully developed and there are only a few
prototypes available right now.

Incapacity to accept regenerative energy.

Slow load response.
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1.6 Supercapacitor

e It is still a high cost technology, due to its recent entry to the market
and they are not very well known worldwide.

e They are far from having ideal characteristics of a voltage source. The
operator delivers a non-regulated power making it necessary to use
power converters.

e It presents a slow response in the start-up and to changes in demand
for power in the load.

e Inability to accept regenerative energy.

1.6 Supercapacitor

1.6.1 Definition

A supercapactor is defined as an electrochemical device capable of storing
electrical energy and of releasing energy. They are also known as double-
layer capacitors. Among its main features outstands its high energy density
[25].

1.6.2 Principle of operation

The SC is constructed similarly to a conventional capacitor which consists
of two electrodes separated by an electrolyte. One way to increase the ca-
pacitance lies in the fact of decreasing the distance between the two plates
and increasing the surface. Figure 1.4 shows a schematic view of a SC.

When a voltage or potential difference is applied to the capacitor, one of the
electrodes has positive charges and the other one negative charges. The op-
posite charges attract and in this way energy is stored in the supercapacitor.

The charge Q stored in a capacitor of capacity C Farads a voltage U ex-
pressed by

Q=CU (1.1)

The capacitors can be used to store energy. The energy stored in a capacitor
is given by the expression.

1
E= 5CU2 (1.2)

where E is the stored energy in Joules. The capacity of a capacitor C in
farads is given by

13
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Figure 1.4: Working principle of a supercapacitor.
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where ¢ is the permitivity dielectric material between the plates, A is the
surface of the plates and d is the distance that separates them. Thus, the SC
technology to achieve high capacity is to reduce the gap between the elec-
trodes. On the surface of each electrode there is a layer of electrolytic ions,
hence the name double-layer. However the disadvantage of this technology
is the maximum voltage that the capacitor can support which presents low
values in the order of 2.5 V. This limits severely the amount of energy that
can be stored, as shown in [13].

1.6.3 Applications

Due to these properties of life and management of voltage and current the
SCs have been used in various applications:

e Consumer: Digital cameras, laptop computers, PDAs, GPS, hand
held devices, toys, flashlights and restaurant paging devices.

e Automotive: The SCs represent a very promising development more
particularly in the automobile transport systems, they represent a high

14
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1.6 Supercapacitor

efficiency in this application, it is important to mention that the SCs
reach their maximum utilization in the discharge energy during the
acceleration of the vehicle.

e Industrial: The SCs have increased their applications. Technology
continues to progress and they play an important role in the industry.
To mention a few of them are: telecommunications, security doors,
backup power systems, cranes, devices used in power electronics.

1.6.4 Advantages and disadvantages

Recently, the SCs have emerged as an important new alternative to other
devices in production and storage of electricity as fuel cells or batteries. The
main advantage compared to fuel cells and batteries is the power, it is ca-
pable of injecting. Other features of the SCs are fast charge and discharge,
they can provide high load currents, which damage the battery, the number
of life cycles of the same order of millions of times, there do not require
maintenance, working conditions most adverse temperature. Here are the
relevant advantages and disadvantages.

Advantages

e They have a longer lifetime than a battery or fuel cell due to their
higher number of charge and discharge cycle.

e Low cost per cycle.

e Good reversibility.

e High output power.

e Non-corrosive electrolyte and low toxicity of materials.
e Great range to operate at high temperature.

e High electrical efficiency 95 percent.

15
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Disadvantages

e The main disadvantage of SCs are their limited ability to store energy,
and today, it is highly expensive.

e The voltage varies with stored energy, therefore it is necessary to use
sophisticated electronic control systems and make use of the power
converters to storage and recover more effectively electrical power.

e SCs have low voltages so serial connections are needed to obtain higher
voltages. Because as this it is necessary to interconnect a large number
of units to build devices with the propose to increase their voltage.

1.7 Conclusions

This first Chapter has presented the general and specific objectives of this
thesis. A conceptual framework of the supercapacitor and fuel cell, showing
their definitions, principles of operation, electrical characteristics, applica-
tions, advantages and disadvantages. The SC and FC technology has been
studied in this Chapter as well as the great importance that both technolo-
gies are having once marketed, in a range of applications for both low and
high power. One of the most important is in the automotive market due to
its non-environmental pollution. It is necessary to know all the virtues and
benefits offered by these technologies to make the most of their performance,
not forgeting that, they require the use of power electronics to mitigate the
inherent disadvantages.

16
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Chapter 2

Power converters for FC and SC

2.1 Topologies of the DC/DC converters applied to
FC

The DC/DC converter for FC applications must be fit into the requiere-
ments: high step-up conversion ratio, high stability of the output voltage
during the variations of the output current and the input voltage, DC/DC
converter operating with unidirectional current, high efficiency and low cost.

Below are shown the different converters that can operate the fuel cell.

2.1.1 Boost converter

Figure 2.1 shows the electrical circuit of the boost converter. The boost
converter is a simple topology where research has been done to improve its
optimization. In a FC application, the converter has the following features
[26]:

1.-Switch referred to ground.

2.-Output voltage with reference signal is equal to the input voltage.

3.-It is not possible to disconnect the input of the output (difficult protec-
tion).

The transfer function of this converter is:

M= 1
VFC 11—«

(2.1)
where:

M= Transfer function
Vo= Output voltage [V].

17
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Figure 2.1: Boost converter.

Vrc= Fuel cell voltage [V].
a= Duty cycle[-].

The main advantages and disadvantages [27] offered by the boost converter
in a power system based on FCs are:

Main advantages

1.-High efficiency.

2.-The power structure of the converter makes the input current a non-
pulsating type, which is ideal for feeding a FC.

3.-Simple design of the inductor.

4.-Low cost, simple control and design.

Main disadvantages

1.-Overcurrent in the startup.
2.-High stresses voltage on the switch if there is a large variation in magni-
tude between the input and output.

18
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2.1 Topologies of the DC/DC converters applied to FC

Single-phase isolated boost converter

Figure 2.2 shows the circuit of the isolated boost fullbridge topology. The
switch-on ratios of the transistors are 0.5, by which the upper @1, Q2 and
the lower transistors 3, Q4 are clocked synchronously but in antiphase [28].
The inductor L; allows a low current ripple.

. . Bus

Fuel Cell Single-phase isolated boost converter DC Load
Ly
YYN
D D D12L DZJS
oAF A
Ty
[\
+

° ° Co Ro

Fe Np1 Nst —~

A 4

Figure 2.2: Schematic circuit of a single-phase boost converter.

Multi-phase isolated boost converter

Figure 2.3 shows a circuit schematic of a multi-phase isolated boost con-
verter. The circuit consists of twelve controlled switches with antiparallel
diodes (Q1 — @12, D7 — D1s ) and six diodes (D1 — Dg) to generate a DC
voltage output. Because the current is shared by three-phases, the current
stress on each device is reduced. As a result, the problems of diode recov-
ery and higher switch and diode losses are substantially alleviated. Also,
because the topology is a buck-derived type of converter, the controller im-
plementation is simplified [29].
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Figure 2.3: Schematic circuit of a multi-phase boost converter.

2.1.2 Buck-boost converter

Figure 2.4 shows the electrical circuit of the converter, where the output
voltage is always reversed in polarity with respect to the input [30].

Fuel Cell | Buck/boost DC/DC converter Bus DC | Load
1
V. K
p—— D, _
+ Q
FC L1 Co ;; R0
+
Figure 2.4: Buck/boost converter.
The transfer function of this converter is:
\%
M= __¢ (2.2)
Vee 1-—«
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2.1 Topologies of the DC/DC converters applied to FC

Where:

M= Transfer function.
Vo= Output voltage [V].
Vrco= Fuel cell voltage [V].
a= Duty cycle [-].

In this case, the output voltage can be greater than the input, if the duty
cycle is greater than 0.5, the output voltage increases with respect to the
input voltage, and if the duty cycle is less than 0.5, the output voltage de-
creases with respect to its input.

Main features of buck-boost converter are:

1.-Output voltage with different reference to input voltage.

2.-Input current pulse.

3.-Buck-boost converter is possible to disconnect the input/output (protec-
tion).

4.-Buck-boost does not require galvanic isolation.

The main advantages and disadvantages offered by the buck-boost converter
in a power system based on FCs are:

Main advantages

1.-Simple design of the inductor.

2.-Buck-boost converter can be very efficient.

3.-Buck-boost converter does not need a transformer, only an inductor.
4.-Very compact packaging.

5.-Competitive price.

6.-Used for charge and discharge backup storage energy (SC).

Main disadvantages
1.-Input current pulse (non protection with the FC).
2.-It does not have galvanic isolation.

3.-High stresses of semiconductor device.
4.-The duty cycle is limited.
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2.1.3 Cuk converter

It is possible to obtain the Cuk converter if you use the principle of dual-
ity in the buck-boost converter. This converter provides a negative polarity
regulated output voltage with respect to the common terminal of the input
voltage. Figure 2.5 shows the circuit of a cuk converter [31].

Fuel cell Cuk DC/DC Converter %l::s Load
__YY\|m I YYN
Ly c. L,
.|.

lo
§

FC Qs '”<} D, Y, M R

Figure 2.5: Cuk converter.

The transfer function of this converter is:

M __«a (2.3)

M= — =
VFC 1l—«

Where:

M= Transfer function.
Vo= Output voltage [V].
Vrc= Fuel cell voltage [V].
a= Duty cycle [-].

The cuk converter has the characteristic that its output voltage can be higher
or lower than the input voltage [31].
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2.1 Topologies of the DC/DC converters applied to FC
Main features of cuk converter are:
1.-Switch referred to ground.
2.-Output voltage with different reference to input voltage.
3.-Non pulsating input current.
4.-In cuk converter is possible to disconnect the input of the output.
The main advantages and disadvantages offered by the cuk converter in a
power system based on FCs are:
Main advantages
1.-In the cuk converter the energy transfer is made by a capacitor which
protects the FC from the output.
2.-Its input and output are non-pulsating.
3.-Cuk converter can offer very low levels of current ripple on the FC.
Main Disadvantages
1.-High RMS current in the capacitors.
2.-Cuk converter does not have galvanic isolation.
3.-More expensive than boost and buck-boost converts. 7
4.-More devices.
5.-The duty cycle is limited.
Isolated cuk converter
Figure 2.6 shows the schematic of the isolated cuk converter, which steps-up
the input voltage to a high DC voltage and provides galvanic isolation as
well. The isolated cuk converter attains fewer components, enables inte-
grated magnetics, leading to low input and output current ripples and lower
electromagnetic interference EMI as compared to other conventional isolated
step-up converters.
The magnetic integration yields significant savings in weight and volume as
well. However, because the current through the transformer sees an almost
instantaneous change due to the switching of )1, the leakage inductance in
the cuk converter has to be really low; otherwise, the voltage spikes across
()1 and Q2 could potentially destroy the device.
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Figure 2.6: Isolated cuk converter.

2.1.4 Forward converter

The Figure 2.7 shows the conventional forward converter, the transfer func-
tion is similar to the buck converter, but now the inductor is multiplied by
the turns ratio transformer.

Fuel Cell | Forward DC/DC Converter %‘::s Load
T,

[ ]

Np2
D,

[ ) [ ) 4H

+ Np1 Ns1
FC D4
N Q1'I D,

Figure 2.7: Electric circuit forward converter.
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2.1 Topologies of the DC/DC converters applied to FC

Vo  Ngi

M —_ — —
Vre  Np1

=Na (2.4)
Where:

M= Transfer function.

Vo= Output voltage [V].
Vrc= Fuel cell voltage [V].
Ngi= Secondary winding [-].
Npi= Primary winding [-].
N= Transformation ratio [-].
a= Duty cycle [-].

The main features of converter forward are:

1.-The forward converter requires single transistor.

2.-Non-pulsating output current.

3.-Forward converter requires an auxiliary winding to demagnetize the trans-
former.

The main advantages and disadvantages offered by the forward converter in
a power system based on FCs are:

Main advantages

1.-High efficiency.

2.-Forward converter has galvanic isolation.
3.-Protection with the FC.

4.-Less devices comparated with isolated topologies.
5.-Non-pulsating output current.

Main disadvantages

1.-Forward converter does not work with high power applications.

2.-The duty cycle is limited.

3.-Pulsanting input, which forward converter is not limited with inductor
device.

4.-High stress in voltage from semiconductor devices.
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Extended Forward DC/DC
Fuel Cell Converter Bus DC] Load
Ty
° |
Np1 Ns1 Cor N
+
FC Ro

D, —t—
™~
-| Dy Co2
Q,

Figure 2.8: Electric circuit extended forward converter.

A variant of the forward converter is the extended forward converter [8]
(shown in Figure 2.8). This topology has the characteristic of adding a
capacitor Cs in series with a capacitor Cy; both connected in the DC bus,
the capacitor Cpo is connected with the diode D4 and this one with the
switch (1. Thus it is possible to transfer energy to output, besides this
topolgy allows reduction to the voltage stress on switching in Q.

2.1.5 Push Pull converter

The Figure 2.9 shows the electrical circuit of the push pull converter. Note
that the switches conduct the output inductor current reflected to the pri-
mary and also must support at least twice the supply voltage [32].

The transfer function of this converter is:

N,
M= 9Nt _gny (2.5)

Vrc P1
Where:

M= Transfer function.
Vo= Output voltage [V].
Vrc= Fuel cell voltage [V].
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2.1 Topologies of the DC/DC converters applied to FC
Fuel Cell Push Pull DC/DC Converter Bus DC| Load
T1 D3 L1
[ [ ) N
Np1 Ns1 CO RO
= N T
[ [
+ Np2 Ns2
D4
FC -| Dy -| D2 H
Qs Q;
Figure 2.9: Electric circuit push pull converter.
a= Duty cycle [-].
Npi= Primary winding [-].
Ng1= Secondary winding [-]. -
N= Transformation ratio [-].
Main features of push pull converter are:
1.-Two transistors referenced to ground.
2.-Stress voltage in the transistor double the input voltage.
3.-Precise timing to avoid saturation.
The advantages and disadvantages offered by the push-pull converter in a
power system based on FCs are:
Main advantages
1.-Provides isolation between FC power supply and load.
Main disadvantages
27
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Chapter 2 Power converters for FC and SC

1.-Pulsating input current. Due to the structure of the power converter, the
input current is pulsating and this is an inconvenient to operate with FC
applications.

2.-Forward converters and push-pull do not have good performance in high
power applications.

The efficiency of a push-pull converter is limited by the leakage inductance
of the transformer. This is because, during turn off, the switches induce a
voltage peak due to leakge inductance. The push-pull efficiency is better,
compared with boost converter.

Fuel Cell 3 Push Pull DC/DC Converters BusDC | Load
T L1
L { ]
Np1§ Ns+ B Pz
o, 0.
Np2 Ns2
Q Q. Do D4 Lo
4 X! Eoo—
[D2E D14
T2 - .L3_ - \
"4
o 0 Ro
Np3§ s3 Dsl Dg

A 4

IS oo
o ()
Dyl D
Npsg Nss 'S
D o
Nps s6
" D] D
(o 5
\AAANS
D17 Di1g

Figure 2.10: Electric circuit for 3 parallel output push-pull converters in ap-
plication to FC.

N
¥ €
) Co
Npa. Ns4
FC Qs Qs D7}  Ds L4
K3
Dis Dis
Q

Figure 2.10 shows a proposed power conditioning design to operate at 5 kW.
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2.1 Topologies of the DC/DC converters applied to FC

Figure 2.10 shows a topology of application for FC using a connection tree
push pull converter whose outputs are in parallel to suitably boost the FC
voltage from a range of 22 — 41 V to 400 V and 5 kW.

Figure 2.11 shows a push-pull converter, which has a high frequency trans-
former with double winding in primary side and secondary respectively. The
push-pull converter can operate at high power, since the high frequency
transformer can raise the input voltage to a higher voltage output. How-
ever, a bad winding coupling in the transformer could cause a saturation in
the transformer core and therefore, a bad operation of the push-pull con-

verter.
Fuel Cell Transformers Push-Pull converter Bus |Load
DC
() * 2* L1 |
Np1 D1 D C1
N Ro
E =
2
C
+ Cin € Vg ) — 2
I Ds  |Ds DA DA
‘am) _l _l L,
Q, Q.

Figure 2.11: Step-up high frequency transformer push-pull topology.

2.1.6 Half bridge converter

Figure 2.12 shows the electrical circuit of the half bridge converter. There
are essentially two transistors, one referenced ground and another floating
one [33].
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. Bus
Fuel Cell Half bridge DC/DC Converter DC Load
Ch—== Q1-| D, T, Dy Ly
e
+ Ns1
- T -
FC Np1 L
[}
NsZ
D,
C, —= Qz-l D4
Figure 2.12: Electric circuit of half bridge in FC applications.
The transfer function of this converter is:
N,
M=—20 _ Ns1_ oy (2.6)

=«
Vre Np1

Where:

M= Transfer function.

Vo= Output voltage [V].

Vec= Fuel cell voltage [V].

a= Duty cycle [-].

Ng1= Number of turns of secundary winding [-].
Npi= Number of turns of primary winding [-].
N = Transformation ratio [-].

The advantages and disadvantages offered by the half bridge converter in a
power system based on FCs are:
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2.1 Topologies of the DC/DC converters applied to FC

Main advantages

1.-Protection with the FC (half bridge converter has galvanic isolation).
2.-Soft switching structures.
3.-The half bridge configuration needs only two transistors.

Main disadvantages

1.-The output voltage is reduced by a factor of 0.5 (the factor of 0.5 can be
compensated by doubling the transformer turns ratio n, causing the tran-
sistor currents to double).

2.-The half bridge configuration finds application at middle power levels.

2.1.7 Weinberg converter

Figure 2.13 shows the weinberg converter which has two switches like the
push pull converter where the switch forms are the same. The weinberg
converter does not have output inductance and the main disadvantage is
in the peak voltage switches by ()1 and Q)9 respectively, due to the leakage
inductance of the transformers [34].

Fuel Cell Weinberg converter Bus |Load
DC
D3
B

oI
MW

Figure 2.13: Topology of the Weinberg converter.
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2.1.8 Full bridge converter

Figure 2.14 shows the electrical circuit of the full bridge converter. They are
essentially four transistors, two referenced ground and the others floating
ones [35].

Fuel Cell Full bridge DC/DC Converter %ucs Load
Ds Ds
Rt S
4 O
+ ° N51 Co Ro
FC Np1 N T
°
NsZ
Ds De D
Qs-l Q4-|

Figure 2.14: Electric circuit of full bridge in FC applications.

The transfer function of this converter is:

Vo Ns1
M=———=2a00— =2aN 2.7
Vrc Np1 (2.7)

Where:

M= Transfer function.

Vo= Output voltage [V].

Vrec= Fuel cell voltage [V].

a= Duty cycle [-].

Ng1= Number of turns of secundary winding [-].
Npi= Number of turns of primary winding [-].
N= Transformation ratio [-].
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2.2 Topologies of the DC/DC converter applied to SC

The M of the full-bridge converter is equal to the M of the push pull con-
verter. The advantages and disadvantages offered by the full-bridge con-
verter in a power system based on FCs are:

Main advantages

1.-Voltage and current stress in each transistor is equal to the input voltage.

2.-Ideal for high and medium power.

3.-The galvanic insulation between the FC and the load is obtained with
a high frequency transformer of reduced size and weight [36].

4.-The full bridge achieves ZVS and ZCS, proposed for power condition-
ing in FC applications.

5.-The soft switching operation can increase the overall converter efficiency
but depends on how much the switching frequency is increased.

6.-Full bridge does not have problems with being limited by the minimal
duty cycle.

7.-Galvanic isolation from FC with load (protection against circuit dam-
age).

Main disadvantages

1.-The full bridge efficiency is lower than the other power converters. This
maybe because of the transformer losses, including copper loss and the

higher switching losses due to number of switches, more expensive than
other topologies of power converters.

2.2 Topologies of the DC/DC converter applied to SC

Within the requirements of the SCs to operate a backup power system there
are two things:
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a) SC requires a DC/DC converter, because of it is necesary to regulate
its output voltage. The SC needs a bidirectional converter in current mode,
due to the charge and discharge of the SC.

b) Increase of the SC input voltage by DC/DC converter to output volt-
age where it is connected in DC bus.

Below are the converters that perform this action.

2.2.1 Half bridge

This converter has been found in the literature and connects the storage
power system at the output DC bus V{, which is the high side. The con-
figuration of bidirectional converter is shown in Figure 2.15. The SC bank
offers a higher energy density than conventional capacitors and batteries [37].

| QZ-I D2
| | Csc
i

' 4
Fuel cell . DC/DC boost
Module Low side converter
J .
P )
| i
| Q _”<} b, | High side
| | Pant
| i
I Ly | .
| i Resistive
| i load
I
1

Bidirectional converter

Figure 2.15: Bidirectional half-bridge converter used in storage energy
systems.

For the correct operation of the half-bridge converter, it requires switching
@1 and Qo alternately, because if switching ()1 and )2 simultaneously, it
would cause a short circuit in the branch of switches ()1 and @2 respectively.
The half-bridge converter operates in bidirectional current, also called in two
quadrants, therefore the SCs can charge when the current is positive and
discharge when the current is negative.
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2.3 Hybrid topologies of the DC/DC converters applied to FC/SC

2.2.2 Full bridge

Figure 2.16 shows a block diagram where the bidirectional full-bridge con-
verter operates with the SC. This system consists of two converters, the first
is a unidirectional full-bridge DC/DC converter for the FC operation and
the second is a bidirectional full-bridge DC/DC converter for SC operation.
The block of Unidirectional full-bridge DC/DC power converter seen in Fig-
ure 2.16 is able to supply the power flow from FC to load in one direction
[38]. On the other hand, the bidirectional full-bridge DC/DC converter al-
lows both directional power flow for SC charge and discharge.

\ ( Y e

Low side High side
Fuel cell Unidirectional Full bridge | Resistive
Module DC/DC power converter S load

M

Bidirectional Full bridge DC/DC power

Supercapacitor

Dy converter
AL
- Q1_|
Qg
Csc
e m)

Figure 2.16: Full-bridge bidirectional current.

The response of the bidirectional full-bridge DC/DC converter should also be
fast enough to compensate for the slow dynamics of the FC during start-up
or sudden load changes.

2.3 Hybrid topologies of the DC/DC converters
applied to FC/SC

2.3.1 Scheme with low frequency isolation

The Figure 2.17 shows a diagram of a system based on a low frequency
transformer (50 Hz). The system consists of three stages of conversion to
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allow proper management of the FC, but is not included isolation between
the FC and SC [39].

DC/DC Bus _
Fuel Cell Converter DC Inverter DC-AC | Line Transformer | Network
_m+ Ts
+ b D,
. g:i
FC 'lK}Da
I— " \

Figure 2.17: FC power converter topology with a line frequency isolation
transformer.

The conditioning system is based on a boost converter powered by a FC,
the output of the converter is connected to a battery bank, which is the DC
bus. Subsequently, the DC bus is converted to AC by an inverter DC-AC.
Due to these characteristics, the conditioning system needs to use a low
frequency transformer that will raise the voltage at the same time providing
insulation to the load. The system is simple and robust. However, there is a
low power density associated with the transformer. Furthermore, due to the
use of traditional technologies of conversion (hard switching), the current
and voltage efforts undergoing the semiconductor devices are high.

2.3.2 Scheme with high frequency isolation

One of the trends to resolve the low power density is the use of switched
converters which provide high frequency isolation [40]. Figure 2.18 shows
the circuit topology, where the high frequency is obtained between isolation
of the FC and the load through a DC-DC converter, in this case, working
with a push pull converter. The power conditioner works with two boost
converters connected in cascade.

The selected push pull topology exhibits high efficiency capability. The main
feature of a push pull DC-DC converter is that it uses a high frequency trans-

former and the SC backup system is connected to high voltage DC bus.

Figure 2.19 shows the DC-DC conversion stage, that consists of two FCs
and two boost converters. A bidirectional half-bridge converter has been
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2.3 Hybrid topologies of the DC/DC converters applied to FC/SC
Fuel Cell DC/DC Converter Push Pull High Backup Inverster DC-AC
voltage
L
CJ_ | éte k1
ICsm I
C, I L, I
T .3 By
Figure 2.18: Push pull converter with high frequency isolation.
Fuel Cell 1 Fuel Cell 2 Super- Low
boost boost capacitor Voltage DC/DC Converter and Isolated | DC/AC Inverter |LC Filter 240v
converter converter | converter | DC Link output
5T i 4 T
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I . *Dg D, X Cy
[ CU:Qd 1 i T Q;I Q:I
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'TIQ:J iz E 9|" 1;4}0“1
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Figure 2.19: Two boost converter conected in cascade for operate FC/SC
system.
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Chapter 2 Power converters for FC and SC

employed to operate a SC. One of the advantages presented by this circuit
is the elimination of pulse current seen by the FC using a boost converter
(inductor at the input) [41]. In addition, providing a regulated voltage bus
allows an optimal design for the isolated converter of the second stage. How-
ever, these advantages are penalized with increased conversion stages.

Both schemes would result in advantages and disadvantages to the system
that are not clarified until a thorough study of both alternatives. Ideally,
from the point of view of the battery, the system power conditioner can
provide isolation from the FC and the load, which fully protects the battery
and increases its lifetime, but it would add complexity and cost to the power
conditioner system.

Another trend of power conditioners is to reduce the number of stages in
order to increase efficiency and reduce system complexity.

Fuel Cell Full bridge DC/DC converter Bus |Load
L, DC
— YN
+
FC Qw-l Ro

Figure 2.20: Boost isolated current-fed full-bridge converter.

One alternative to reduce losses associated with the operation of the con-
verter DC/DC at high frequency is the use of soft switching techniques.
Figure 2.20 shows a boost isolated current-fed full-brigde converter [42],
which has added an auxiliary circuit comprising a switch to recover the en-
ergy stored in the parasitic inductance of the transformer. This circuit also
allows ZVS in the main switches.
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2.4 Control systems to operate FC/SC converters

2.4 Control systems to operate FC/SC converters

Several researchers have studied the different topologies with their respective
control proposals to operate FC and SC. Thoungthon et al. [43] present a
control strategy used to control power from the FC power to the motor, and
state of charge of the battery. The Figure 2.21 shows the FC hybrid power
source for a distributed generation system. For the control algorithm, the
Figure 2.22 shows how to manage energy exchanges between the DC bus Vj.

Main Energy Source -

(Fuel Cell) Py
> < > Traction Motor
+ Pe +
FC ’_
FC
Vo Power
converter
o=
F’BAT T
Auxiliar Energy Source| -
. _Battery

Figure 2.21: Diagram block of the proposed system.

The control strategy is a cascade control structure composed of three loops
looking at Figure 2.23. The outer loop is a battery state of charge (SBC)
control loop composed of SBC* as a reference of SBC. The middle loop is
the baterry current control composed of Ip 47" as a battery current reference
coming from the outer loop and Irpc* as a FC current reference.

Another hybrid control is seen in Figure 2.24. The FC in the hybrid system
is only operating in a nearly steady state condition and SCs are functioning
during transitory energy delivery or transitory energy recovery. The main
purpose of the control system is to regulate DC bus voltage Vy. Taking
into account the FC dynamics. With a FC as the main source, Thounthong
et al. [44] have tried hybrid sources built with a PEMFC as main source
and SCs as secondary source to regulate the DC bus voltage Vj through a
power control (Po=Ppc+Psc). The conception is that the hybrid system
control proposes a regulation of the DC bus voltage Vjy through the power
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Figure 2.22: Power profile of a structure to operate FC and auxiliary energy

source.
H.0
Heat
State of charge Battery Current Battery current
controller [T Limitation funtion  controller | FC Current  pwm
BSC* N , Fo-MAX -
e SR A A/ | I
_
IFCVM\N -
BSC <—’ﬁ +

Battery Bank

Figure 2.23: Control structure of a FC/battery hybrid power source.
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2.5 Conclusions

only delivered by the fast auxiliary source. And SC voltage Vg is regulated
through the slow main source, the FC.

Fuel Cell Processor

Ho »
| Fi H=0

» uel Cell
F 1/2)02 » Heat

39 i _
SC Voltage FC Sloped

Controller Limitation FC Current PWM

* y * — C lle
“ oDl e LS

Irc-in

Vo i Vo ‘
‘ Bus
SC Limitation
DC Bus Voltage P SCCCurrent
— Controller Iscwax Vfcwx ontroller

J: Psc:

1

- ———————

Isc

Supercapacitorg

Figure 2.24: Block diagram of a structure Control to operate FC and SC.

2.5 Conclusions

Some DC/DC converters have been studied for the integration of a power
conditioner to operate FC and SC. Within DC/DC, different types of con-
verters like boost, cuk, forward, push-pull, half-bridge and full-bridge have
been found. However, the boost converter has a greater efficiency than any
other converter mentioned here, therefore, this converter is very commonly
used to operate FC. The Boost converter is a topology with few components,
low cost, simple design and control. On the other hand, in the operation of
the SC, it requires a bidirectional half-bridge converter in current (for the
charge and discharge of the SC).

A common structure used in the power conditioner is the fact that both
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FC converter as SC converter, are connected in the same output DC bus,
independent of the type of the DC/DC converter used. Control structures
used in power conditioner to operate FC and SC usually require 5 closed-
loop control to control the variables Irc, Isc, Vrc, Vso and V. In some
cases, the hysteresis control method is used and in others only controllers
PlIs.
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Chapter 3

Proposed configuration

3.1 Analysis of the power conditioner

Figure 3.1 shows the proposed power conditioner. This system consists of
two modules: FCs and SCs, therefore it is required two power converters.
The main converter operates the FC which corresponds to a unidirectional
boost converter called, in this thesis, the FC converter and the second con-
verter operates the SC which corresponds to a bidirectional current half
bridge called SC converter.

It is important to describe the principle of operation and analysis of FC and
SC converters. To describe the operation of the system it is necessary to
describe each of the modules: FC module, FC converter, SC module and SC
converter.

3.1.1 FC module

The fuel cell used in this thesis corresponds to a Nexa’™ module which

has the ability to supply 1.2 kW in DC. It is important to mention that the
power supplied by the FC is unregulated, the nominal voltage in operating
the Nexa module is 26 Vpo. However it may vary depending on the power
demanded by the load, so their values are in the range of 43 to 26 V opera-
tion. The Nexa module has a control system which allows monitoring of the
variables measured and their own security and if there was any fault, the
same control system is capable of sending the stop command to the user to
check the system failure.

The control system is responsible for constantly monitoring the number
listed below:
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Figure 3.1: Proposed power conditioner.
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3.1 Analysis of the power conditioner

Figure 3.2: The Nexa power module.

Stack temperature.

Stack voltage.

Current stack.

Hydrogen pressure.

Air mass flow.

Stack power, etc.

The module of the Ballard Nexa fuel cell employed on this thesis is shown
in the following Figure 3.2. To manipulate the system operation it is neces-
sary to operate the analog signals and digital form which is controlled by a
control board.

The control system is responsible for operating the solenoid valves and hy-

drogen purge Nexza™™ module. Furthermore, the control system operates
a relay, with the system protection function as if there were a fault in the
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Chapter 3 Proposed configuration

load, that automatically controls the signal and sends to the relay to open,
in normal operating conditions the relay is closed.

3.1.2 FC converter

The scheme of the FC converter is shown in Figure 3.3 which corresponds to
a boost converter which output voltage is always higher than the FC voltage.
To reduce the voltage ripple at the output of the converter, a capacitor is
added. FC converter has been analysed in continuous conduction mode [45].

|
Jl
9]
IS

Figure 3.3: A) Fuel cell converter. B) Equivalent circuit in mode Turn on.
C) Equivalent circuit in mode Turn off.

The basic principle of a FC converter consists of two distinct states (see
Figure 3.3 B) and C), turn on and turn off.

During turn on

When the switch @ is turned on, the diode Dy is reversed biased, thus iso-
lating the output stage. During this sequence, the inductance stores energy
while the capacitor keeps the output voltage.

During turn off

When the switch @ is turned off, the output stage receives energy from the
inductor as well as from the input Vge.
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3.1 Analysis of the power conditioner

Continuous conduction mode

Figure 3.4 shows the steady state waveforms for this mode of conduction
where the inductor current flows through the inductor L1 and never falls to
Z€ero.

Vi

Vrc

Vec-Vo

L1

Figure 3.4: Continuos conduction mode.

In a steady state, the time integral of the inductor voltage over a time period
should be zero, it is represented by.

Vic - ton + (Ve — Vo) ~torr =0 (3.1)
Developing the Equation (3.1) is obtained

Vo B 1
Vre 1—apc

(3.2)
Inductor value

When observing the Figure 3.4 it is possible to find the inductor value, an-
alyzing the turn on state.
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AIL1 - VIIle “ton (3'3)

Developing and substituting t¢,, in Equation(3.3) it is possible to find the
inductor value Lj.

I Vrcarpc
| = Fearc
AILlfs

Where:

Alr, = Inductor current increase L.
arpc= Duty cycle of FC.

Capacitor value

Observing at Figure 3.5 it is possible to calculate the ripple of the output
voltage.

>t
[-— TON _><'TOFF_> *

VOA
!
Vo
0 ¢ >t
-« — - -

Figure 3.5: Output voltage ripple.
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3.1 Analysis of the power conditioner

Table 3.1: Specifications to operate the FC converter.

Symbol | value | Units
Vie 43 — 26 Vv
Alr, 0.8 A
fs 20 kHz
apC 0.5 H
Iy 6.25 A
AVy 0.2 Vv

Figure 3.5 shows the area shaded which represents charge AQ therefore,
Ips=1Iy. In this sense, the voltage ripple is given by

AQ  Iyarc
AV —_ —— 3-5
T 0T Gofs (@39)
In this way, the capacitor value is obtained by
lyarc
C pu— 3-6
N (3.6)

Substituting values of Table 3.1 for the inductor value in Equation (3.4)
gives the result 1.3 mH, in this case it has proposed a value of L; =1 mH.
The capacitor values are calculated by Equation (3.6) and give Cy = 781
uF', however it has a proposed value of 1000 uF'. The chosen values L; and
Cy allow it to operate with the converter in Continuous Conduction Mode

(MCQ).

3.1.3 Supercapacitor module

In this bench, the supercapacitors shown in Figure 3.6 are the element re-
sponsible for the storage of energy. Below are the characteristics of the bank
of supercondensadores used. Two commercial modules BPAK0058 E015
Maxwell Technologies are used. Each of these modules has an equivalent
capacity of 58 F' and 15 V rated voltage.

The characteristics of SCs bank are listed in Table 3.2.

The sizing of the SCs can be made according to parameters of stored energy
as well as power or discharge current. The stored energy in a SC responds
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Figure 3.6: SCs bank.

Table 3.2: Supercapacitors bank features.

Description symbol value | Units
Equivalent capacity Ceq 29 F
Nominal voltage U_scmax 30 Vv
Minimum Voltage U_sc,mIN 15 Vv
Current peak maximum I_sc.pEak,max | 1500 A
Maximum leakage current | I_ppAxGE,MAX 1.0 | mA
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3.1 Analysis of the power conditioner

to the Equation (1.2). According to this, and considering that the SCs bank
works in a range of voltages limited by Vs ax and Va7, the available energy
is expressed in (3.7)

1
Eavaitable = 50 - (Virax — Vinn) (3.7)

Where C' is the equivalent capacity and AV = Vyyax - Vasrn is the increase
of voltage in the load. Following the recommendations of the manufacturer,
it is established that Viyyax = Vvoam and Virny = %VNOM.

The capacitive component can be represented by the following Equation;

i=C-— (3.8)

where:

1= Current.

C'= Capacitance.

dV'= Change in voltage.

dt= Change in time (time of discharge).

Manipulating the Equation (3.8) and solving for dV/;

The resistive component can be represented by the following Equation;

V=i Rsc (3.10)
where:
V= Voltage drop across the resistor.
1= Current.
Rgc= Equivalent series resistance.
Equating Equations (3.9) and (3.10):
dt
dV:i-a—i-i-RSC (3.11)

where:
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Table 3.3: Design parameters of the SCs bank.

Symbol value | Units
Pavailable 10 kW

U_scmax | 30 Vv
U_sc,mMIN 15 Vv
I scmax 7 A
Atmm 60 S

dV = Change in voltage during the discharge (or charge) of the capacitor.
i= Current during discharge (or charge) of the capacitor.

dt= Discharge duration.

C= SCs module capacity.

Design parameters for the calculation of the equivalent capacity reflected in
Table 3.3.

3.1.4 SC converter

Considering the FC’s slow response, an auxiliary converter is often needed
to help maintain bus voltage during start-up and transient in the load as
shown in Figure 3.7, which corresponds to a half-bridge converter. The main
characteristic of this topology is the current Iy, because it can flow from the
bus voltage Vj to the Vg and vice-versa. However, the bus voltage Vi must
always be greater than the Vgc.

Figure 3.7 also shows the waveforms for the continuous conduction mode
of operation where the inductor current I, flows continuously. When the
switch ()2 is on for a time duration %,,, the switch ()2 conducts the inductor
current and the diode D3 becomes reverse biased. This results in a positive
voltage across inductor Vi, = Vo — Vgo. When the switch is turned off, the
current decreases and flows through the diode Dy and Vi, = —Vj.

In Figure 3.7, the foregoing Equation (3.12) implies that the areas A and B
must be equal. Therefore

(Vo — Vso)ton = Vso(T's — ton) (3.12)
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Figure 3.7: Current bidirectional converter to operates the SC.
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Chapter 3 Proposed configuration

Table 3.4: Specifications to operate the SC converter.

Symbol | value | Units
Vse 25 v
Lo 3.4 mH
Alr, 0.4 A
fs 20 kHz
Csc 29 F
Vo 80 v
AVse 0.2 v
Py 500 w
asc 0.5 [
Simplifying
Vse ton
VT Ts (3.13)

Therefore, the transfer function of this half-bridge converter is given by

Vso = asc - Vo (3.14)
Where:

asc = Duty cycle of SC converter.

In Table 3.4 shows the parameter of half-bridge converter. For the inductor
value has proposed a Lo = 3.4 mH for decrease in the current in SC induc-
tor and because this value is in the interval of continuos conduction mode.
For the SC value has proposed Csc = 29 F allowing a greater capacity for
electrical storage energy and therefore longer SC discharge and less current
ripple in SC.

3.1.5 Waveforms of FC and SC converter
Waveforms of FC converter

Figure 3.8 shows the typical waveforms of currents and voltage in a FC
converter. When a FC converter operates in a continuos mode, the current
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3.1 Analysis of the power conditioner

through the inductor (Ir,) never falls to zero and the output voltage is al-
ways higher than the input voltage.

Duty cycle of FC @ ¢

Inductor current It (A)
la1 (A)

Switch Qi1 current

los (A)

Diode D4 current

Capacitor voltage ripple Capacitor current co (A)

| — O

L ....ON OFF ON OFF. ON OFF. ON OFF ON OFF. ON

—_—

- : la1

I Do Do Do Dot

1AvG ai

lat

Ipkpa *

lava D4

Ipkeo .

Time (secs)

Figure 3.8: Waveforms FC converter.
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Waveforms of SC converter

Figure 3.9 shows the current flows of I, and Figure 3.10 shows the wave-
forms of SC converter.

1) Interval 0 < t < t3: On turning off @3, the energy stored in Ly drives
current through diode Do (free-wheels) and it is releasing to Vp, in this time
interval the Vg = V4.

2) Interval t; <t < t,,: When Q3 is turned on, the energy from Vj is stored
in Ly where the Ir, is positive, in this interval the Vg is equal to Vj, and
the SC receives power from the Vj.

3) Interval to, < t < to: When Q2 is turned off, the energy stored in
inductance Lo forces current to flow through the diode D3 (free-wheels) and
the Vap is equal to zero, I, continues to flow in positive direction and it is
fully released.

4) Interval to < t < Ts: When Q3 is triggered, the Vgo forces Iy, to flow
in oppositive direction through Lo and ()3 therefore, the energy from Vgc is
stored in Lo. In this time interval Vg is equal to zero.

1)

Vo

0<r<y,
3)
D,"On"
Q? DZ |L2
C
Vo c
L.
Qs D3VCD sC
D
t, St<t, 1, <t<Ty

Figure 3.9: Current flows of SC converter.
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3.1 Analysis of the power conditioner
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Figure 3.10: Waveforms SC converter.
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Chapter 3 Proposed configuration

3.2 Conclusions

A classical boost converter is selected for the FC because this converter
can be operated in unidirectional form and it always operates in continuous
condition mode. A bidirectional converter (half bridge) is used to operate
the SC. Through the analysis of the open-loop of the power conditioner, it
has found the values L1, Lo, Cg¢c and Cy.
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Chapter 4

Modeling and control design

4.1 Electric system model

Figure 4.1 shows the proposed power conditioner and the control structure
of the system. The hybrid converter has two power supplies: FCs and SCs.
The primary converter which is in this case a boost converter operates with
the FC.

The second converter is a bidirectional converter used to operate with the
SC. When it operates in two modes, the first is used while the SC charges.
Then the SC converter acts as a boost converter delivering energy to the
resistive load and when the SC is charged then the SC converter acts as a
buck converter delivering energy to SC. These two converters are connected
in parallel through a DC bus.

The proposed control for the FC converter is shown in Figure 4.1 whose
function is controlling the SC voltage Vso and FC current Ipc through
Proportional-Integral PI controllers that are connected in cascade, in this
case PI _ Vsc and PI _Ipc.

The structure of control for the SC converter has the function of controlling
the Vy and current of the SC Ig¢ through the cascaded PI controllers PI_Vj
and PI_Igc. For managing the control system four measurements are re-
quired, two for the currents Irpc and Igc and two more for Vy and Vgc.
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FC Converter
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Figure 4.1: Hybrid FC/SC power system.
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4.1 Electric system model

4.1.1 FC model

A simplified model of FC has been developed to operate the electrical char-
acteristics and dynamics of a fuel cell Ballard Nexa at 1.2 kW seen in Figure
4.2. There are different ways to represent a fuel cell electric circuit, but here
is the simplest way to obtain its equivalent circuit taking into account the
nominal operating conditions of the fuel cell.

—E=Eoc-NAIn(Irc) |<—|

O
0
Internal —
Resistance /L
N
i ge > 7
_ . _|_
_E +
:> VFC
_/
/
Figure 4.2: Simplified model.
Some equations are usign to represent the FC equivalent,
Eoc = N (Eny — Aln (ig)) (4.1)
RT
A= — 4.2
ZaoF (4.2)

where:

R =8.3145 J/(molK).

F =96485 A s/mol.

T= Temperature of operation of FC.
Z= Number of moving electrons.

a = Charge transfer coefficient.

En = Nerns voltage.

Iy = Current exchange.

N = Cell numbers.
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Chapter 4 Modeling and control design

4.1.2 SC module

Like a conventional capacitor, the characteristic parameter of a SC is its ca-
pacity. Besides the capacity, other parameters make up the electrical circuit
equivalent of a SC. The simplest model incorporates an equivalent series
resistance as shown in Figure 4.3 [46].

o ——

ESR

Figure 4.3: Equivalent circuit of a SC.

The equivalent series resistance (ESR) is very small with values in the order
of 1-10 m£). This modelling does not consider the leakage current, cor-
responding to the losses of parasitic when the supercapacitor is charged.
However, these current values are usually very small in the order of a few
1—10 mA.

Charge and discharge

The SC charge and discharge cycles are similar to a conventional capacitor
[47]. The SC current-voltage relationship is defined by

U(t)—qg)—é/ttoi(T)dt—i—V(to) (4.3)

The previous expression can be made as well by
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4.2 Control system analysis in closed loop

: dq(t) du(t)
t)=—"="=0—7—+ 4.4
it)=— o (4.4)
However, if the charge or discharge occurs at a constant voltage Uy, the volt-

age responds to a first order system where the constant time 7 corresponds
to the product R - C, as shown in the Equations (4.5) (4.6).

Us = R -i(t) + % /Oti(f)dt (4.5)
U(t) = Up - (1 - e—f/R'C) (4.6)
i(t) = % e t/RC (4.7)

4.2 Control system analysis in closed loop

4.2.1 Description of the control system

Figure 4.4 shows the proposed control scheme to operate two converters of
FC and SC respectively. The control for the fuel cell converter structure
consists of two Proportional Integral P1’s controllers.

One is located in the inner loop of current PI_Ipc which is connected in
cascade with the external loop through the controller PI_Vge. On the other
hand, the control structure for the SC converter also consists of two PI con-
trollers. One is located in the inner loop current PI_Igc, which is connected
in cascade with the outer loop by the controller PI_Vj.

4.2.2 Transfer funtions for the FC converter

Figure 4.5 shows the linear model of FC converter analyzed through depen-
dent voltage and current sources. It is important to mention that FC has
been assumed as a voltage source.

Applying voltage Kirchhoff’s law in Fig 4.5

dlpc
dt
Substituting Vap (f) in Equation 4.8

VAB(t) =14

+ RL1 I pe (t) + Vrc (t) (4.8)

dt

Vo(l — apce)(t) — Vrel(t) = Ly + Rp, - Ipc (1) (4.9)
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Vsc * 4’@—' K”stc StK, —Vsc
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Figure 4.4: Schematic control system.
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Figure 4.5: Simplified model of the FC converter.
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4.2 Control system analysis in closed loop

Applying the Laplace transformation,

V()(l — Oépc)(s) — Vpc(s) = Ipc(s)(Lls + RLl) (4.10)
it can be rewritten as,

Vo(1 —arc)(s) — Vrc(s)
Irc(s)

In this case, the plant can be seen as a system of first order. it could be
expressed by

Gi(s) = =Lis+ Ry, (4.11)

Kptal

G (S) - 718+ 1

(4.12)

Transfer Function of Inner Loop Current FC

Figure 4.6 shows a representation of the closed loop current, the controller
C1(s) used for this control is a proporcional-integral PI, Kapc_rp. repre-
sents the gain of the current reading to do analog to digital conversion, this
number value is compared with the current Ipco-.

Figure 4.6: Representation of the current loop.

Considering the controller

_ Kp 1p0 -5+ K;_
s

C1(s) lro (4.13)

the transfer function of inner current loop Irpc can be obtained, as

01 (3) . Gl (S)

T (s) =
1(5) 14+ Kapc ipe - Ci(s) - Gi(s)

(4.14)
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Chapter 4 Modeling and control design

Table 4.1: Parameters for the inner control loop of the current FC.

Description Symbol Value
Inductance Ly 1mH
Resistance Ry, 0.5
Output voltage Vg Vo 50V
The ADC gain Kapc.ipe | 3.2x1076 [
The plant time constant T = RLLll 2x107% s
Gain from the open loop tranfer function | Kpta; = RVL‘)l 100 [-]

Substituting Equations (4.11) and (4.13) in Equation (4.14)

Kpta1-Kp_1p s+ Kpta1-K;_1p
Ti(s) = -1 - 4.15
1(5) 2 4 Kapc.rpo-Kptar- Kp 15041 + Kapc_rpe-Kptar-Ki 1y ( )
5 T1 T1

Transfer Function of Outer Loop Voltage SC

Using the controller;

_ KPstc S5+ Ki—VSC
S

Ca(s) (4.16)

Considering the inner current loop Equation (4.14) and using the PI con-
troller Equation (4.16), it is possible to find the representation of the transfer
function of outer loop voltage SC in Equation (4.17).

CQ (S) . T1 (S)

T (s) —
2(5) 14+ Kapc.vse - Ca(s) - Th (s)

(4.17)

4.2.3 Transfer funtions of the SC converter

Figure 4.7 represents the equivalent circuit of half-bridge bidirectional con-
verter. This representation would help facilitate the analysis and find the
transfer function of the plant.

Applying Kirchhoff law of voltage to equivalent circuit SC converter, it has
been obtained the following Equation:

dlsc

t) =L
Vep (t) 2=

+ Rp, - Isc (t) + Vs (t) (4.18)
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4.2 Control system analysis in closed loop
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Figure 4.7: Simplified model of the SC converter.
Replacing Vep(t) in Equation 4.18 and manipulating it is given:
Voasc(t) — Vse(t) = Lo + Rp, - Isc(t) (4.19)

dt
In this sense, the Equation of the system, in the Laplace domain, is shown
below:

Voaso (8) — VSC(S) = Igc (S) . (LQS + RLQ) (4.20)

Manipulating the Equation (4.20), it has been obtained the transfer function
of the plant, using the following expression (4.21):

~ Voasc(s) — Vscol(s)
Gals) = = Isc(s)

The plant can be seen as a system of first order. It could be expressed by

= Los+ RL2 (4.21)

K, ta2

Transfer Function of Inner Loop Current SC

Figure 4.8 shows a representation of the closed loop current, the controller
C3(s) used for this control is a proportional-integral PI, Kapc. g, repre-
sents the gain of the current reading to analog to digital conversion, this
number value is compared with the current Igcox.

Considering the controller Cs,

_ KPJSC S+ KiJsc
S

Cs(s) (4.23)

the transfer function of inner current loop Irc can be obtained,
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Figure 4.8: Representation of the current loop.

Table 4.2: Parameters for the inner control loop of the current SC.

Description Symbol Value
Inductance Lo 3.4 mH
Resistance Ry, 0.8 Q2
Output voltage Vg % 50 V
The ADC gain KaApc 1ge 1.5 x107° [
The plant time constant Ty = RL—LZ 4.25 x 1073 s
Gain from the open loop tranfer function | Kpta; = RLLOZ 62.5 [-]
Bus capacity Co 1000 x 1076 F
Mini charge cycle asc 0.1 [-]

03 (8) . GQ(S)

T3(s) = 4.24
) Kt - Ca(5) - Gald) 424
substituting (4.21) and (4.23) in Equation 4.24, it is given:
KptaTKP*ISC .8 + Kpta?Ki’ISC
_ T2 ™
T3(s) = 2 4 Kapc.rge-Kptaz Kp 1g-+1 + Kapc_rge-Kptaz K 14 (4.25)
T2 T2

Transfer Function of Outer Loop Voltage

Observing the figure 7?7, the DC bus voltage is related to the current of the
SC according to the following expressions:
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4.3 Pole assignment method for the power conditioner FC/SC

Ibus(t) = ISC(t)asc (4'26)
dVi
Tpus(t) = CSCdTO (4.27)

Resolving Equationklolijj is obtained the follow expression

Vo(s) asc
G3 = = 4.28
? T Isc(s)  Csc-s (4.28)
The controller to be used is expressed in the following Equation:
K . Ki
Cu(s) = 2PV Ss ML) (4.29)
C. -G
Tu(s) 4(5) - Ga(s) (4.30)

1+ Kapc.v, - Ca(s) - G(s)

4.3 Pole assighment method for the power
conditioner FC/SC

There are several methods to tune a PI controller. One method is an assign-
ment of this method consisting in imposing poles to the system by means
of conjugate complex and a negative real part with angle of 45 degrees each
one of them on the real axis.

4.3.1 Coefficients values of the FC converter

Considering the Irpc transfer function in Equations (4.31) and (4.32), two
poles are imposed as in the following expression:

K K
p=——4;. = (4.31)
T1 T1
K K
Pp=-=1_j;. =1 (4.32)
T1 T1
which leads to
2. Ky —1
Kp I = ! (4.33)

KADCJFC - Kptal
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K}

K .
! 71 - Kapc 1o - Kptal

=2

(4.34)

Arc

According to the values in Table 4.1, coefficients of gain in FC are shown in
Table 4.3. The condition to guarantee a stable control system is getting the
inner loop of Ir¢c, which will be faster than the outer loop Vse.

Table 4.3: Gain values for the inner loop current of the FC converter.

Kp 1m0 Ki 10
9.5%10~% | 0.0005

Once obtained the values of the coefficients of the inner current loop of
the FC converter, it is possible to find the values of the coefficients of the
outer loop with iterative methods, assigning values to verify that the control
system will reach the value of its consign, under this fact the values obtained
from Kp vy, and K;_

Vsc-
Table 4.4: Gain values for outer loop of the FC converter.

KP—VSC KLVSC
150 0.00001

4.3.2 Coefficients values of the SC converter

Considering the Ig¢ transfer function in Equation (4.25) two poles are im-
posed as in the following expression:

K. K.

Pp=-24;.22 (4.35)
T2 T2
K. K.

Py=-=2_j. 22 (4.36)
T2 T2

Operating the above Equations have been obtained the Equations (4.37) and
(4.38):

2. Ky—1
Kp_Isc = 4.37
p-Isc Kano 1o, Fpia2 (4.37)
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4.3 Pole assignment method for the power conditioner FC/SC

K3

Kilsc=2-
To - Kapc_1se - Kpta2

(4.38)

The controller gains are found in Table 4.5. The condition to guarantee a
stable control system, is getting the inner loop of Igc which will be faster
than the outer loop Vj.

Table 4.5: Gain values for inner loop of the SC converter.

KPJSC KiJsc
3.8%x107° | 2% 10°°

Once obtained the values of the coefficients of the inner current loop of the
SC converter, it is possible to find the values of the coefficients of the outer
loop with iterative methods considering that the external loop controller
should be faster than the inner current loop. Under this fact the values
obtained from Kp y, and Kj; y, are shown in Table 4.6.

Table 4.6: Gain values for outer loop of the SC converter.
Kpy, | Kiy
200 0.0005

4.3.3 Bode FC and SC converters

Bode FC converter

Plotting the bode of closed loop through the Equation (4.17), it has seen
in Figure 4.9, it appears that there is a phase margin of 93 degrees to zero
crossing of magnitude. Therefore there is a good phase margin to assure the
system stability.

Bode SC converter

Plotting the bode of gain loop through Equation (4.30), it has seen in Figure
4.10, it appears that there is a phase margin of 79 degrees to zero crossing
of magnitude.

It is possible to see in the Figure 4.10, high gain in low frequency, wide
bandwidth, and a good margin of phase, desirable in half-bridge converter
to assure the system stability.
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Bode Dagram
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Figure 4.9: Bode response to FC converter
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Figure 4.10: Bode response to SC converter.

72



“PhD” — 2012/2/15 — [13:56 — page 73 — #50

4.4 Conclusions

4.4 Conclusions

It has been proposed a scheme of control, which allows to operate the power
conditioner with FC/SC as a source of energy. The main function of this
control structure is to regulate Iro, Isc currents as well as the voltages
Vo and Vgeo respectively. The method used in this thesis corresponds to an
assignment of poles to obtain the coefficients of the inner controllers in this
case PI_Ipc and PI_Igc, the outer controllers have been found by heuristic
methods of adjustment and error through the observation of the temporal
response of the system to certain slogans PI_Vsc and PI_Vp.
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Chapter 5
Simulation
5.1 Simulation
In this section the proposed control to operate a hybrid converter has been
simulated in MATLAB-Simulink with the objective to study their response
in a closed loop. The specifications of the converters are shown in Table 5.1
and 5.2.
Table 5.1: Specifications to operate the FC converter.
FC converter
Vee=33-26V | Al,, =08 A
Ly=1mH fs =20 kHz B
Vsex =25V Py =500 W
Table 5.2: Specifications to operate the SC converter.
SC converter
Vsec =30V | Ly =34 mH
Vox =80V | Al, =02 A
Py=500W | fs=20kHz
Below are presented the cases to analyse:
Case 1.- Test with variable load and SC fully charged. The SC was
fully charged at 30 V, with graphs obtained from variable voltage, current
and power energy.
Case 2.- Test with variable load and SC fully discharged.
Case 3.- Test with cut off FC energy and SC fully charged. In this
section, the hybrid system had a constant load, which was made with a cut
75
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off power by the FC, in order to observe the response from the back-up sys-
tem.

5.1.1 Test with variable load and SC fully charged

For this test it has been considered that the SC was fully charged at 30 V.
The graphs obtained from voltage, current and power for this test are shown
in Figures 5.1 and 5.2.

Voltage waveforms

Figure 5.1 shows the Vj regulation where the value is 50 V. This value
remains constant with changes in load power. It can also be seen that the
value Vg¢ remains constant. Some changes are observed in Vr¢e synchronized
with changes in load power.

Current waveforms

Figure 5.1 also shows the evolution of Irc, Isc and Iy load. It can be
seen that Igco helps Irpc because intrinsically the dynamic response of FC is
slow and therefore, requires an auxiliary device to help delivering the energy
required in the load with a rapid response.

Power waveforms

Figure 5.2 shows the evolution of the power, starting with the fuel cell, the
supercapacitor and the load. It can be seen that with these variations in
the load power, the backup system is able to help the fuel cell when there
are load variations. Also, the structure of the hybrid converter is capable
of recharging the supercapacitor when the power demand is lower than the
previous one.

Efficiency waveforms

The efficiency of the fuel cell is directly related to the energy demanded by
the load, so when there is less power demand, it is more greater efficiency
from the fuel cell and when there is higher energy demand in the load there
is less efficiency as shown in Figure 5.2.
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5.1 Simulation
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Figure 5.1: Voltage and current measurements case 1.
7



Chapter 5 Simulation

(M) 1amod

i

i

i

i

i

i

i

i

i

i

i

i

i

i

|
o
™

<
% pue wd

Time (Sec)

Figure 5.2: Power and efficiency measurements case 1.
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5.1 Simulation

5.1.2 Test with variable load and SC fully discharged
Supercapacitor voltage waveforms

In Figure 5.3, it is possible to see the evolution of the Vg¢, since its initial
state is fully discharged (simulation time of 0 seconds). Afterwards this will
be recharged up to a value of 30 V' (on the interval of 0 to 420 s. Once
the supercapacitor is recharged, it has been proposed a change of load with
positive and negative current in order to appreciate the behavior of Vgo. It
is possible to see that, when a change is made with negative current, Vgco
increases its value which is limited by the maximum value of saturation and
when you make a positive change in current, the Vgc decreases to the min-
imum limit value imposed by the system control.

Supercapacitor current waveforms

Figure 5.3 shows the evolution of current in the supecondensador Igo. It
has been proposed a quick recharge of the SC which is limited by the current
to 55 A in the recharge, This Figure also shows the recharge current. In this
case, a simulation interval from 0 to 420 s, it can also appreciate the change
of current transitions in the supercapacitor due to the proposed changes in
the load.

Output voltage waveforms

Figure 5.4 shows how the control is able to maintain the 80 V' in the V with
different changes in the load either positive or negative.

Output current waveforms

In Figure 5.4, it can appreciate current values both positive and negative for
case 2.

79



Chapter 5 Simulation

Time (Sec)

_A.& E.w::o_

Time (Sec)

Figure 5.3: Vg¢ and Igc measurements case 2.
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Output Power Waveforms

On the top part of Figure 5.5 it is possible to see a power consign of 300 W
load to recharge SC. After this, changes of power consign both positive and
negative.

Supercapacitor power waveforms

At the bottom of Figure 5.5 it can be observed a negative power in the in-
terval from 0 to 420 s due to the time of recharge of the SC. Afterwards it
is observed a power of 0 W when the Psc helps FC with a change of load.
This happens when a positive change of load in Py is executed and when a
negative power in Py is executed too, therefore energy is stored in the SC.

Fuel cell power waveform

Figure 5.6 shows the evolution of the Prc, in the time interval from 0 to
420 s. In this interval, FC provides all the power to the system, because it
is supplying as much load power as it is being demanded. After the 420 s of
simulation, the SC is ready to help FC with changes that may exist in the
load.

Fuel cell current waveform

The response shown in Figure 5.5 is very similar to the Pro because Igco
helps existing I'rc to any change in load.

82



page 83 — #55

‘13:56

“PhD” — 2012/2/15

5.1 Simulation

Time (Sec)

S
[=9)
| |
1 1
| |
1 1
1 1
1 1
1 1
| |
] i o
e qmmm- — o
1 1 =
1 1
1 1
| |
| |
| |
1 1
1 1
1 1
i i o
R I —Ho
' ' ©
1 1
1 1
1 1
1 1
1 1
| |
| |
1 1
1 1 o
: : S
! ! red
| |
| |
| |
| |
" " —
1 1 o
1 1 3
' ' on
SR SR A R 182
' ' J o
1 1 £
1 1 [
1 1
1 1
1 1
i i
1 1
s
- q--- —
1 1 ®
| |
1 1
| |
1 1
1 1
1 1
1 1
i i o
R EE— —Ho
] 1 «
1 1
1 1
1 1
1 1
| |
1 1
1 1
1 1
1 1 o
B R —o
i i -
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
L o
o o =)
S S S
& ] 5

Figure 5.5: Py and Pg¢c measurements case 2.

83



PFC

600

Chapter 5 Simulation

500 (—------------

400 —------------

|
700

100 —---=-------

| |
500 600

|
400
Time (Sec)

|
200

|
100

800

300

20}

Time (Sec)

Figure 5.6: Prc and Irpc measurements case 2.

84



“PhD” — 2012/2/15 — [I3:56 — page 85 — #56

5.1 Simulation

5.1.3 Test with cut off FC energy

In this section, the hybrid system has a constant load, which has been made
with a cut off power by the FC, in order to observe the response from the
backup system.

Voltage waveforms

Figure 5.7 shows the time evolution of voltages Vrc, Vso and V) load. A
variation of Vj load caused by the cut off of the FC may be seen in the sim-
ulation at the time of 1 s. However, the system is able to keep Vj constant,
while V¢ is transferring its power to the load.

Current waveforms

In Figure 5.7 it is shown the evolution of Ir¢, Isc and Ip load. In the inter-
val from 0 to 1 second of simulation it can be seen that Igc = 0, because in
this interval Irc FC is the only supply. When the cut off of the FC occurs
Irc = 0, and Igc SC supplies all the power demanded by the load, while
compensates the energy of the FC.

On the other hand I Load stays always constant, therefore the good per-
formance of the system of control is verified.

Power waveforms

Figure 5.8, shows the time evolution of Prco, Psc and Py. A cut off of the
FC is shown after 1 s of simulation. After this, the backup system is respon-
sible for providing energy demanded by the load. This behavior describes a
fast response by the control action which sends an immediate order to the
supplies power backup system.
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Figure 5.7: Voltage and current measurements case 3.
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5.2 Conclusions
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Figure 5.8: Power measurements case 3.

5.2 Conclusions

In this chapter, there is a hybrid converter that includes a primary converter

called FC converter and an auxiliary converter called SC converter. The —
control system operates with four Pls controllers which were implemented

in MATLAB-Simulink together with the hybrid converter of the FC/SC.

According to the results, the control system gets an excellent performance

because it is able to compensate Vj and V¢ with changes of load and energy

cut off. In this sense, the proposed control provides a good platform to

design a control system suitable for power converter systems for FC/SC

applications.
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Chapter 6

Experimental validation

6.1 Electrical diagram of an hybrid converter to
operate FC/SC

Figure 6.1 shows the proposed power conditioner and the proposed structure
of control of the FC converter whose function is to control the SC voltage
(Vse) and the FC current through Proportional Integral (PI) controllers
connected in cascade, PI_Vsc and PI_Ipc. The structure of control for
the half-bridge converter has the function of controlling the Vj, as well as
the current of the SC Ig¢ through the cascaded PI controllers PI_Vy and
Pl Isc.
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6.2 Test bench description

6.2 Test bench description

Figure 6.2 shows the connection of the Nexza”™ power module, which has
been installed in a chemistry lab, where the requirements of the fuel cell
itself are very suitable for the operation. The Nexa™™ PEMFC system (1.2
EW, 46 A, 26 V) was developed and commercialized by the Ballard Power
Systems Inc. The FC provides a suitable supply of hydrogen connecting the
fuel supply to the hydrogen connection, as shown in Figure 6.2.

=

Hydrogen supply '

\

Presure Regulator

Hydrogen detector
4 -t |
l \ Nexa Ballard PEMP Fuel Cell 1,2kW

U e
: 3 - - . .
. 5 ; ‘ 5 | FC System monltorlng

| Power supply

/
Y FC Circuit protection——

Figure 6.2: Photograph of a PEMFC stack.

FC requires an interface to communicate with the computer. Labview soft-
ware has been used to monitor the Nezal™ module variables in real time.

FC needs a circuit protection, so therefore it is connected a blocking diode
on the positive output terminal of the FC stack. To operate the FC it is
necessary to connect a 24 Vpc power-supply to the N exa™ control cir-
cuit. The experimental set-up of the hybrid FC/SC power source uses a
Nexa BALLARD PEMFC stack as the main source. The auxiliary source
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is obtained with a Maxwell SC module associating two modules in series:
Maxwell BPAK0058 E015.

Supercapacitor Bank
} : (Maxwell Module;
SC Current Sen

R

Resistive Load

WS
FC Current Sensor

Drivers | | |
and Il

Figure 6.3: Photograph of a Fuel Cell/Supercapacitor converter.

The power converter DC/DC is made with standard IGBT modules SEMI-
TRANS: SKM75GB128D and SKM75GB123D. A real-time Code Composer
Estudio is used for programming the DSP 2808 of Texas Instruments to
implement the energy management control strategy. The experimental en-
vironment is shown in Figure 6.3.

6.3 Test bench parameters

The Nexa BALLARD PEMFC stack has a nominal power of 1.2 kW related
to a rated current of Inom = 46 A and rate output voltage of Vnom = 26 V.
Two Maxwell modules in series BPAK0058 E015 with the following charac-
teristics: C =29 F, Vsopax =30V .Vsomin =15V, Isc_pEAK_—MAX =
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6.4 Results

Table 6.1: Resistive load combinations.

Swy | Sw, | Sws | Power (P)
0 0 1 423 W
0 1 0 4798 W
0 1 1 90 W

1 0 [0 117.3 W
1 0 1 160.25 W
1 1 |0 165.56 W
1 1 |1 208.3 W

1500 A, ESgrsc = 38 mf2 are connected. FC inductor has a value of 1 mH
and SC inductor has a value of 3.4 mH. The bus capacitor has 1000 uF
value connected in parallel with and DC link V5 = 50 V' for both sources.
The modules of the drives used for switching the semiconductors (IGBT's)
of FC and SC converters are two module concepts SC0108T2A0-17. The
switching frequency of the Pulse-Width Modulation (PW M) for IGBTs of
FC converter and SC converter are selected at 20 kH z.

6.4 Results

6.4.1 Experimental results

Table 6.1 shows load values for different combinations of demand power
which the hybrid converter shall submit in its operation in closed loop for
the following proposed tests.

Below is listed the cases to analyze:
Case 1.- It consists in observing the preload of the SC. Initially, the SC
is completely discharged. The load power used for this test corresponds to

165.56 W.

Case 2.- This test is deemed to have preload SC. This test consists in mak-
ing changes of load through Sw,, Sw, and Sy, see Table (6.1).

Case 3.- Consists in making a step changes in the load based on load power
of 42.3 W to 165 W and vice-versa.
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Case 4.- This case involves subjecting the system to a higher load (208.3)
W to the limit to which it has been set Ipo*.

Case 5.- It is caused a cut off energy in the FC.

Case 6.- Load changes are made between 42.3 W and 160 W in different
intervals of time so the resulting load presents an oscillating component.

Case 7.- Consists of making changes in the slogan Vj*, operating the system
with a resistive load of 42.1 W.

6.4.2 Case 1

In Figure 6.4, it can be observed a preload of the voltage of the SC from tg
to t1 with a time of 6.20 minutes starting from 0 V to 25 V', where 25 V is
the reference proposed for the SC Vgcox.

In this Figure it can also be observed that during the interval of time from
to to t1, Vj is kept constant at the reference value of 50 V. Figure 6.4 shows
the Ipc at the interval tg to its maximum value. Due to the demand of
load power (165.56W) and the action of preload of the SC, the Irc* has
been limited to its maximum value of 8 A. Figure 6.4 also shows a negative
current flowing in the SC for its preload. After t1, the Isc = 0, as the SC
is fully charged.

6.4.3 Case 2

Figure 6.5 shows that with the changes in load, Vjj does not present abrupt
changes and it is kept at 50 V' due to the rapid response of the action of the
closed-loop control.

Similarly, Vpc is maintained with minimal variations and small oscillations
while maintaining a voltage of 25 V. The V¢ is maintained with a voltage of
40 V. In Figure 6.5 it is possible to appreciate changes in Iy 0.85 to 1.8 A to
2.34 A and 3.3 A so the Igo helps Irp¢ delivering energy demand to the load.
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6.4 Results

6.4.4 Case 3

Figure 6.6 shows a constant V of 50 V and Vgc shows a voltage of 25 V' to
such changes. Figure 6.6 also shows the response of Irc, Isc and Ip to the
system flows. It is clear that to make the changes of load of 0.85 to a 3.3 A,
Isc often helps the changes demanded by the load.

6.4.5 Case 4

As seen in Figure 6.7 during the interval from ¢g to t1, there is a discharged
in Vs because SC helps FC in delivering energy to the load. In the interval
t1 to t2 a lower power (42.3) W is connected and therefore, FC is already
able to delivery energy to the load and also to recharge the SC. In Figure 6.7
shows that Vj is regulated to 50 V. The following things can be observed in
interval time tg to t1: the Isc helping Ip¢ to deliver the Iy demand due to
the load, since at this time Ir¢ is limited.

In current waveforms it is observed that during the interval ¢; to to and
with a lower demand in load Iy, Ipc is able to deliver energy to the SC for
recharging and it is also capable of delivering energy to the load. After this
time the Igc to = 0 because it is fully recharged.

6.4.6 Case 5

Figure 6.8 shows the evolution of the Vpco, Vg and Vy voltages. At the
time interval tg to t1. Vpc = 0 due to the energy, the V4 is maintained by
regulating the consign value of 50 V' and the Vgco begins to be discharged
from 25 to 15 V' because now SC provides all the energy transferred to the
load and the controller Vg¢ is able to regulate even when Voo = 15 V. At
the time of #; to to the following is observed: the adjustment range of the
control system in SC when Vg is less than 15 V| is not able to regulate and
therefore Vjy begins to decrease its voltage until arriving to 0 V. The same
happens when Vgo and Ve =0 V.

In current waveforms and at the time interval £y to ¢; the following happens:
the value of Irc = 0 A, now Ig¢ transfers its energy to the resistive load, the
control system by the SC still presents regulation and Iy remains constant
delivering 2.34 A. For the time interval from ¢; to ¢y it is observed that Ip¢o
= 0 and the Igc value begins to decrease, while in this interval it is not able
to regulate and therefore Iy decreases to 0 A.
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Figure 6.6: Voltage and current waveforms case 3.
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6.4 Results

6.4.7 Case 6

Figure 6.9 shows the evolution of the voltages Vpe, Vso and V. The Ve
value presents small changes, Vg very small variations and minimal changes
in Vj but still regulated to 50 V' regulated to the proposed consign of 50 V.

Figure 6.9 shows the evolution of the current Irc, Isc and Iy. In Ipc it can
see consecutive changes due to the regulated current in the load. In Ig¢ is
helping Ir¢ to load changes Ip.

6.4.8 Case 7

Figure 6.10 shows the regulation of V| subjected to changes of consign Vjx.
In this case it can be seen that at the interval time ¢ to ¢; there is a change
of 50 to 80 V.

The current waveform shows the evolution of Irc, Isc and Ip. It has been
observed that there are small changes in I accordingly to V{y consign changes
Vox. On the other hand, Irc delivers energy demand by the load and Ig¢
helps FC to these changes.
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Figure 6.9: Voltage and current waveforms case 6.
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Chapter 6 Experimental validation

6.5 Conclusions

Implemented in this thesis is a hybrid converter for the operation of a module
of FC Nexa Ballard of 1.2 kW and a SC, with the proposal of a control
system which has been implemented digitally using the Texas Instruments
DSP2808 microcontroller. The proposed control scheme contains 4 loops
of closed control for the operation of the system, which allows the control
of the following variables: V{, Vsc, Isc and Ipc. The control is able to
compensate the load changes as well as for the backup power system to
respond quickly to slow start by the FC. The control of backup can also
determine the charge and discharge of SC. Through the experimental tests
exposed in this section the correct performance of the proposed structure of
control has been validated. The digital control allows greater flexibility and
simplicity in the control of complex processes in form versus analogy. The
programming and the good signal conditioning simplifies the process and
reduces its cost.
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Chapter 7

Conclusions

7.1 General conclusions

Fuel cell and supercapacitor technologies have been studied in this thesis.
The main problem of FC are: the slow response, the no regulated output
voltage, difficult cold start, etc. Therefore it becomes necessary to study
structures of power conditioners that can mitigate the disadvantages of FC.
DC/DC converters have been studied for the integration of a power con-
ditioner. According to this study, the boost converter presents a greater
efficiency than any others converters in the operation of FC. This topology
has a few components, low cost, simple design and control. However, FC
needs a backup system with battery or supercapacitor which helps in the
start and changes of power in load. Thus, using SCs together with FCs can
improve performance and FC life by absorbing faster load changes and pre-
venting fuel starvation of the FC. The SC requires a bidirectional converter
in current (for the charge and discharge of the SC). The most used converter
is the half-bridge.

A scheme of control has been proposed, which operates the power condi-
tioner with FC/SC as a source of energy. The main function of this control
structure is to regulate Vg and Vg voltages as well as the currents Ipc, Isc
respectively. The proposed control scheme contains four loops of closed con-
trol for the operation of the system. Two for the inner loop and two for the
outer loop. The control system, operates with 4 controllers Proportional-
Integral (PIs) which have been implemented in MATLAB-Simulink and
digitally using the Texas Instruments DSP2808 microcontroller.

An experimental validation of the system implemented in the laboratory
is provided. Several tests have been performed to verify that the system
achieves an excellent output voltage (Vp) regulation and SC voltage control
(Vse), under disturbances from FC voltage, load voltage and other perturba-
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Chapter 7 Conclusions

tions. The digital control allows there to be greater flexibility and simplicity
in the control of complex processes in form versus analogy. The program-
ming and the good signal conditioning simplifies the process. The control
system is able to compensate load changes as well and the backup power
system responds quickly to slow start by the FC.

7.2 Future work

To optimize the design of the inductors L; and Lo to operate FC and SC at
full power 1.2 EW.

The design and implementation of a DC/AC inverter.

The design and implementation of a control algorithm for an inverter in
digital form through DSP.

To do experimental tests of network integration.

To do experimental test using the load in AC motor.
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Appendix A
Appendix

A.1 Fuel cell installation

T

Figure A.1 shows the installation of a Nexa™ power module in the chem-

istry laboratory.

Figure A.1: Installation of the Nexa’™ power module.

Follow the provided instructions to establish a laboratory test station for
the Nexza?™ power module.

e Install the NexaOEM software provided by the manufacturer Nexa’™

1.2 kW module on a computer.
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e Connect the monitoring data to the fuel cell and the computer where

it was installed the software.

Run the application and activate NexaOEM receiving data.

Connect the hose hydrogen fuel cell to hydrogen tank.

Power the relay protection of the fuel cell through the signal cable that
comes from the control board of the FC.

Connect the data cable from the control board of the FC.

Connect the protection relay and the diode to the positive terminal
Ballard Nexza™ .

Connect the power cable from the control board to 24 V and make
sure the FC start-up switch is in stop. When connecting the power
cable two LEDs will light on the control board of the fuel cell, so you
can verify that there is power at the control board.

Open the supply of hydrogen fuel cell operating at a pressure range
from 0.17 to 17 bar.

Switch from ”stop” to ”run”. You will hear the noise of the compressor
of the stack and some clicks that correspond to the purge valves and
relay protection. After approximately 30 seconds, the noise disappears
and the voltage across the fuel cell will be approximately 42-43 V. This
can be checked in the software.

To explore the power polarization curve, it is possible connect a vari-
able resistive load.
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