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Abstract
The large-scale adoption of electric mobility solutions represents a crucial step towards achieving the
environmental targets associated with the transportation sector. However, the public’s opinion of electric vehicles
is still divided, owing to the perceived issues of current electric vehicles.
This thesis explores the design of switching power converters capable of interfacing alternative mobilityoriented energy storage technologies. A particular emphasis on fuel cells was pursued, namely in the form of
aluminium-air fuel cells, as their simple construction, mechanical rechargeability, recyclability, low cost, and high
specific energy present interesting advantages, albeit not without challenges.
The resulting experimental powertrain is comprised of a high-voltage hybrid parallel configuration of fuel cells
and ultracapacitors, as this combination was found to greatly enhance the synergies between both technologies,
whilst mitigating their drawbacks.
In order to improve performance, efficiency, and reliability, an interleaved topology for the DC/DC Converters
was favored. Additionally, both the DC/DC Converters and Inverter employ high switching frequencies, in order
to further decrease the required filters.
The system control strategy is based on the bidirectional power flow ability of the ultracapacitors, and takes
advantage of their excellent transient response. It also features open-circuit semiconductor fault tolerant
interleaving and short-circuit current limiters.
During the development of this work, simulations of all the proposed systems were systematically carried out,
resulting in the successful validation of their behavior and design specifications.

Keywords:
Electric Vehicles; Fault Tolerant; Fuel Cells; Interleaving; Switching Converters; Ultracapacitors.
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Resumo
A adopção em larga-escala de soluções de mobilidade eléctrica representa um passo crucial para o alcance das
metas ambientais associadas ao sector dos transportes. Contudo, a opinião pública encontra-se ainda dividida,
devido às limitações actuais dos veículos eléctricos.
Este trabalho explora o projecto de conversores comutados capazes de servir de interface a sistemas alternativos
de armazenamento de energia. Foi dado particular enfâse a pilhas de combustível, nomeadamente a pilhas de
combustível de alumínio-ar, devido às vantagens inerentes à construção simples, recarregabilidade mecânica,
reciclabilidade, baixo custo, e elevada energia especifíca, não obstante aos desafios que apresentam.
A configuração experimental adoptada baseia-se num sistema paralelo hibrido baseado em pilhas de
combustível e ultracondensadores, dada esta combinação favorecer significativamente as sinergias entre
tecnologias, ao mesmo tempo que mitiga as suas maiores desvantagens.
Por forma a melhorar o desempenho, eficiência, e fiabilidade do sistema, foi adoptada uma topologia
intercalada para os Conversores CC/CC. Ambos os Conversores e o Inversor utilizam frequências elevadas de
comutação por forma a diminuir os filtros necessários.
A estratégia de controlo do sistema baseia-se no fluxo bidirecional de potência permitido pelos
ultracondensadores, visando assim aproveitar a excelente resposta transitória destes dispositivos. O sistema
apresenta ainda funcionamento intercalado com tolerância a falhas de circuito-aberto em semiconductores e
limitadores de correntes de curto-circuito.
Durante o desenvolvimento deste trabalho, todos os sistemas propostos foram sistematicamente testados por
via de simulações, resultando assim na validação do seu comportamento e especificações.

Palavras-chave:
Conversores Comutados; Pilhas Combustível; Topologia Intercalada; Tolerância a Falhas;
Veículos Eléctricos; Ultracondensadores.
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Chapter 1
1.

Introduction

1.1

Motivation

The ever-increasing impact of climate change, coupled with the advancements in power electronics, motor
design, and energy storage systems, have changed the historically unpredictable demand of electric vehicles [1].
The world now faces exponential growth of demand, with several countries outright banning the future purchase
of internal combustion vehicles [1, 2].
Despite the technological improvements achieved, most electric vehicles still operate through the use of battery
storage systems coupled with switching power converter and battery management systems. Although the power
electronics components have improved greatly over the years, there is still a heavy reliance on Li-ion batteries,
which still present some problems, such as, relatively low specific energy and high cost [3]. In a survey conducted
by the UK’s Department of Transport in 2016, some of these issues’ impact on public opinion are
quite apparent (figure 1.1).

Figure 1.1 - Main motives listed by the public for not purchasing an electric vehicle [4].
In conjunction with the improvements in battery and switching power converter technologies, other energy
storage technologies have also improved over the years and continue to do so. For instance, fuel cell research has
seen a tremendous investment in recent years, particularly in China, where severe air pollution and an ever-growing
population drive the need for alternative transport solutions [5].
These energy storage technologies, coupled with the existing advantages and versatility of switching power
converters, by means of an optimized architecture and control system, may help solve some of the problems that
are currently perceived by the public for battery-based electric vehicles, and thus present potential alternatives for
future electric vehicles.

1

1.2

The Transportation Sector

The worldwide growth of greenhouse gas (GHG) emissions and their ever-increasing harmful effects on the
environment have led to an effort to reduce the use of CO2-emitting fuels. However, the transportation sector is
still very dependent on fossil fuels, with these being responsible for 28% of all GHG emissions in Europe [6].
Therefore, in order to achieve the long-term emission targets set by the 2011 Transport White Paper (figure 1.2),
a drastic increase in the adoption of electric vehicles is necessary, as road transport alone represents over 70% of
all GHG emissions from the transportation sector [6].

Figure 1.2 – European greenhouse emissions and targets of the transportation sector [6].
Despite the rapid growth of the global electric fleet, which exceeded 5.1 million vehicles in 2018 [8], EVs still
only represent 2.1% of the global fleet [7, 8], with China having the largest EV fleet, followed by Europe, and the
United States [1]. The main technological obstacles for EV market penetration are their high initial cost compared
to vehicles powered by an internal combustion engine (ICE), limited driving range, and long recharge times [3, 8].
These issues are mostly due to the heavy reliance on Li-ion batteries of battery electric vehicles (BEV) and plugin hybrids (PHEV). Although there have been significant improvements in their specific energy and cost, Li-ion
batteries are still expensive and lack the specific energy required for longer driving ranges [9]. Furthermore, the
lithium and cobalt used in their construction are scarce on the earth’s crust, as well as difficult to recycle, leading
the International Energy Agency to estimate a severe outgrowth of demand with regard to current supply in their
2030 projections [1].
Alongside BEVs, some fuel cell powered electric vehicles (FCEV) have been introduced to the market, such
as the Toyota Mirai. These vehicles have been mostly hydrogen powered, which, despite being far lighter than Liion packs and potentially allowing for better driving ranges, still present a high initial cost, due to the expensive
fuel cells required [10], and also a safety issue, as hydrogen is highly flammable, and in order to achieve high
energy density, it has to be highly compressed, resulting in complex and expensive fueling stations [10].
As such, only 3600 fueling stations are projected to be in operation worldwide by 2033 [11]. Additionally, most
hydrogen is still produced from fossil fuels, and alternative large scale production from water electrolysis would
require a very significant investment in the supporting infrastructure, as well as in the global electrical grid
capacity, further compounding the current population-driven increase [10, 11].
2

1.3

Electric Vehicles

Electric vehicles have been in development since the mid-19th century, however, their relevance has historically
had periods of decline and resurgence, mainly due to economic and environmental factors.
The main difference between an EV and an ICE is its powertrain; the former relies on an electric motor coupled
with an energy storage system through the use of power electronic converters, whilst the latter uses an internal
combustion engine and relies on the use of fossil fuels. Some vehicles utilize both engine types, and/or two
different energy storage systems - these are classified as hybrid configurations.
There are currently 4 main EV topologies, which differ in their powertrain’s arrangement, leading to notably
different characteristics (figure 1.3).

Figure 1.3 – Typical electric vehicle topologies [12].
However, all EVs share the need for power electronic converters. These systems allow the conversion of the
stored energy into a more useful form capable of supplying the electric motor. Due to their high efficiency and
reliability, as well as compact nature, switching power converters are typically used to convert the DC power from
the energy storage system into a more suitable voltage level capable of interfacing the power inverter, which then
converts the DC power into AC, suitable for interfacing the electric motor [13]. A limited amount of commercially
available vehicles use brushless DC motors (BLDC, typically with permanent rare-earth magnets) instead.
However, these vehicles still require a power inverter to interface and drive the motor [14].
Thus, the principal advantage of an EV powertrain resides in the use of an electric motor. These machines have
far greater efficiency ratings than ICEs, which typically have a peak efficiency of 40% [15], although their city
driving efficiency can be as low as 15%, while electric motors can boast peak efficiencies over 95% [15].
However, in order to achieve overall high powertrain efficiency, it is paramount that the supporting power
converter systems, energy storage systems, and transmission, also have very high efficiency ratings.
3

1.4

Power Semiconductors

Currently, despite the availability of several types of power semiconductors, they are mainly built using three
compounds, whose properties greatly determine their applications (figure 1.4): Silicon (Si); Silicon Carbide (SiC);
Gallium Nitride (GaN) [16].
The most commonly used semiconductors in power converters are currently Si-based diodes and InsulatedGate Bipolar Transistors (IGBTs) [16]. Although Si-based Metal Oxide Semiconductor Field Effect Transistors
(MOSFETs) exist, they are not very suitable for voltages exceeding 600 V due to their low critical breakdown
field – to increase their blocking voltage, their thickness must be greatly increased, thereby increasing ON
resistance losses and parasitic capacitance, which limits their efficiency [16].
Hence, Si IGBTs are dominant, as they take advantage of the gate driving characteristics of MOSFETs, as well
as the high current ability of Bipolar Junction Transistors (BJTs) [16]. However, due to the minority carrier
injection employed to lower their ON resistance and enhance their conduction characteristics, there’s a presence
of tail currents upon switching OFF, which increases switching losses, thus limiting their practical applications at
higher switching frequencies [16].

Figure 1.4 – General comparison of the most common power semiconductors materials available today [17].
In contrast, SiC as notably three times the thermal conductivity of Si, as well as, considerably higher electric
breakdown voltage (figure 1.4) [18].
Thus, SiC MOSFETs have lower conduction losses, owing to lower ON resistance, particularly at higher
temperatures, as well as lower switching losses. as they possess virtually no tail currents, which drastically improve
the losses associated with the turn OFF delay of the MOSFET [18]. Additionally, due to their smaller size
packaging, they have lower gate charge and capacitance, further improving their switching losses [18].
As SiC Schottky Barrier Diodes are equally advantageous when compared to Si-based Fast Recovery Diodes,
this technology is poised to replace the traditionally dominant Si-based devices [18].
On the other hand, the principal advantage of GaN-based transistors resides in the superior electron mobility of
this compound (figure 1.4) – hence the existing GaN-based transistors are often called High Electron Mobility
Transistors (HEMT). This advantage allows for notably low switching losses at higher frequencies [19].
However, these devices have lower thermal conductivity than Si or SiC-based semiconductors, and are
currently not very well suited for high voltage applications (typical rating of 650 V) due to their typical horizontal
construction and the practical difficulty of sustaining large electric fields across the device’s surface [19].
4

1.5

Objective

The main objective of the present thesis is to design switching power converters and to define their control
strategy in order to enable a fuel cell powered electric vehicle potentially capable of addressing some of the
previously highlighted issues of current electric vehicles.
In order to achieve this principal objective, it is necessary to accomplish the following intermediate goals:
➢

Size the chosen energy storage system, switching converters, and electric motors;

➢

Design the switching converter architecture capable of interfacing the electric motors to the fuel cellbased energy storage system;

➢

Obtain the dynamic models of the system;

➢

Design the system’s control architecture;

➢

Simulate the system’s comparative performance.

Initially, the energy storage systems will be defined, as these systems greatly limit the overall vehicle’s
specifications and functionality. However, their design will have to take into account the electric motor, by
providing a reasonable amount of power whilst retaining an adequate energy capacity. To facilitate this process,
some baseline requirements will be established prior to the design decisions.
Having established the specifications of the energy storage systems and motor, the design of suitable switching
converters will be carried out according to the operational requirements and capabilities of both systems. The
primary concerns in their design shall be efficiency and reliability, as these factors may greatly impact the overall
behavior of the vehicle.
It is expectable that the dynamic models of the converters will closely follow their design specifications. These
will then be converted into software models, using MathWorks’ Simulink software suite, to facilitate the design
and testing of the necessary controllers, and in order to carry out final simulations of the entire system’s
comparative performance.
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1.6

Thesis Outline

The structure of the thesis is comprised of seven chapters, each pertaining to an essential subject, and building
on the previous chapter’s results, in order to achieve the desired objectives.
The initial chapter consists of an introduction which details the motivation, state-of-the-art, objective and the
structure of the work.
Having established the thesis’ objectives, the second chapter comprises an overview of the existing energy
storage technologies, founded on set out baseline requirements, leading to a special emphasis on fuel cells. A
hybrid energy storage configuration is adopted, with specifications based on existing experimental results.
The vehicle’s powertrain configuration and specifications are explored in the third chapter, leading to the design
of the crucial DC/DC Converters and Inverter, as per the vehicle’s selected motor and the energy storage system’s
specifications and limitations.
In order to test the proposed powertrain, the dynamic models of its constituents are developed in the fourth
chapter, and preliminarily validated through the use of MathWorks’ Simulink software suite.
Considering the dynamic models developed, and the powertrain’s specifications, the fifth chapter details the
adopted control strategy and the design of the required voltage and current controllers.
The sixth chapter comprises the final simulations of the entire powertrain’s behavior, in order to validate its
implementation and design specifications.
Lastly, the final chapter presents the conclusions of the dissertation and highlights some potential future work
suggestions and improvements.
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Chapter 2
2.

Energy Storage Systems

2.1

Baseline Requirements

To assist in the design of the vehicle’s energy storage system, and to ensure a suitable electric vehicle
configuration, it is helpful to further define some of the expectations and characteristics of the proposed system’s
performance. Thus, it is expected that the proposed system must have:
➢

Energy storage capacity comprising at least 60 kWh;

➢

Ability to maintain a continuous velocity of at least 120 km/h;

➢

Combined switching converter system efficiency of at least 90%;

➢

Ability to fully use regenerative braking.

From the aforementioned requirements, it is clear that the energy storage system must have high specific
energy and power, whilst being affordable. This requirement shall greatly influence the choice of the energy
storage technology.
On the other hand, the efficiency requirement imposes significant restrictions on the architecture of the
switching converters, which may manifest itself later as added complexity.
Due to the semi-exploratory nature of the present work, a continuous velocity of 120 km/h will be targeted, as
this velocity allows for travel in all road types. However, despite this restriction, the vehicle is designed to be able
to reach higher velocities for safety purposes.
The electric motor chosen must support the continuous power output required for the maximum velocity.
Ideally it should be lightweight, compact, and highly efficient. Additionally, a high voltage motor will be preferred,
as this leads to a decrease in the power converters’ average currents, potentially enabling lower losses, and
culminating in a more efficient powertrain. However, a balance between the peak power of the motor and its
continuous power rating and efficiency will have to be considered, otherwise the motor may require too much
power at lower loads, such as to maintain a constant velocity.
Finally, the added requirement of being able to fully use regenerative braking leads to an overall higher energy
efficiency, due to the possibility of recovering some of the vehicle’s kinetic energy [20]. Naturally, this
requirement imposes the need of a secondary rechargeable storage system, as fuel cells do not allow bidirectional
energy flow [21].
However, due to the relatively low energy that can be recovered through regenerative braking, the secondary
energy storage system will have much lower energy capacity than the main system, serving only to boost the
efficiency through the recovery of otherwise wasted kinetic energy, and potentially cover any transient high-power
demands, such as in the case of an intense acceleration.
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2.2

Existing Energy Storage Technologies

Although many energy storage technologies have been developed through the years and are currently either in
use or still in development, the mobility requirement of an electric vehicle greatly limits their applicability (figure
2.1). The current viability and performance of these energy storage technologies varies greatly.

Figure 2.1 – Mobility oriented energy storage technologies (highlighted in grey) [22].
At the present, there are four main mobility-oriented means of energy storage: mechanical, through the use of
flywheels and their momentum; electro-chemical, which constitutes most rechargeable batteries; chemical, which
derive energy from a fuel source, in especially designed fuel cells; and electrical, in which energy is stored in
capacitors especially designed to have extremely high capacitance – supercapacitors/ultracapacitors.
For the purpose of this thesis, the focus for the primary energy storage system shall be fuel cells, as this
technology allows for high specific energy, albeit at a moderate power outputs.
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2.3

An Overview of Fuel Cells

A fuel cell (FC) is an electrochemical device that allows the conversion of the chemical energy of a fuel and an
oxidizing agent into electricity, by means of a pair of redox reactions [23]. An electrolyte is used to enable and
mediate the transfer of ions between the electrodes. As these systems directly convert chemical energy into
electricity, their efficiency is usually in the range of 40% to 60%, which surpasses the typical thermal cycle
efficiency of internal combustion engines [23].
Unlike primary battery cells, which are self-contained devices designed to be used once and discarded, and
unlike secondary batteries, which allow the reaction to be reversed through the supply of electricity, thereby
recharging the battery, fuel cells allow a continuous reaction for as long as the fuel and oxidizing agent are
available to be supplied into the cell [23].
Currently, most fuel cells require moderate to high operating temperatures due to the fuel used (hydrogen,
methanol, alkalis, acids, or molten salts), and expensive catalysts, to facilitate the oxygen reduction reaction (ORR)
in the cathode, as visible in table 2.1. These factors have led to a typically much higher cost than battery-based
technologies, and severely limited their usage in mobility-oriented applications [24].
Despite this drawback, fuel cells avoid the cycling issues and associated expected lifetime of batteries, which,
in turn, lessen the need of complex and expensive battery charging and management systems [3]. This benefit,
alongside the typically higher specific energy of fuel cells, has led to the continuous research and development
efforts in this field.
Table 2.1 – General overview of some of the most common fuel cells in use today [24].

Although the more common fuel cell technologies in use are the above seen (table 2.1), other fuel cell
technologies exist, some of which, although unconventional by strict definition, show great promise and
advantages. Such is the case of metal-air cells, which will be described and explored in the next section.
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2.4

The Case of Metal-Air Cells

Metal-air cells are in essence halfway between a fuel cell and a battery, and are considered a special type of
fuel cell [23]. The anode in a metal-air cell, which constitutes the fuel, is a solid, or powdered, highly reactive
metal. Thus, similarly to batteries, the energy in a metal-air cell is depleted once the metallic fuel is spent.
However, unlike batteries, metal-air cells use a permanent oxygen breathing cathode, rather than a second metallic
electrode. This characteristic, combined with the equal ORR of other fuel cell types, and coupled with the
design possibility of ease of mechanically recharging the metal anode, greatly approximates metal-air cells
to more traditional fuel cells [23, 25].
“Strictly, [Metal-Air Fuel Cells] MAFCs and metal-air batteries are different, that is, the former one can continue
to produce electricity by the metal fuels replacement, and the latter one is only one-time use.” [25]

Figure 2.2 – Ragone chart of the specific energy/power of most mobility-oriented technologies [26].
As can be seen in figure 2.2, metal-air cells present higher gravimetric energy density (specific energy) than
most existing battery technologies, whilst retaining some gravimetric power density (specific power). These values
greatly depend on the metallic fuel employed and its discharge rate (figure 2.3).

Figure 2.3 – Comparison of the specific energy of most metal-air cells [27].
Due to resource abundance, low cost, recyclability and safety considerations, mechanically rechargeable Al-air
fuel cells will be preferred as the primary energy storage system. Their history, working principle, specifications,
as well as advantages and limitations, will be discussed in the next section.
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2.5

The Aluminium-Air Fuel Cell

2.5.1 History
Aluminium is the most abundant metallic element in the Earth’s crust, roughly 8.1% of its composition.
Although its compounds have been used since the fourth millennium BCE, it would take several millennia more
until a small amount of its metallic form was properly isolated, in the beginning of the 19th century [28].
Today, pure aluminium is obtained through the same industrial processes first invented in the late 19 th century:
bauxite is refined into alumina (aluminium oxide, Al 2O3) through the Bayer process, and the refined alumina is
then subjected to electrolytic smelting in a molten cryolite solution - the Hall-Héroult process [29].
The further development and improvement of the two aforementioned processes in the beginning of the 20 th
century, quickly led to a drastic reduction of the price of aluminium – whereas it was once more valuable than
gold, it quickly became a staple in the aircraft industry, and would go on to find widespread industrial use [28].
Despite its widespread use, the potential application of aluminium as a fuel source was only first proposed by
Zaromb in 1962, in the form of an Al-air disposable battery [29]. Since then, some breakthroughs have been
achieved, as chronologically shown in figure 2.4. However, the typical constitution of these cells remains
essentially the same: an aluminium anode discharges electrons to an air cathode due to the redox reactions and ion
exchange between them, enabled by the use of a typically aqueous alkaline electrolyte (generally sodium chloride,
potassium hydroxide, or sodium hydroxide) [29].

Figure 2.4 – Evolution and milestones of the Al-air cell [29].
Alongside the milestones visible in figure 2.4, there has recently been greater interest and media coverage of
this technology: in 2017 Tesla filled and was granted patents regarding metal-air cells [30]; Renault has been
working on the development of range extending systems based on Al-air cells [31]; in 2018 Yunnan Aluminium,
a major aluminium producer, announced a joint venture with the aim of developing Al-air cells for electric vehicles
[32]; Log 9, an Indian startup, demonstrated at the end of 2018 their Ranger vehicle, which is powered by Al-air
cells and has a reported range of 1000 km with comparable cost to traditional ICE vehicles [33].
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2.5.2 Cell Construction
The Al-air fuel cell is comprised of two electrodes and an electrolyte (figure 2.5). The anode is a plate of
aluminium, often alloyed with trace amounts of other elements, whilst the cathode is comprised of a gas-only
permeable film (usually cheap and readily available polytetrafluoroethylene - PTFE), attached to a thin electron
collector mesh (typically nickel), enclosed in catalytic platinum-laced Carbon-activated layers (figure 2.6, denoted
by “C-layer”). An aqueous alkaline electrolyte is most often used (solution of potassium hydroxide or sodium
hydroxide), although ionic gels and deep eutectic solvents have been successfully tested [29].
Al-air Fuel Cell Construction:
1 - cell body;
2 - clip;
3 - gas diffusion cathode;
4 - anode;
5 - anode current collector;
6 - cathode current collector;
7 - anode mount;
8 - sealing gasket;
9 - commutating elements.
Figure 2.5 – Example of the typical construction of an Al-air fuel cell [34].

Figure 2.6 – Illustration of the cathode construction of an Al-air fuel cell [35].
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2.5.3 Working Principle
An Al-air fuel cell converts the Gibbs free energy associated with the electrode’s redox reactions into
electricity [36]. In order to better understand this cell’s functionality, the electrode’s half-reaction equations in an
aqueous alkaline electrolyte should be reviewed [36].
In the cathode:

𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 − , 𝐸 0 = −2,35 𝑉

(2.1)

Atmospheric oxygen reacts with the aqueous electrolyte and the electrons drawn from the anode to produce
hydroxyl ions.
On the other hand, due to the oxidation in the anode:

Al → Al3+ + 3𝑒 − , 𝐸 0 = +0,40 𝑉

(2.2)

4Al + 3𝑂2 + 6𝐻2 𝑂 → 4Al(OH)3 , 𝐸 0 = +2,75 𝑉

(2.3)

This leads to the overall reaction:

Through the global reaction aluminium and water are consumed, and aluminium hydroxide is produced, which
can then be precipitated into aluminium oxide (alumina). Furthermore, if NaOH is used, instead of KOH, as
potassium ions damage the cathode used for the Hall-Héroult process [37], the final electrolyte solution, which
contains the spent aluminium anode, is recyclable without pretreatment via the existing industrial methods [37].
However, these equations do not tell the entire story - when pure aluminium is exposed to the electrolyte, it
suffers corrosion, developing an oxide film, consuming hydroxyl ions in the electrolyte, and producing a small
amount of hydrogen gas. This process coupled with the expected formation of aluminium hydroxide on the surface
of the electrode (figure 2.5), leads to a passivation of the anode [37]. For these reasons, aluminium is alloyed with
trace amounts of other elements. These alloys have been well studied and benefit from the existing know-how of
the well-established aluminium industry, for instance: Sn (tin) has been shown to increase the dissolution rate of
Al in aqueous solutions and reduce the corrosion rate; while Ga (gallium) is able to greatly reduce the oxide film
passivation [29]. Furthermore, additives can be added to the electrolyte to mitigate the corrosion and passivation
problems [37]. Recently, the use of an underwater oleophobic separator for the anode has been shown to reduce
the monthly self-discharge rate to just 0.02% [38].
Traditionally, the cathode’s construction involves a catalytic double layer of carbon and platinum, which greatly
enhances the potential of the cathode. This has historically been responsible for the high cathode costs, especially
when compared to the metallic anode. However, recent breakthroughs in this field have led to the development of
silver-manganese oxide-based catalysts, which present equal performance, greater lifetimes, and are 50 times
cheaper than the more traditional platinum-based catalysts [39].
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2.5.4 Operational Specifications
In order to assess the operational specifications of the proposed energy storage system, an in-depth literature
review of the experimental characteristics of the aluminium-air cell was conducted [40, 41, 42, 43].
Considering the purpose of electrical mobility, and a low cost of the crucial ORR catalyst, the cell’s construction
and employed electrolyte shall be based on the study and results by Wang et al. [40]. This study’s cathode
construction is based on a typical gas diffusion layer, with a catalytic double layer of MnO2. In 4 M KOH, through
the use of this cathode and the alloy Al–0.15 Bi–0.15 Pb–0.035 Ga (wt. %), the cell was able to achieve very stable
discharge potentials, at constant discharge currents (figure 2.7, table 2.2) [40].

Figure 2.7 – Discharge behavior of the tested anodes at different current densities and electrolytes (25ºC) [40].
Table 2.2 – Summary of the discharge behavior of the tested anodes at current density of 25 mA/cm 2 (in 2 M
NaCl) and 100 mA/cm2 (in 4 M KOH) [40].

The employed alloy should be in the form of rolled plates, as this condition greatly lowered the already low
corrosion rate observed, due to a more beneficial surface microstructure [40]. The fuel cells may operate within a
voltage range of 1.7 V to 0.8 V, at a variable current density of up to 350 mA/cm2 (figure 2.7). Despite the
possibility of greater current densities (figure 2.7), the maximum value considered was limited to 100 mA/cm2 due
to the lack of information regarding their respective gravimetric energy densities.
Although these measurements were taken at constant electrolyte concentration and controlled temperature of
25 ºC (table 2.2), which were maintained through the use of an electrolyte circulation system, the Al-air fuel cell
is known to have considerably increased capacity density and energy density at far lower temperatures, such as
-15 ºC, as recently shown by Zuo et. al. [44].
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2.5.5 Main Advantages
Due to the natural abundance of aluminium, its long existing industry, as well as its inherent chemical
properties, many advantages for this fuel cell technology can be expected:
➢

Aluminium can be easily and safely stored and transported, due to its inherent stable nature [45];

➢

The high specific energy and moderate specific power of this technology allows for lighter weight energy
storage systems when compared to traditional Li-ion systems;

➢

Recyclability of the aluminium hydroxide isn’t an issue, as the existing industrial processes support it,
and allow for continued recyclability, irrespective of the amount of endured life-cycles. This could
potentially lower the cost of aluminium to $1.1/kg, from the average cost of $1.8/kg [45];

➢

The operation of these fuel cells poses no flammable or explosive hazards;

➢

As metallic aluminium is produced through an electrolytic process, and has a very significant amount of
applications, it presents a viable storage sinkhole for excess renewable energy production;

➢

The employed potassium hydroxide has low cost, and also enjoys established industrial production
processes.

2.5.6 Main Limitations
Nevertheless, despite some of this technology’s preliminarily proven results, it is still in a development and
research phase, which, despite the potential future improvements, still presents currently open questions and
limitations that should be noted:
➢

The operational electrical characteristics greatly depend on the employed cathode, aluminium alloy and
electrolyte, hence the use of power electronics is required – this constitutes one of the guiding motives
for the present dissertation;

➢

Despite the high specific energy of this technology, it is still at present relatively power-limited, and
requires further development and research in the case of higher discharge currents;

➢

Further research into the logistics of the aluminium transport and distribution is required, if its adoption
as a fuel source grows;

➢ The employed electrolyte, KOH, doesn’t allow for the Hall-Héroult process directly, thus, upon recycling,
it must be treated in order to remove the potassium ions.
As the present work focuses on the power electronics component of the vehicle, namely in the design
architecture and control of a suitable switching converter system capable of interfacing the proposed energy
storage system to an appropriate electric motor, a general analysis of the physical construction and implementation
of the fuel cell system will be conducted, with the aim of assaying its design specifications.
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2.5.7 System Design
Considering the use of rolled plates with dimensions:
𝐿 × 𝑊 × 𝐻 = 33.3 𝑐𝑚 × 12 𝑐𝑚 × 0.2 𝑐𝑚

(2.4)

These dimensions lead to an approximate anode volume of 80 cm3 and surface area of 400 cm2.
The proposed alloy has an approximate density of 2.707 g/cm3 (table 2.3).
Table 2.3 – Alloy density calculation considering the weight percentage of each element.

This density result leads to a weight of 0.216 kg per alloy plate, which, considering the energy density of
3058 mWh/g achieved, results in an approximate energy capacity per anode plate of 660 Wh – as expected, this
result exceeds considerably the typical specific energy of Li-ion cells.
At the maximum discharge rate of 100 mA/cm2, each cell is estimated to discharge at an average current
of 40 A. This results in an expected maximum power output of 52 W per cell, which equates to 240.7 W/kg –
a moderate specific power.
It is noteworthy to verify that the obtained results for the specific energy and power coincide with the wellcited future estimates of Yang and Knickle, first proposed in 2002 [45].
As calculated in Appendix A, roughly 22.2 kW are required to maintain the desired top speed of 120 km/h.
Therefore, it’s possible to estimate the number of fuel cells required, and how they should be arranged to supply
the required continuous power (table 2.4).
Table 2.4 – Example of a few fuel cell configuration possibilities.
Number
of Cells

Series
Array

Parallel
Array

Maximum
Voltage [V]

Nominal
Voltage [V]

Nominal
Current [A]

Nominal
Power [kW]

Energy
[kWh]

Weight
Al [kg]

250

250

1

425

325

40

13

165

54

500

250

2

425

325

80

26

330

108

From the analysis of table 2.4, it is clear that the limiting factor for a given fuel cell configuration is the output
power, and not the energy capacity. As the aluminium represents on average 35% of the entire fuel cell system’s
weight (including all the necessary structures and secondary systems) [45], the adopted parallel dual-stack of 250
fuel cells is estimated to weigh 308 kg – which equates to an overall specific energy of 1.07 kWh/kg.
The estimated number of cells required is high, however this issue is mitigated by the very high energy capacity
obtained. Thus, the periodic aluminium refuel required might be offset by the very considerable theoretical range
of the vehicle. Additionally, should higher discharge currents be considered, the number of cells
would drastically decrease.
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2.6

The Secondary Energy Storage System

The proposed vehicle has the need for a secondary energy storage system, which allows the bidirectional flow
of energy in the vehicle’s powertrain, as previously seen in the expected requirements overview. This system
enables the use of regenerative braking, with the associated efficiency gains, and also allows for the delivery of
higher amounts of power, solving the issue of using the fuel cell energy system alone, which has a limited power
output.
Due to the dynamic nature of a typical driving cycle, such as the standardized WLTP (figure 2.8), a high number
of accelerations and decelerations are expected; this imposes frequent charge and discharge of the secondary
energy storage system. Therefore, the technology employed for this system has to have good reliability and cycling
endurance.

Figure 2.8 – The recently adopted Worldwide Harmonized Light Vehicle Test Procedure (WLTP) used to test
fuel economy and the emissions of passenger cars in Europe [46].
Reviewing figure 2.1, there are three main bidirectional energy storage options – batteries, flywheels, and
ultracapacitors. As constant partial cycling of the storage capacity is expected, and batteries have inherent cycling
degradation problems, this option won’t be considered. Of the two remaining ones, the better one is ultracapacitors,
due to their static nature, ability to withstand potentially up to a million cycles, as well as high efficiency, high
nominal voltage and ability to quickly charge/discharge.
The chosen ultracapacitors are Skeleton Technologies’ model SCA1800, which have a rated minimum
capacitance of 1800 F, can operate at 2.85 V, and endure up to a million cycles [47]. Each cell stores 2.03 Wh, has
a maximum ESR of 0.26 mΩ, and weighs 0.337 kg with a volume of 0.240 L [47].
A series configuration of these ultracapacitors will be required, due to the preference for a motor capable of
operating with significant voltages, as initially set out through the baseline requirements. Furthermore, it is
expected that the ultracapacitors will be responsible for suppressing the peak power demands associated with high
intensity accelerations, as the fuel cell storage system is power-limited.
In order to size the secondary storage system, the vehicle’s powertrain and converters’ design will have to be
investigated in the next chapter, as an improper design coordination of all these systems may lead to significant
problems later on.
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Chapter 3
3.

Switching Converter Systems

3.1

Powertrain Architecture

As discussed in the previous chapter, the proposed solution has the need of two energy storage systems: a high
specific energy system, which acts as the main energy source of the vehicle, and a bidirectional high specific power
system, which supports the use of regenerative braking, and also suppresses any short high-power demands. By
using these two systems together the vehicle fully exploits the major advantages of each one, whilst mitigating
their drawbacks, as it exploits the complementary advantages of the technologies chosen, thus achieving a very
high specific energy/power ratio (figure 2.2).
Due to this hybrid nature, the proposed parallel powertrain (figure 3.1), although more efficient, becomes more
complex. The use of a bidirectional secondary storage system requires an interfacing bidirectional DC/DC
converter, which must be capable of boosting the ultracapacitors voltage to a level capable of interfacing the
inverter that feeds the motor. However, in reverse operation, when the power flows from the motor to the
ultracapacitors, care must be taken that the voltage be lowered, in order to not exceed the ultracapacitors' limit.
On the other hand, as MAFCs can only provide energy, the first converter must be unidirectional. However, as
this converter interfaces the main energy storage system, it should have maximum efficiency, whilst being
compact, as well as, fault tolerant, to enable the vehicle to safely reach its destination in an adverse situation.
Additionally, the use of parallel converters allows the fuel cell system to directly power the motor when capable,
thus the avoiding compounded losses of a two-stage series DC/DC converter system.

Figure 3.1 – Diagram of the vehicle’s proposed powertrain architecture.
The traction motor chosen is AVID Technology’s EVO Axial Flux AF130 motor (Appendix B), for which
Dir. Iain Young kindly provided the datasheet and an integration guide. The motor is quite well suited for passenger
vehicles, due its light weight and very high power-to-weight ratio. It is capable of operating at a continuous power
of up to 64 kW, with peaks of 140 kW and 350 Nm for 20 seconds, and supports a maximum voltage of 600 V.
The motor does not come with its own built-in inverter/controller, and, thus, the design of a suitable inverter and
motor drive will be required.
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3.2

DC/DC Converters

3.2.1 Topology
The topology adopted for the converter system is based on the system’s requirements and power flow
constraints (figure 3.2). The MAFC Boost Converter ensures that the unidirectional fuel cell power output is stable,
and interfaces it to a common 600 V DC bus. The second converter, which is also connected to the 600 V bus,
injects or absorbs current from the bus by use of the ultracapacitor storage system, based on the power flow of the
inverter, acting to maintain the DC bus voltage. Due to this bidirectional nature, and the operational voltage limits
of the ultracapacitors, this converter acts as a Reversible Buck/Boost Converter, and has to endure the power surges
associated with accelerations and braking.

Figure 3.2 – Schematic diagram of the EV drive converter system.
If the 140 kW peak power of the EVO AF130 motor is considered (Appendix B), 𝑃 𝑀,𝑚𝑎𝑥 = 140 kW, and the
inefficiencies are neglected, despite the DC Bus voltage, 𝑈𝐵𝑢𝑠 = 600 V, considering a minimum voltage for the
ultracapacitor-based system, 𝑈𝑈𝐶𝑚𝑖𝑛 = 250 V, the Reversible Buck/Boost Converter’s semiconductors would have
to handle currents in the order of [48]:
𝐼𝑆𝐶 = 𝛿𝐵𝐵 𝐼𝐵𝐵 𝑎𝑣𝑔,𝑚𝑎𝑥 ≈ (1 −

𝑈𝑈𝐶,𝑚𝑖𝑛
𝑃 𝑀,𝑚𝑎𝑥
)×
≈ 136.1 𝐴
𝑈𝐵𝑢𝑠
𝑈𝐵𝑢𝑠

(3.1)

Although there are semiconductors rated for these current magnitudes, it is preferable to divide the converter
in parallel phases, thus dividing the maximum average currents, which leads to lower losses (figure 3.3).

Figure 3.3 – Schematic diagram of the proposed DC interleaved EV drive converter system.
Therefore, in both converters, a three-phase interleaved topology was chosen, as this allows a threefold decrease
in the semiconductors current ratings and improves the power converters’ efficiency, size, electromagnetic
emissions and transient response [49]. This design also leads to redundancy in the converters, as, if a converter’s
phase semiconductors failed, the converter would still operate, albeit at reduced power output [48, 49].
However, this design choice naturally imposes the need for more components.
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3.2.2 MAFC Boost Converter
The fuel cell system’s arrangement imposes the following output limits:
𝑈𝐹𝐶 ∈ [325; 425] 𝑉 ; 𝐼𝐹𝐶,𝑚𝑎𝑥 = 80 𝐴

(3.2)

As the maximum fuel cell power output is approximately 26 kW, a discharge margin should be ensured. Thus,
the MAFC Boost converter shall be designed considering a maximum power output of 25 kW, and peak efficiency

𝜂𝐵 = 99%. With regard to the maximum power the fuel cells must supply, which is equal to the maximum input
power of the converter, these design choices imply:
𝑃𝐹𝐶,𝑚𝑎𝑥 = 𝑃𝑖𝑛,𝑚𝑎𝑥 =

𝑃0𝐵,𝑚𝑎𝑥
≈ 25.25 kW
𝜂𝐵

(3.3)

However, as the MAFC converter has to interface a 600 V bus, the fuel cell system’s output voltage must be
increased. From this requirement, the duty-cycle can be determined through the use of the boost converter’s dutycycle equations [48]:
𝑈𝐹𝐶,𝑚𝑎𝑥
= 0.291
𝑈𝐵𝑢𝑠
𝑈𝐹𝐶,𝑚𝑖𝑛
=1−
= 0.458
𝑈𝐵𝑢𝑠

𝛿𝐵,𝑚𝑖𝑛 = 1 −
{

𝛿𝐵,𝑚𝑎𝑥

(3.4)

Based on the calculated duty-cycle range it is now possible to determine the average current that the
semiconductors must endure during the operation at maximum duty-cycle [48]:

{

𝐼𝐹𝐶,𝑚𝑎𝑥
= 12.2 𝐴
3
𝐼𝐹𝐶,𝑚𝑎𝑥
= (1 − 𝛿𝐵,𝑚𝑎𝑥 )
= 14.5 𝐴
3

𝐼𝑆𝐶 2,4,6 = 𝛿𝐵,𝑚𝑎𝑥
𝐼𝑆𝐶 1,3,5

(3.5)

If, on the other hand, the converter is operating at its minimum duty-cycle [48]:

{

𝐼𝐹𝐶,𝑚𝑎𝑥
= 7.8 𝐴
3
𝐼𝐹𝐶,𝑚𝑎𝑥
= (1 − 𝛿𝐵,𝑚𝑖𝑛 )
= 18.9 𝐴
3

𝐼𝑆𝐶 2,4,6 = 𝛿𝐵,𝑚𝑖𝑛
𝐼𝑆𝐶 1,3,5

(3.6)

The chosen semiconductors should thus support a drain-source voltage greater than 600 V and a continuous
current of at least 40 A, in order to leave an operational safety margin. However, to ensure complete open-circuit
semiconductor fault tolerance, semiconductors rated for at least 120 A will be required, with advantageous drainsource ON resistance but probably higher switching losses. Therefore, the semiconductors current capability
should be carefully chosen, as these factors directly improve the vehicle’s range and fuel efficiency.
Thus, the semiconductor module adopted for this converter is the SiC-based Infineon’s FF8MR12W2M1P_B11
module which is available in a phase-leg package, and has the following notable specifications [50]:
𝑉𝐷𝑆𝑆 = 1200 V, 𝐼𝐷 = 150 A (at 25 ºC), 𝑅𝐷𝑆𝑜𝑛 = 7.5 mΩ, 𝐶𝑂𝑆𝑆 = 0.66 𝑛𝐹, 𝑇𝑠𝑜𝑛 = 21.5 𝑛𝑠, 𝑇𝑠𝑜𝑓𝑓 = 57.0 𝑛𝑠.
Considering a target peak efficiency 𝜂𝐵 = 99% for the converter, the allowed losses percentage is given by:
∑ 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 1 − 𝜂𝐵
=
≈ 0.0101 ≡ 1.01%
𝑃0𝐵
𝜂𝐵
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(3.7)

The losses distribution and filter sizing can now be carried out through the use of the typical equations employed
in the design of boost converters [48, 51].
For instance, considering the above calculations, and the semiconductor’s SiC-based construction and
specifications, the ON State conduction losses per MOSFET are given by [48]:

2
𝑃 𝐶 𝑀𝑂𝑆𝐹𝐸𝑇,𝐵 = 𝑅𝐷𝑆𝑜𝑛 𝐼𝑆𝐶,𝑅𝑀𝑆

𝐼𝐹𝐶,𝑚𝑎𝑥 2
= 𝑅𝐷𝑆𝑜𝑛 ( 3 ) ≈ 2.67 𝑊
√2

(3.8)

Thus, considering the calculated ON-State losses, as well as the number of MOSFETs required, and the
converter’s rated power, it is possible to estimate the loss percentage as:
𝑃𝐶,𝐵 ∑ 𝑃 𝐶 𝑀𝑂𝑆𝐹𝐸𝑇,𝐵
=
≈ 0.00064 ≡ 0.064 %
𝑃0𝐵
𝑃0𝐵

(3.9)

As the loss margin and ON State losses are now known, it becomes possible to distribute these losses throughout
the components of the converter (table 3.1) [48, 51].
Table 3.1 – Losses distribution possibility for the MAFC Boost Converter.
MAFC Boost Converter (𝜂𝐵 = 99%)

∑ 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 1 − 𝜂𝐵 1 − 0.99
=
=
≈ 0.0101 ≡ 1.01%
𝑃𝑂𝐵
𝜂𝐵
0.99
Conduction losses: 0.064% (calculated)
Switching losses: 0.190% (calculated)
Inductor 𝑟𝐿 losses: 0.150% (estimated)
Filter Capacitor 𝑟𝐶𝐵𝐵 losses: 0.520% (calculated)

∑ 𝐿𝑜𝑠𝑠𝑒𝑠 % = 0.924% → Margin = 0.086%
The switching frequency selected is 50 kHz – a moderately high frequency well within the capabilities of SiCbased MOSFETs, which should allow for smaller filter components. Therefore:
𝑓𝑠𝑤,𝐵 = 50 𝑘𝐻𝑧 ⟺

1
= 20 𝜇𝑠
𝑇𝑠𝑤,𝐵

(3.10)

With regard to the total switching losses of the semiconductors, they are comprised of turn ON and OFF losses,
as well losses associated with charging and discharging of the output capacitance [48]:

𝑃𝑠𝑤 = 𝑃𝑜𝑛 + 𝑃𝑜𝑓𝑓 + 𝑃𝐶𝑜𝑠𝑠

(3.11)

These losses vary with the turn ON/OFF delay, 𝑇𝑠𝑜𝑛/𝑜𝑓𝑓 , the drain-source voltage, 𝑉𝐷𝑆 , and drain current 𝐼𝐷 [48]:
1
1
𝑃𝑜𝑛,𝐵 = 𝑇𝑠𝑜𝑛 𝑉𝐷𝑆 𝐼𝐷
2
𝑇𝑠𝑤,𝐵

(3.12)

1
1
𝑃𝑜𝑓𝑓,𝐵 = 𝑇𝑠𝑜𝑓𝑓 𝑉𝐷𝑆 𝐼𝐷
2
𝑇𝑠𝑤,𝐵

(3.13)

1
1
2
𝑃𝐶𝑜𝑠𝑠,𝐵 = 𝐶𝑜𝑠𝑠 𝑉𝐷𝑆
2
𝑇𝑠𝑤,𝐵

(3.14)
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Therefore, the switching losses per semiconductor in this converter can be calculated as:
𝑃𝑠𝑤,𝐵 = 𝑃𝑜𝑛,𝐵 + 𝑃𝑜𝑓𝑓,𝐵 + 𝑃𝐶𝑜𝑠𝑠,𝐵 = 2.74 𝑊 + 7.27 𝑊 + 5.94 𝑊 = 15.95 𝑊

(3.15)

Similarly, considering the required number of semiconductors, the total switching loss percentage is:
𝑃𝑠𝑤,𝐵
≈ 0.190 %
𝑃0𝐵

(3.16)

Supposing the current variation in the converter is about 10%:
𝛥𝑖𝐿1 = 0.10 × 𝐼𝐿1𝑎𝑣,𝑚𝑎𝑥 ≈ 2.67 𝐴

(3.17)

As the maximum duty-cycle nearly equals 0.50, the converter’s inductors can be approximately given by the
critical value equation, which occurs for constant output voltage and duty-cycle of 0.50 [48]:
𝐿1,𝑐𝑟𝑖𝑡 =

𝑈0
𝑇
≈ 1.15 𝑚𝐻
4Δ𝑖𝐿1 𝑠𝑤,𝐵

(3.18)

Therefore, this converter’s reactors should have an inductance rating of at least 𝐿1,2,3 = 1.15 𝑚𝐻.
The inductor’s parasitic resistor, which contributes to its losses, can be calculated as [48]:
𝑃𝑟𝐿,𝐵 = 0.0015 × 25.25 𝑘𝑊 = 3𝑟𝐿1 𝐼𝑟𝐿 2 ⇒ 𝑟𝐿1 ≈ 12 𝑚Ω

(3.19)

As the continuous maximum power demand occurs when the vehicle is travelling at the maximum constant
velocity, the ultracapacitors’ charge state, and thus their voltage, can be assumed constant for loads of up
to 25 kW. Thus, at the continuous maximum power output of this converter, the ultracapacitors’ losses can be
neglected, as they can be assumed to be fully charged and have typically minimal self-discharge currents.
It is possible to calculate the required capacitance of the filter capacitor 𝐶𝐵𝐵 , which is shared between both
converters, as [48]:
𝐶𝐵𝐵 =

𝐼0 𝛿
𝑃0𝐵 𝛿𝐵𝑚𝑎𝑥
𝑇
=
𝑇
≈ 62 μF
Δ𝑈𝐶𝐵𝐵 𝑠𝑤,𝐵 𝑈𝐵𝑢𝑠 Δ𝑈𝐶𝐵𝐵 𝑠𝑤,𝐵

(3.20)

Considering 2% of voltage ripple at the capacitor’s terminals, the equivalent parasitic resistance of the capacitor
𝐶𝐵𝐵 can be estimated [48]:
∆𝑈𝐶𝐵𝐵 = 𝑟𝐶𝐵𝐵 ∆𝐼𝐶𝐵𝐵 = 𝑟𝐶𝐵𝐵

𝐼0𝐵𝑎𝑣
∆𝑈𝐶𝐵𝐵
= 3𝑟𝐶𝐵𝐵 𝐼𝐿1𝐵 ⇒ 𝑟𝐶𝐵𝐵 =
= 37.5 𝑚Ω
1−𝛿
3𝐼𝐿1𝐵

(3.21)

Thus, the losses due to this capacitor’s series equivalent resistance can be calculated as [48]:
𝑃𝑟𝐶𝐵𝐵
𝑟𝐶𝐵𝐵 𝛿𝐵𝑚𝑎𝑥
=
= 0.00520 ≡ 0.520%
𝑃0𝐵
𝑅0𝐵𝑒𝑞 1 − 𝛿𝐵𝑚𝑎𝑥

(3.22)

In order to ensure the aforementioned 99% peak efficiency, the above requirements of this capacitor’s parasitic
resistance and capacitance must be met – the UC Reversible Buck/Boost Converter’s calculated parasitic resistance
for this shared capacitor must be at most 37.5 𝑚Ω, while the capacitance must at least equal 62 𝜇𝐹.
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3.2.3 UC Reversible Buck/Boost Converter
In the design of the reversible buck/boost converter that interfaces the ultracapacitors, it is crucial to consider
the operational limits and specifications of these devices, as energy may also flow into them.
If the vehicle brakes at a maximum power of 140 kW for 5 seconds, the converter has to be able to withstand
this power surge, and store the associated energy. However, the converter needn’t be limited by this braking power
with discounted inefficiencies, as shorter but more powerful accelerations are useful when driving.
Therefore, as the motor supports a peak power of 140 kW, and the MAFC Boost converter may already deliver
up to 25 kW, this converter’s power output shall be designed in order to supply up to 120 kW, with a reasonable
peak target efficiency, 𝜂𝐵𝐵 = 97%.
Therefore, considering the motor and the inverter’s efficiency to be 𝜂𝐼𝑛𝑣 = 𝜂𝑀 = 96%, this converter must be
designed for a maximum input power of:
𝑃𝐵𝐵,𝑚𝑎𝑥 =

𝑃0,𝑚𝑎𝑥
= 134.2 kW
𝜂𝐵𝐵 × 𝜂𝐼𝑛𝑣 × 𝜂𝑀

(3.23)

It is possible to iteratively estimate the equivalent capacitance in series of the ultracapacitors from the energy
output requirement and allowed voltage variation.
If an acceleration of 6 seconds at the maximum peak power of the converter, 𝑃𝐵𝐵,𝑚𝑎𝑥 = 120 Kw, is considered:
𝐶𝑈𝐶,𝑠𝑒𝑟𝑖𝑒𝑠 𝑡𝑜𝑡𝑎𝑙 = 2 ×

𝑃𝐵𝐵,𝑚𝑎𝑥
× 6 sec ≈ 11.5 𝐹
4502 − 2502

(3.24)

This capacitance value can be approximately obtained considering 158 series ultracapacitors of the baseline
model adopted in the previous chapter. If a voltage variation ratio of 1.8 is considered, the ultracapacitor bank has
a useful energy capacity of 70% of its rated value, which equals approximately 225 Wh. The relatively low energy
capacity of this system is partially offset by the unrivaled charge/discharge performance and endurance of the
ultracapacitors.
The aforementioned consideration implies a voltage variation in the secondary storage system of:
𝑈𝑈𝐶 ∈ [250 ; 450] V

(3.25)

Nevertheless, it is important to verify if the energy storage capacity of the ultracapacitors configuration adopted
is sufficient to meet the braking limits of the powertrain with discounted inefficiencies:
𝐸𝐵𝑟𝑎𝑘𝑖𝑛𝑔,𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑃𝑀,𝑚𝑎𝑥 × 𝜂𝐵𝐵 × 𝜂𝐼𝑛𝑣 × 𝜂𝑀 ×

5𝑠
≈ 174 Wh
3600 𝑠

(3.26)

Indeed the 158 series configuration, which stores up 225 Wh, when operating with a voltage ratio of 1.8, is
enough to meet the braking power of 140 kW and the acceleration energy demands.
Through their specifications sheet, it is possible to estimate the ultracapacitors combined weight and volume at
53 kg and 38 L, respectively.
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Considering the converter’s maximum input power of 134.2 kW, the maximum current which the
ultracapacitors output, which is assumed to occur when the ultracapacitors are fully charged, is given by:
𝐼𝑈𝐶,𝑎𝑣𝑔 𝑚𝑎𝑥 =

𝑃𝐵𝐵,𝑚𝑎𝑥
≈ 383.4 A
𝑈𝑈𝐶,𝑚𝑎𝑥

(3.27)

Similarly, to the previous converter’s design, as the interfacing bus voltage is known, it is possible to calculate
the duty-cycle of the converter [48]:
𝑈𝑈𝐶,𝑚𝑎𝑥
= 0.250
𝑈𝐵𝑢𝑠
𝑈𝑈𝐶,𝑚𝑖𝑛
=1−
= 0.583
𝑈𝐵𝑢𝑠

𝛿𝐵𝐵,𝑚𝑖𝑛 = 1 −
{

𝛿𝐵𝐵,𝑚𝑎𝑥

(3.28)

Therefore, the average current that the semiconductors must endure during the operation at maximum dutycycle is now:

{

𝐼𝑈𝐶,𝑎𝑣𝑔 𝑚𝑎𝑥
≈ 57.9 𝐴
3
𝐼𝑈𝐶,𝑎𝑣𝑔 𝑚𝑎𝑥
= (1 − 𝛿𝐵𝐵,𝑚𝑎𝑥 )
≈ 41.4 𝐴
3

𝐼𝑆𝐶 8,10,12 = 𝛿𝐵𝐵,𝑚𝑎𝑥
𝐼𝑆𝐶 7,9,11

(3.29)

However, if the converter is operating at its minimum duty-cycle, the average current can be estimated as:

{

𝐼𝑈𝐶,𝑎𝑣𝑔 𝑚𝑎𝑥
≈ 24.9 𝐴
3
𝐼𝑈𝐶,𝑎𝑣𝑔 𝑚𝑎𝑥
= (1 − 𝛿𝐵𝐵,𝑚𝑖𝑛 )
= 74.6 𝐴
3

𝐼𝑆𝐶 8,10,12 = 𝛿𝐵𝐵,𝑚𝑖𝑛
𝐼𝑆𝐶 7,9,11

(3.30)

The semiconductor module adopted for this converter is the SiC-based Infineon’s FF6MR12W2M1P_B11
module which is available in a phase-leg package, and has the following notable specification [52]:
𝑉𝐷𝑆𝑆 = 1200 V, 𝐼𝐷 = 200 A (at 25 ºC), 𝑅𝐷𝑆𝑜𝑛 = 5.67 mΩ, 𝐶𝑂𝑆𝑆 = 0.88 𝑛𝐹, 𝑇𝑠𝑜𝑛 = 20.4 𝑛𝑠, 𝑇𝑠𝑜𝑓𝑓 = 62.6 𝑛𝑠.
Considering a peak target efficiency of 97% for the Reversible Buck/Boost Converter, the allowed
losses ratio is given by:
∑ 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 1 − 𝜂𝐵𝐵
=
≈ 0.0309 ≡ 3.09%
𝑃0𝐵𝐵
𝜂𝐵𝐵

(3.31)

Similarly to the previous converter, the ON State conduction losses per MOSFET can be estimated at [48]:

2
𝑃 𝐶 𝑀𝑂𝑆𝐹𝐸𝑇,𝐵𝐵 = 𝑅𝐷𝑆𝑜𝑛 𝐼𝑆𝐶,𝑅𝑀𝑆

𝐼𝑈𝐶,𝑚𝑎𝑥 2
= 𝑅𝐷𝑆𝑜𝑛 ( 3 ) ≈ 27.9 𝑊
√2

(3.32)

Thus, considering the number of semiconductors required, the ON State losses are now:
𝑃𝐶,𝐵𝐵 ∑ 𝑃 𝐶 𝑀𝑂𝑆𝐹𝐸𝑇,𝐵𝐵
=
≈ 0.00125 ≡ 0.125%
𝑃0𝐵𝐵
𝑃0𝐵𝐵
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(3.33)

As the loss margin and ON State losses are now also known for this converter, it again becomes possible to
distribute these losses throughout the components of the converter (table 3.2).
Table 3.2 – Losses distribution possibility for the UC Reversible Buck/Boost Converter.
UC Reversible Buck/Boost Converter (𝜂𝐵𝐵 = 97%)

∑ 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 1 − 𝜂𝐵𝐵 1 − 0.97
=
=
≈ 0.0309 ≡ 3.09%
𝑃0𝐵𝐵
𝜂𝐵𝐵
0.97
Conduction losses: 0.125% (calculated)
Switching losses: 0.211% (chosen for equal switching frequency)
Inductor 𝑟𝐿 losses: 0.300% (estimated)
Filter Capacitor 𝑟𝐶𝐵𝐵 losses: 1.224% (calculated)
Ultracapacitor 𝑟𝐶𝑈𝐶 losses: 0.400% (estimated)

∑ 𝐿𝑜𝑠𝑠𝑒𝑠 % = 2.26% → Margin = 0.83%
The switching frequency for this converter will be matched to the MAFC Boost converter, thus:
𝑓𝑠𝑤 =

1
1
=
= 50 𝑘𝐻𝑧
𝑇𝑠𝑤,𝐵 𝑇𝑠𝑤,𝐵𝐵

(3.34)

Therefore, the switching losses per semiconductor in this converter are:
𝑃𝑠𝑤,𝐵𝐵 = 𝑃𝑜𝑛,𝐵𝐵 + 𝑃𝑜𝑓𝑓,𝐵𝐵 + 𝑃𝐶𝑜𝑠𝑠,𝐵𝐵 = 9.67 𝑊 + 29.67 𝑊 + 7.92 𝑊 = 47.26 𝑊

(3.35)

Now, considering the required number of semiconductors, the total switching loss percentage is:
𝑃𝑠𝑤,𝐵𝐵
≈ 0.211 %
𝑃𝑂𝐵𝐵

(3.36)

Supposing again that the current variation in this converter is about 10%:
Δ𝑖𝐿4 = 0.10 × 𝐼𝐿4𝑎𝑣,𝑚𝑎𝑥 = 0.10 ×

𝐼𝑈𝐶,𝑚𝑎𝑥
≈ 9.9 𝐴
3

(3.37)

As the maximum duty-cycle exceeds 0.5, this converter’s inductors can also be estimated by the critical
inductance value equation [48]:
𝐿4,𝑐𝑟𝑖𝑡 =

𝑉0
𝑇
= 0.40 𝑚𝐻
4Δ𝑖𝐿4 𝑠𝑤,𝐵𝐵

(3.38)

Thus, this converter’s reactors must have an inductance of at least 𝐿4,5,6 = 0.40 𝑚𝐻.
The associated inductor’s parasitic resistor has a resistance value of:
𝑃𝑟𝐿,𝐵𝐵 = 0.003 × 134.2 𝑘𝑊 = 3𝑟𝐿4 𝐼𝑟𝐿 2 ⇒ 𝑟𝐿4 ≈ 14.2 𝑚Ω

(3.39)

Considering 2% of voltage ripple at the capacitor’s terminals, the equivalent parasitic resistance of the capacitor
𝐶𝐵𝐵 for this converter can be estimated [48]:
∆𝑈𝐶𝐵𝐵 = 3𝑟𝐶𝐵𝐵 𝐼𝐿4 ⇒ 𝑟𝐶𝐵𝐵 =

25

∆𝑈𝐶𝐵𝐵
≈ 23.5 𝑚Ω
3𝐼𝐿4

(3.40)

As this capacitor’s parasitic resistance is lower than the previously calculated, the losses must be calculated
using the new found value, in order to also ensure the target efficiency of both converters [48]:
𝑃𝑟𝐶𝐵𝐵
𝑟𝐶𝐵𝐵
𝛿𝐵𝐵𝑚𝑎𝑥
=
≈ 0.01224 ≡ 1.224 %
𝑃0𝐵𝐵
𝑅0𝐵𝐵𝑒𝑞 1 − 𝛿𝐵𝐵𝑚𝑎𝑥

(3.41)

It is also required to verify if the capacitance value found in the MAFC Boost Converter’s design is sufficient
for this converter. Considering the ultracapacitors to be discharged, that is Δ𝑈𝐶𝐵𝐵 = 350 V [48]:
𝐶𝐵𝐵 =

𝐼0 𝛿
𝑃𝑂𝐵𝐵 𝛿𝐵𝐵𝑚𝑎𝑥
𝑇=
𝑇 ≈ 125 𝜇𝐹
Δ𝑈𝐶𝐵𝐵
𝑈𝐵𝑢𝑠 Δ𝑈𝐶𝐵𝐵

(3.42)

Thus, as the value found is greater than required capacitance of the previous converter, this shared capacitor
must have a minimum capacitance of 125 𝜇𝐹, thus assuring the voltage ripple requirements of both converters.
It is important to note that the equivalent total output capacitance perceived by the converters can be approximated
by the series capacitance of the filter capacitor and the ultracapacitors, which yields an equivalent capacitor to 𝐶𝐵𝐵 ,
as its capacitance is far lower than the ultracapacitor’s.
Similarly, the ultracapacitors’ equivalent resistance is obtained from its allowed losses ratio as [48]:
𝑟𝑈𝐶 = 𝑅0𝐵𝐵𝑒𝑞 𝜂𝐵𝐵

𝑃𝑟𝑈𝐶 1 − 𝛿𝐵𝐵𝑚𝑎𝑥
≈ 7.5 𝑚Ω
𝑃0𝐵𝐵 𝛿𝐵𝐵𝑚𝑎𝑥

(3.43)

The obtained equivalent resistance of 7.5 𝑚Ω has to be divided by the 158 ultracapacitors in series, which leads
to a value of an approximately 0.047 𝑚Ω per ultracapacitor. As this value is difficult to obtain, capacitors 𝐶𝑠𝑟 with
𝑟𝑒𝑞 ≪ 7.5 𝑚Ω are placed in parallel to the ultracapacitors [48]:
𝐶𝑠𝑟 =

𝐼0 𝛿
𝑃0𝐵𝐵 𝛿𝐵𝐵𝑚𝑎𝑥
𝑇=
𝑇 ≈ 217 𝜇𝐹
Δ𝑈𝐶𝐵𝐵
𝑈𝐵𝑢𝑠 Δ𝑈𝑈𝐶
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(3.44)

3.3

Inverter

The motor receives electrical power from the Inverter and converts it into torque. It acts as a generator or motor
depending on the vehicle’s behavior. During cruising and accelerations, the motor produces mechanical power,
and acts as a load, drawing electrical power from the inverter. Otherwise, during braking, the motor behaves as a
generator, and the inverter injects current into the DC bus, which the ultracapacitors must absorb in order to
maintain the DC bus voltage.

Figure 3.4 – Schematic diagram of the equivalent model of the Inverter.
Considering the worst-case scenario, that is, the motor’s peak power demand, which corresponds to
its maximum torque output, it is possible to estimate the current by means of its torque constant [48]:
𝐼𝑃ℎ𝑎𝑠𝑒,𝑅𝑀𝑆 =

𝑇𝑚𝑎𝑥
350 𝑁𝑚
=
= 225.8 𝐴
𝑘𝑇
1.55 𝑁𝑚/𝐼𝑅𝑀𝑆

(3.45)

Thus, considering a maximum current ripple of 10%, the inverter’s semiconductors must support the following
currents [48]:
𝐼𝑆𝐶,𝑅𝑀𝑆 =

𝐼𝑃ℎ𝑎𝑠𝑒,𝑅𝑀𝑆
√2

= 159.6 𝐴

(3.46)
(3.47)

𝐼𝑆𝐶,𝑚𝑎𝑥 = √2 × 𝐼𝑆𝐶,𝑅𝑀𝑆 + Δ𝑖0 = 248.4 𝐴

The

semiconductor

module

MSCMC120AM03CT6LIAG

adopted

module

which

for
is

this

converter

available

in

is
a

the

SiC-based

phase-leg

package,

Microsemi’s
and

has

the following notable specifications [53]: 𝑉𝐷𝑆𝑆 = 1200 V, 𝐼𝐷 = 470 A (at 80 ºC), 𝑅𝐷𝑆𝑜𝑛 = 2.5 mΩ, 𝐶𝑂𝑆𝑆 = 2.2 𝑛𝐹,
𝑇𝑠𝑜𝑛 = 21 𝑛𝑠, 𝑇𝑠𝑜𝑓𝑓 = 50 𝑛𝑠.
Hence, considering the 𝑅𝐷𝑆𝑜𝑛 of the chosen module, the conduction losses can be calculated [48]:
2
𝑃𝐶 𝑀𝑂𝑆𝐹𝐸𝑇,𝐼𝑛𝑣 = 𝑅𝐷𝑆𝑜𝑛 𝐼𝑆𝐶,𝑅𝑀𝑆
= 63.6 𝑊
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(3.48)

Therefore, considering the required number of semiconductors and the nominal power output of the
inverter, 𝑃𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 150 kW, it’s possible to estimate the conduction losses as [48]:
𝑃𝐶,𝑀𝑂𝑆𝐹𝐸𝑇𝑠 =

∑ 𝑃𝐶 𝑀𝑂𝑆𝐹𝐸𝑇,𝐼𝑛𝑣
= 0.00254 ≅ 0.254 %
𝑃𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟

(3.49)

Hence, it becomes possible to distribute the allowed losses in the inverter (table 3.3).
Table 3.3 – Losses distribution possibility for the Inverter.
Inverter (𝜂𝐼𝑛𝑣 = 99%)

∑ 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 1 − 𝜂𝐼𝑛𝑣 1 − 0.99
=
=
≈ 0.0101 ≡ 1.010%
𝑃𝑂𝐼𝑛𝑣
𝜂𝐼𝑛𝑣
0.99
Conduction losses: 0.254% (calculated)
Switching losses: 0.539% (calculated)

∑ 𝐿𝑜𝑠𝑠𝑒𝑠 % = 0.793% → Margin = 0.217%
If a sufficiently high enough switching frequency is employed, the motor’s inductors may allow for the use of
no additional current filters, thereby reducing losses and decreasing the weight and size of the motor’s assembly.
For this purpose, a switching frequency of 70 kHz shall be considered, thus:
𝑇𝑠𝑤 =

1
= 14.3 𝜇𝑠
𝑓𝑠𝑤

(3.50)

As the switching frequency is considerably higher than the output frequency for the operational range of the
inverter, assuming wave symmetry, it is possible to estimate the current’s average value over half a period [48]:
𝐼𝑎𝑣𝑔 =

2𝐼𝑚𝑎𝑥 2𝐼𝑆𝐶,𝑅𝑀𝑆
=
𝜋
√2𝜋

(3.51)

Thus, the average switching losses can again be calculated through their decomposition as seen in the design
of the previous power converters, using the average current [48]:
𝑃𝑜𝑛 = 31.6 𝑊
𝑃𝑜𝑓𝑓 = 75.4 𝑊

(3.52)

𝑃𝐶𝑜𝑠𝑠 = 27.7 𝑊
Therefore, the total average switching losses per MOSFET are:
𝑃𝑠𝑤,𝑀𝑂𝑆𝐹𝐸𝑇 = 𝑃𝑜𝑛 + 𝑃𝑜𝑓𝑓 + 𝑃𝐶𝑜𝑠𝑠 = 134.7 𝑊

(3.53)

Similarly to the conduction losses, the percentage of switching losses with respect to the nominal output of the
inverter may now be estimated by considering the number of semiconductors and their individual losses:
𝑃𝐿𝑜𝑠𝑠𝑒𝑠 𝑠𝑤,𝑀𝑂𝑆𝐹𝐸𝑇 =

∑ 𝑃𝑠𝑤,𝑀𝑂𝑆𝐹𝐸𝑇
= 0.00539 ≅ 0.539 %
𝑃𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟
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(3.54)

Chapter 4
4.

Dynamic Models

4.1

Primary Energy Storage System

In order to model the primary energy storage system, it is necessary to consider the experimental polarization
curve of the adopted fuel cells of which it is comprised (figure 4.1) [40].

Figure 4.1 – The experimental polarization curve of the adopted fuel cell [40].
Through the analysis of figure 4.1, the open circuit voltage per fuel cell can be estimated at 1.7 V, whilst the
lowest voltage reached, which occurs at the maximum considered discharge current density of 100 mA/cm 2, is
approximately 1.3 V. As previously seen, this leads to an operational voltage between 425 V and 325 V, as the
primary energy storage system consists of a parallel dual-stack of 250 fuel cells.
Furthermore, two voltage variation regions are visible in figure 4.1. The first voltage variation, a sharp voltage
drop at very low current density, is due to the fuel cell’s activation losses, which occur due to the initial breaking
of chemical bonds in the cathode and anode, as electrons start to migrate [54, 55]. However, the second voltage
variation is far less pronounced, being approximately linear with the increase in current density – this phenomenon
is due to ohmic losses that occur as electrons and reagents continuously migrate between electrodes [54, 55].
Therefore, neglecting the additional mass transport losses, which occur only at much higher current densities
[45], it is possible to model the fuel cell system behavior through the following equation [54, 55]:
𝑉𝐹𝐶 = 𝑉𝑂𝐶 − 𝑉𝐿,𝑎𝑐𝑡𝑣 − 𝑉𝐿,𝑜ℎ𝑚𝑖𝑐 = 𝑉𝑂𝐶 − 𝑉𝑎 (1 − e−C1𝑖 ) − 𝑖(𝑅𝑠 + 𝑅𝑖𝑛𝑡 )

(4.1)

However, as a very detailed electrochemical model of the fuel cells isn’t necessary for the purpose of this work,
as it is assumed that a separate system regulates the fuel cells, such as the one proposed by Leon [54]. Hence, a
simplified model of the primary energy storage system will be instead considered.
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Thus, considering the 250 fuel cells per stack and the fact that both the activation losses and ohmic losses are
approximately responsible for a 0.2 V drop in the fuel cell’s ouput voltage (figure 4.1), that is [55]:
𝑉𝐿,𝑎𝑐𝑡𝑣 = 𝑉𝑎 (1 − e−C1𝑖𝐹𝐶 ) = 50 𝑉

(4.2)

𝑉𝐿,𝑜ℎ𝑚𝑖𝑐 = 𝑖𝐹𝐶 (𝑅𝑠 + 𝑅𝑖𝑛𝑡 ) = 𝑖𝐹𝐶 × 𝑅𝑂ℎ𝑚𝑖𝑐 = 50 𝑉

(4.3)

It is thus possible to estimate the constant C1 such that the entire voltage drop due to the activations losses as
occured at an approximate current density of 20 mAh/cm2, as visible in figure 4.1. Therefore:
C1 = 0.6 ; 𝑉𝑎 = 50 𝑉

(4.4)

On the other hand, the equivalent ohmic losses resistance of the fuel stack can be estimated as:
𝑅𝑂ℎ𝑚𝑖𝑐,𝑒𝑞 =

𝑉𝐿,𝑂ℎ𝑚𝑖𝑐
= 1.25 Ω
𝑖𝐹𝐶

(4.5)

Hence, the simplified polarization curve of the fuel cell stack is given by (figure 4.2):
𝑉𝐹𝐶 = 𝑉𝑂𝐶 − 𝑉𝐿,𝑎𝑐𝑡𝑣 − 𝑉𝐿,𝑜ℎ𝑚𝑖𝑐 = 425 − 50(1 − e−0.6𝑖𝐹𝐶 ) − 1.25𝑖𝐹𝐶

(4.6)

Figure 4.2 – The modelled simplified polarization curve of a fuel cell stack.
Lastly, the large capacitance associated with the charge double-layer effect of these fuel cells can be
approximated by the values found in similar studies [54]:
𝜏 = 𝑅𝐶 ≈ 0.3 𝑠 ⇒ 𝐶 = 0.24 𝐹

(4.7)

The final implemented software model consists of two parallel fuel cell stacks based on the simplified fuel cell
stack model above developed.
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4.2

Secondary Energy Storage System

The secondary energy storage system can be approximately modelled through its equivalent capacitance and
series resistance, considering that its temperature remains relatively low and constant and its charge state never
falls below 30%. The previously dimensioned parallel capacitors were abstracted from the model (figure 4.3), as
their effect of lowering the ultracapacitors equivalent series resistance can be directly modelled through the
resulting equivalent resistance.

Figure 4.3 – The simplified equivalent model used to simulate the dynamic behavior of the secondary energy
storage system in Simulink.
Nevertheless, it is relevant to note that the use of dissimilar capacitor technologies in parallel generally enhances
the frequency response of the resulting equivalent capacitor.

4.3

UC Reversible Buck/Boost Converter

The UC Reversible Buck/Boost Converter consist of an interleaved reversible converter topology capable of
operating either in buck mode or boost mode. In order to achieve this, three identical Reversible Buck/Boost
Converters are arranged in parallel, operating with a phase difference of 120 degrees between them (figure 4.4).

Figure 4.4 – Schematic diagram of the Reversible Buck/Boost Converter.
However, despite the interleaved topology, it is possible to fully understand the behavior of the converter by
the analysis of one of its constituents, as the final converter’s behavior is quite similar, besides the phase difference.
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In order to ensure the correct behavior of the converter, both MOSFETs must not be switched ON during the
same interval, that is, their state must be the logic complement of each other. Thus, considering one phase of the
converter, supposing the inductor’s current is not zero, two distinct operation modes can be identified (figure 4.5).

Figure 4.5 – Schematic diagram of the UC Reversible Converter operational modes.
The converter may operate as a boost converter, if the power flows from the ultracapacitors to the bus, through
the use of the MOSFET S2 and the diode D1 in different intervals with respect to the duty cycle (figure 4.6).

Figure 4.6 – Schematic diagram of the UC Reversible Converter operating in the Boost Mode.
However, if power now flows from the DC bus into the ultracapacitors and S1 is now used, the converter
behaves as a buck converter through the use of the MOSFET S1 and the diode D2 in different intervals with respect
to the duty cycle (figure 4.7).

Figure 4.7 – Schematic diagram of the UC Reversible Converter operating in the Buck Mode.
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Due to the complementary behavior of the transistor’s gate signals, it is convenient to define an ON-state
variable such that:
𝛶 = 𝛶𝑆2 ⇒ 𝛶𝑆1 = ̅̅̅̅
𝛶𝑆2 = 𝛶̅

(4.8)

As the converter’s transistors are driven complementarily and both the boost and buck modes exhibit similar
circuit topologies, it can be expected that both modes are governed by similar equations, with the exception of the
polarity of the inductor’s current, as the power flow’s direction changes.

Interval 1 (S1-OFF, S2-ON):
If during 0 < t < δT the MOSFET S2 is switched ON (𝛶 = 1) (figure 4.6.a), considering a positive inductor
current, the current is increased by the ultracapacitors charge. The current through the inductor increases as long
as S2 in the ON state [48, 56]:
0 < t < δT ⇒ 𝑉𝐿 = 𝑈𝑈𝐶 − 𝑟𝐿 𝑖𝐿 ⋀ 𝑖𝐿 ↗

(4.9)

Naturally, as in this interval it was considered that S2 is conducting, S1 must be kept switched OFF.

Interval 2 (S1-OFF, S2-ON):
During the remainder of the period, δT < t < T, the MOSFET S2 is now switched OFF (figure 4.6.b) and S1 is
switched ON. Therefore, S1 will conduct through the channel if the ON-state voltage is lower than the diode cutin voltage, transferring energy mainly from the inductor to the output. The current 𝑖𝐿 now decreases [48, 56]:
δT < t < T ⇒ 𝑉𝐿 = 𝑈𝑈𝐶 − 𝑟𝐿 𝑖𝐿 − 𝑉0 ⋀ 𝑖𝐿 ↘

(4.10)

Therefore, by combining (4.8) and (4.9), it becomes possible to summarize the inductor’s time derivative:
𝑉𝐿 = 𝐿

diL diL 𝑈𝑈𝐶 − 𝑟𝐿 𝑖𝐿 − (1 − 𝛶) 𝑉0
⇒
=
dt
dt
𝐿

(4.11)

Furthermore, assuming continuous conduction mode, through the use of the previously appropriately sized
inductors, the variation of the inductor’s current during a period must be zero:
Δ𝑖𝐿 𝑆2:𝑂𝑁 + Δ𝑖𝐿 𝑆2:𝑂𝐹𝐹 = 0

(4.12)

Thus, neglecting the voltage drop due to the parasitic resistance of the inductor and the diode’s forward voltage,
equations (4.11) and (4.12) enable the calculation of the relationship of the converter’s input and output voltages:
𝐵𝑜𝑜𝑠𝑡 𝑀𝑜𝑑𝑒:

𝑈𝑈𝐶
𝑈𝑈𝐶 − 𝑉0
𝑈𝑈𝐶
(1 − δ)𝑇 = 0 ⇒ 𝑉0 =
δ𝑇 +
𝐿
𝐿
1−δ
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(4.13)

It is important to note that (4.13) can be solved for 𝑈𝑈𝐶 resulting in (4.14), which means that 𝑈𝑈𝐶 is smaller
than 𝑉0 and the converter will operate in buck mode if the current 𝑖𝐿 < 0, transferring power from 𝑉0 , by stepping
down its voltage, to recharge the ultracapacitors (figure 4.7) [48]:
𝐵𝑢𝑐𝑘 𝑀𝑜𝑑𝑒:

𝑈𝑈𝐶 = (1 − δ)𝑉0

(4.14)

On the other hand, by considering the input/output power relationship, it is possible to estimate the output
diode’s current [48]:
𝑃0 = 𝜂P𝑖 ⟺ 𝑖𝐷 𝑉0 = 𝜂𝑈𝑈𝐶 𝑖𝐿 ⇒ 𝑖𝐷 =

𝜂𝑈𝑈𝐶

𝑉0

𝑖𝐿

(4.15)

Furthermore, the current balance in the output capacitor’s node implies [48]:
𝐶𝐵𝐵

𝑑𝑉0
𝜂𝑈𝑈𝐶
= 𝑖𝐷 − 𝑖0 =
𝑖 − 𝑖0
𝑑𝑡
𝑉0 𝐿

(4.16)

Hence, assuming the current dynamics to be much faster than the DC voltage dynamics, the previous equation
can be simplified in order to allow control of the current with respect to the square of the output voltage [48]:
𝐶𝐵𝐵 𝑑𝑉0 2
= 𝜂𝑈𝑈𝐶 𝑖𝐿 − 𝑉0 𝑖0
2 𝑑𝑡

(4.17)

In order to validate the converter’s behavior, a simulation of its response to a varying load current profile was
carried out, using an appropriate modulator and controllers, which will be detailed in the next chapter (figure 4.8).

Figure 4.8 – Profile of the load current used to test the UC Reversible Buck/Boost Converter.
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As the MAFC Boost Converter was disabled for the purpose of this simulation, this converter provides the total
demanded power (figure 4.9)

Figure 4.9 – Phase currents of the UC Reversible Buck/Boost Converter.
The phase currents successfully track the load profile, whilst being balanced and operating with the
required phase difference.
It is noteworthy to observe that the sum of the current of the three phases in the converter, which is equal to the
output current, has much less ripple than the individual phases (figure 4.10) – an important benefit of the proposed
interleaved topology.

Figure 4.10 – Sum of the phase currents of the UC Reversible Buck/Boost Converter.
The converter’s resulting output current has a ripple in the order of 2%, far less than the
projected 10% ripple per phase.
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Lastly, the system’s voltage variations were evaluated at half-charge using one tenth of the ultracapacitor’s
capacitance rating, in order to better illustrate their voltage dynamics (figure 4.11).

Figure 4.11 – Resulting variation of the output and ultracapacitor’s voltage.
As visible in figure 4.11, the converter behaves as expected. For a positive load, that is, when power is
demanded from the DC bus, the ultracapacitors begin to discharge, and the converter operates as a Boost Converter,
maintaining the output voltage within 2% of the reference value. Otherwise, when the load current profile becomes
negative, the converter acts as Buck Converter, recharging the ultracapacitors and preventing an overvoltage, thus
successfully maintaining the output voltage within 2% of the reference value.

4.4

MAFC Boost Converter

The MAFC Boost Converter is in essence comprised of three typical Boost Converters operating with a phase
difference of 120°, by means of a suitable modulator, thereby enabling an interleaved topology (figure 4.12).

Figure 4.12 – Schematic diagram of the MAFC Boost Converter.
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Through the operation of the MOSFETs it becomes possible to change the topology of the circuit at the
frequency of the used PWM gate signal. As such, two different one-phase equivalent circuits based on the
MOSFET’s conduction state can be identified (figure 4.13).

Figure 4.13 – Equivalent schematic diagram of the MAFC Boost Converter.
As could be expected, it is immediately recognizable that these equivalent circuits are identical to the boost
mode of the Reversible UC Buck/Boost Converter (figure 4.6). Therefore, all the conclusions previously drawn
for its boost mode are applicable in this converter.
Similarly to the previous converter, a preliminary simulation was carried out in order to validate this converter’s
behavior when subject to a varying load current profile (figure 4.14).

Figure 4.14 – Profile of the load current used to test the MAFC Boost Converter.
Again, it is important to note that the simulations in this chapter were carried out using current and
voltage controllers for the converters, as well as an optimized modulator – these will be designed in detail in the
next chapter.
However, by carrying out simulations of the converters preliminarily, it is possible to compare their resulting
behavior with the expected behavior of the proposed models, derived from the circuit’s governing equations.
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The tested load current profile is within the power specifications of the MAFC Boost Converter, consequently
it is able to supply the entire load current (figure 4.15)

Figure 4.15 – Phase currents of the MAFC Boost Converter.
The converter’s phase currents track correctly the reference current imposed per phase, whilst remaining
balanced and with the correct phase difference.
Again, the benefit of the interleaved topology with regard to the output current’s ripple is
quite apparent (figure 4.16)

Figure 4.16 – Sum of the phase currents of the MAFC Boost Converter.
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Lastly, the system’s voltage variation was evaluated in order to verify the boost ability of the
converter (figure 4.17)

Figure 4.17 – Resulting variation of the output and the fuel cell’s voltages.
The simulation displays the correct behavior of the converter – the fuel cells voltage decreases as its output
current increases, and the large capacitor associated with the charge double-layer effect discharges. However, due
to the boost behavior of the converter, the output voltage remains stably at the desired reference value.

4.5

Inverter

The designed power Inverter (figure 4.18) will be employed in a motor drive using Space Vector Modulation
(SVM). As previously mentioned, a high switching frequency will be considered, in order to avoid the extra need
of burdensome filter inductors.

Figure 4.18 – Equivalent schematic diagram of the Inverter.
Through KVL analysis, it is possible to summarize the behavior of the Inverter’s k-phase as:
𝐿

𝑑𝑖𝐿,𝑘
= 𝑉𝑘𝑁 − 𝑅𝑖𝐿,𝑘 − 𝑒𝑘
𝑑𝑡
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(4.18)

Additionally, due to the topological constraints of the inverter’s operation, namely the impossibility of both
transistors in a phase conducting simultaneously, i.e. 𝛶𝐴 = 𝛶𝑆1𝐴 = ̅̅̅̅̅
𝛶𝑆2𝐴 , only eight possible operation states are
allowed – corresponding to two zero vectors and six non-zero vectors.
The phase to neutral voltages can also be calculated with regard to the transistor’s conduction states [51]:
2 𝛶𝐴 − 𝛶𝐵 − 𝛶𝐶
𝑈𝐷𝐶
3
2 𝛶𝐵 − 𝛶𝐴 − 𝛶𝐶
=
𝑈𝐷𝐶
3
2 𝛶𝐶 − 𝛶𝐴 − 𝛶𝐵
=
𝑈𝐷𝐶
3

𝑉𝐴𝑁 =

(4.19)

𝑉𝐵𝑁

(4.20)

𝑉𝐶𝑁

(4.21)

In order to simplify the implementation of SVM, it is useful to employ the Clark-Concordia transformation
matrix, which enables the conversion of the three-phase coupled system (ABC 120º reference frame) into a twophase decoupled orthogonal system (𝛼𝛽 reference frame). This transformation matrix is given by [48]:
𝑢𝛼
2 1
[𝑢 ] = √
𝛽
3
[0

1
2
√3
2

−

1
𝑉𝐴𝑁
2
[𝑉𝐵𝑁 ]
√3
− ] 𝑉𝐶𝑁
2
−

(4.22)

It is thus possible to summarize the output voltages in the form of preset vectors (table 4.1, figure 4.19) [57].
Table 4.1 – Switching vectors and their respective voltage components [51, 57].
Vector

𝜰𝑨

𝜰𝑩

𝜰𝑪

𝑽𝑨𝑵

𝑣0

0

0

0

0

𝑣1

1

0

0

2𝑈𝐷𝐶 /3

𝑣2

1

1

0

𝑈𝐷𝐶 /3

𝑣3

0

1

0

𝑣4

0

1

𝑣5

0

𝑣6
𝑣7

𝑽𝑩𝑵

𝑽𝑪𝑵

𝒖𝛼

𝒖𝛽

0

0

0

0

−𝑈𝐷𝐶 /3

−𝑈𝐷𝐶 /3

√2/3𝑈𝐷𝐶

0

𝑈𝐷𝐶 /3

−2𝑈𝐷𝐶 /3

𝑈𝐷𝐶 /√6

𝑈𝐷𝐶 /√2

−𝑈𝐷𝐶 /3

2𝑈𝐷𝐶 /3

−𝑈𝐷𝐶 /3

−𝑈𝐷𝐶 /√6

𝑈𝐷𝐶 /√2

1

−2𝑈𝐷𝐶 /3

𝑈𝐷𝐶 /3

𝑈𝐷𝐶 /3

−√2/3𝑈𝐷𝐶

0

0

1

−𝑈𝐷𝐶 /3

−𝑈𝐷𝐶 /3

2𝑈𝐷𝐶 /3

−𝑈𝐷𝐶 /√6

−𝑈𝐷𝐶 /√2

1

0

1

𝑈𝐷𝐶 /3

−2𝑈𝐷𝐶 /3

𝑈𝐷𝐶 /3

𝑈𝐷𝐶 /√6

−𝑈𝐷𝐶 /√2

1

1

1

0

0

0

0

0

Figure 4.19 – Output voltage space of the Inverter in αβ coordinates [57].
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Through the analysis of figure 4.19, six non-zero switching vectors can be identified with a phase angle
difference of 60º and amplitude of √2/3, thereby forming a regular hexagon with six similar sectors, each bounded
by consecutive vectors [57]. Moreover, two zero amplitude vectors can also be identified, v0 and v7.
The separation of the possible sectors can be defined by three planes [57]:
𝑃1 : √3𝑢𝛼 + 𝑢𝛽 = 0

(4.23)

𝑃2 : − √3𝑢𝛼 + 𝑢𝛽 = 0

(4.24)

𝑃3 : 𝑢𝛽 = 0

(4.25)

Hence, considering the vectors’ magnitude and the separation planes, it becomes possible to further define each
of the six possible sectors by boundary planes (table 4.2) [57].
Table 4.2 – Boundary planes of the Inverter’s voltage space [57].
Sector

Boundary Plane

𝑆1

𝑃𝑆1 : √3𝑢𝛼 + 𝑢𝛽 − √2 = 0

𝑆2

𝑃𝑆2 : 𝑢𝛽 − √2/2 = 0

𝑆3

𝑃𝑆3 : − √3𝑢𝛼 + 𝑢𝛽 − √2 = 0

𝑆4

𝑃𝑆4 : √3𝑢𝛼 + 𝑢𝛽 + √2 = 0

𝑆5

𝑃𝑆5 : 𝑢𝛽 + √2/2 = 0

𝑆6

𝑃𝑆6 : − √3𝑢𝛼 + 𝑢𝛽 + √2 = 0

Considering a sweeping command vector, 𝑢𝑐𝑚𝑑 , from which the desired output voltage is synthetized (figure
4.12), its magnitude and phase can be obtained from adjacent preset switching vectors, by varying their active
time. Irrespective of the chosen vectors, its phase and respective maximum magnitude can be calculated [57]:
𝜃 = tan−1

𝑢𝛽
𝑢𝛼

⋀ 𝑚𝑚𝑎𝑥 =

𝑢𝛼,𝑚𝑎𝑥 √2/3𝑈𝐷𝐶
=
≈ 1.155
𝑢𝛽,𝑚𝑎𝑥
𝑈𝐷𝐶 /√2

(4.26)

For instance, assuming 𝑢𝑐𝑚𝑑 lies in sector 1, the duration times of the vectors can be calculated as [57]:
1
[𝑣
1

𝑣2
1

𝑡1
𝑣 0 ] [𝑡 ] = [𝑢𝑐𝑚𝑑 ] 𝑇
2
𝑠
1
1 𝑡

(4.27)

0

Thus, as the matrix is non-singular, the computation of the duration times can be done in a unique way [57]:
𝑢𝛼
𝑡1
1
𝑡
[ 2 ] = 𝑴𝟏 [𝑢𝛽 ] 𝑇𝑠 ⇒ 𝑴𝟏 = [𝑣
1
𝑡0
1

𝑣2
1

𝑣0]
1

−1

(4.28)

The duration times associated with other sectors and their respective vectors can be computed in a similar way.

41

Although several switching sequences are possible, the preferred option is often a symmetric switching
sequence (table 4.3, figure 4.20), as it significantly reduces the output’s total harmonic distortion (THD) [57].
Table 4.3 – Symmetric Switching Sequence [57].
Sector

Symmetric Switching Sequence

𝑆1

𝑣 0 → 𝑣 1 → 𝑣 2 → 𝑣 7 → 𝑣 2 → 𝑣1 → 𝑣 0

𝑆2

𝑣0 → 𝑣3 → 𝑣2 → 𝑣7 → 𝑣2 → 𝑣3 → 𝑣0

𝑆3

𝑣0 → 𝑣3 → 𝑣4 → 𝑣7 → 𝑣4 → 𝑣3 → 𝑣0

𝑆4

𝑣0 → 𝑣5 → 𝑣4 → 𝑣7 → 𝑣4 → 𝑣5 → 𝑣0

𝑆5

𝑣0 → 𝑣5 → 𝑣6 → 𝑣7 → 𝑣6 → 𝑣5 → 𝑣0

𝑆6

𝑣 0 → 𝑣 1 → 𝑣 6 → 𝑣 7 → 𝑣 6 → 𝑣1 → 𝑣 0

Figure 4.20 – Example: Gate signal waveforms of the Symmetric Switching Sequence – Sector 1 [58].
The behavior of the Inverter using SVM was tested and successfully validated (figures 4.21 and 4.22).

Figure 4.21 –Phase to neutral voltage of the Inverter under SVM (5-level PWM).
As expected, the neutral to phase voltage of the Inverter displays the traditional 5-level PWM wave, from
which the low distortion current waveform can be obtained.
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The Inverter’s phase currents display balanced waveforms with low harmonic distortion (figure 4.22).

Figure 4.22 – Phase currents of the Inverter under SVM.
The Inverter will be commanded through Direct Torque Control (DTC) implemented by means of a typical
Variable Frequency Drive (VFD).
Lastly, as a design consideration, if the vehicle’s remaining free volume allows, a secondary rheostatic brake
should be integrated into the drive, by means of an interfacing Buck Converter. This feature would add an
additional security factor with regard to the DC bus voltage and also minimize the wear on the vehicle’s disc
brakes, thereby potentially reducing maintenance.
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Chapter 5
5.

Control System

5.1

Strategy

The control strategy adopted for this system is based on the bidirectional power flow allowed by the
ultracapacitors and the power limitations inherent to the employed fuel cells.
As the fuel cells are able to supply enough power to maintain cruising velocities and interface the most power
efficient converter, they will be responsible for the base load of the system. Thus, the ultracapacitors will be
employed to supply or absorb higher loads - a task that is very well suited to their excellent transient response and
bidirectional power-flow capabilities.
Therefore, the ultracapacitors will also play an essential role in ensuring that the DC bus voltage is kept close
to nominal values, as their fast supply/absorption of high currents allows for the control of the system’s voltage.
Hence, the control of the currents of both energy storage systems is required, as well as the voltage control of the
DC bus, through the use of the ultracapacitors.
Nevertheless, suitable modulators will have to be developed which not only must ensure the correct phase
difference between the converter’s currents, but also guarantee the complementary behavior of the phase
MOSFETs of the UC Reversible Buck/Boost Converter.
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5.2

Modulators

In order to ensure the correct behavior of the interleaving dynamic, the design of the PWM modulators is of
critical importance. As a phase difference between phases must be maintained, the gate signals of the second and
third phases of the converter are delayed by a third of the switching period, thus ensuring that all three phases
operate with the required phase difference of 120 degrees (figure 5.1).
However, due to fault tolerance requirement of the MAFC Boost Converter, the modulator was designed to
receive the semiconductor fault-states identified by the current controller, which enable varying phase delay
periods (figure 5.2)
The designed modulators both receive a duty cycle per phase from their respective current controller, which is
then compared in each phase to a reference ramp signal with the desired switching frequency (figure 5.1).
It was found that without this comparison per phase, the converter would operate such that the sum of the
phase currents would equal the imposed reference value, although the magnitude of the phase currents could be
severely unbalanced.
Naturally, the comparison of the reference ramp signal and the duty-cycle values results in the amount of time
in a given period for which the gate signal should be active.

Figure 5.1 – Schematic diagram of the Reversible Buck/Boost Converter’s modulator.
Lastly, the use of complementary hysteresis comparators ensures that in each phase of the converters the gate
signals are the logic complement of each other (figure 5.1).
However, as the MAFC Boost Converter requires only one transistor per phase, due to its unidirectional power
flow, this additional feature isn’t required in its case (figure 5.2).

Figure 5.2 – Schematic diagram of the MAFC Boost Converter’s modulator.
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Additionally, in the case of the MAFC Boost Converter (figure 5.2), an initial fault-state check is made, yielding
the number of faulty phases, this information enables the decision of whether the phase delay should be set at a
third or a half of the switching period – that is, whether the converter should operate with three-phase or two-phase
interleaving.
If only the second phase should fail, an additional decision is made to ensure that the third phase receives its
gate signal with only one delay of half the switching, thus ensuring the desired 180° phase difference.
The behavior of the MAFC Boost Converter’s modulator was simulated and its behavior successfully validated
throughout varying simulation conditions (figures 5.3, 5.4, 5.5).

Figure 5.3 – Simulation of the behavior of the MAFC Boost Converter - phase currents and reference current.

Figure 5.4 – Simulation of the behavior of the MAFC Boost Converter - gates signals.
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The designed modulator ensures the correct phase difference between the converter’s currents (figure 5.3). As
the simulation conditions imposed equal reference currents in all phases, the currents are also balanced. However,
a current controller for each phase will be the required to ensure it.
The observed gate signals of the converter are correctly displaced (figure 5.4), however there’s an overlap - this
is caused by the maximum duty cycle of this converter exceeding 33%.
Thus, it is relevant to note that despite the phase difference between the onset of the period of each phase,
their gate signals may overlap– that is, both final interleaved converters act as independent parallel converters
with an initial gate signal delay of one third or one half of the reference switching period.
In order to validate the switching delay period reconfiguration in the advent of an open-circuit semiconductor
fault, a simulation was carried out (figure 5.5).

Figure 5.5 – Simulation of the behavior of the MAFC Boost Converter – open circuit faults.
The simulation conditions impose two open-circuit semiconductor faults on the second and third phases,
however the third phase was allowed to recover, in order to test the reconfiguration of the phase delay period.
Upon the recovery of the third phase, the modulator successfully reconfigures the phase delay, correctly setting it
at half the switching period, leading to a 180° phase difference.
Regardless, the modulator’s behavior when subject to all other possible phase-fault combinations was also
successfully validated.
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It is important to confirm that when the converter is operating under two-phase interleaving, the gate signals
indeed display the required half-period delay (figure 5.6).

Figure 5.6 – Detail of the converter’s gate signals when operating in two-phase interleaving.
Likewise, with the aim of validating the modulator of the UC Reversible Buck/Boost Converter, its behavior
was simulated, resulting in its successful validation (figures 5.7, 5.8, 5.9).

Figure 5.7 – Simulation of the behavior of the UC Buck/Boost Converter - phase currents.
Again, the resulting phase currents are balanced, owing to the equal phase reference currents imposed, and have
the expected phase difference.
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Similarly, this converter’s gate signals were also tested, and it was verified that they possess the correct phase
difference (figure 5.8).

Figure 5.8 – Simulation of the behavior of the UC Buck/Boost Converter – phase gate signals.
In contrast to the MAFC Boost Converter, as the ultracapacitors were fully charged during this simulation, the
phase gate signals no longer overlap, as the duty cycle is approximately 25%. Nevertheless, the correct delay
between them can be observed.
It is important to verify, that as required, each phase’s transistors are indeed driven by complementary
gate signals (figure 5.9)

Figure 5.9 – Simulation of the behavior of the UC Buck/Boost Converter - complementary phase gate signals.
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5.3

Current Controllers

The current controllers must be able to regulate the converter’s currents in order for the reference to be
tracked, and, just as importantly, ensure that the magnitude of the three currents of each converter are balanced,
with minimal steady-state error and adequate overshoot.
Hence, due to the current balancing requirement, the final current controller of each converter will in essence
be comprised of three identical current controllers - one for each phase of the interleaved converters.
In order to ensure that the load is first met by the fuel cells power output, it is necessary to estimate the power
difference between the maximum power output of the primary energy storage system and the load requirement,
from which the reference current of the fuel cells may be set.
Thus, the MAFC Boost Converter’s current controller will always have a reference current value per phase of:
𝑖𝐿 𝑟𝑒𝑓_𝐵 =

𝑃0
, 0 ≤ 𝑃0 ≤ 25 𝑘𝑊
3𝑈𝐹𝐶

(5.1)

Thus, by ensuring that the fuel cells always supply base loads of up to 25 kW, it is assured that the
ultracapacitors will be employed to meet the remaining power requirements. Moreover, through the knowledge of
the number of faulty phases, the reference current per phase of the converter can be continuously recalculated,
thus, fully enabling the reconfiguration of the converter’s operation with the help of the modulator (figure 5.10).

Figure 5.10 – Reference Current Estimator module of the MAFC Boost Converter.
Considering the required control of the output current, 𝑖0 = 𝑖0,𝑟𝑒𝑓 (a state variable), of a direct converter
operating in continuous conduction mode with an inductive load or filter, it’s useful to first consider its equivalent
diagram (figure 5.11).

Figure 5.11 –Equivalent diagram of a direct converter with an inductive filter/load [48].
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In both converters, assuming continuous conduction mode, through KVL analysis, the following relationship
can be determined:
𝐿

𝑑𝑖𝐿 (𝑡)
+ 𝑅𝑖𝐿 (𝑡) = 𝑉𝑝 − 𝑉0
𝑑𝑡

(5.2)

However, as the voltage drop due to the parasitic resistance of the inductor is relatively small compared to the
output voltage, it is reasonable to neglect it.
Therefore, considering the output voltage to be constant, by applying the Laplace Transform and solving for
the output current:
𝑖0 (𝑠) =

𝑉𝑝 − 𝑉0
𝑠𝐿

(5.3)

Hence, considering the equivalent diagram of a direct switching converter in continuous operation mode and
the previous equations, it is possible to develop the system’s block diagram (figure 5.12).

Figure 5.12 – Block diagram (linearized models) of the direct switching converter [48].
The choice of the controller, 𝐶(𝑠), must consider the system’s 2nd order dynamics as well as its two real poles:
−1/𝑇𝑑 , −1/𝑇𝑡 = −1/𝐿. Additionally, the controller must also consider the following aspects [48]:
➢

Has the system may be affected by perturbations in 𝑉0 , in order to ensure minimal static error, the
controller must possess integral action (closed-loop pole at the origin) [48];

➢

The use of just integral action would lead to a slow response (closed-loop real poles near the origin of the
complex plane) [48];

➢

A controller with derivative action, such as a PID Controller, would possibly no longer allow the influence
of the high frequency pole associated with the converter’s commutation to be neglected [48].

Thus, a PI Controller, 𝐶(𝑠), will be adopted, with time constants 𝑇𝑧 and 𝑇𝑝 , which ensures the following
dynamic [48]:
𝐶(𝑠) =

𝐾𝑇𝑝
𝑢𝐶 (𝑠)
1 + 𝑠𝑇𝑧
=
= 𝐾𝑝𝐶 +
𝑖0,𝑟𝑒𝑓 (𝑠) − 𝑖0 (𝑠)
𝑠𝑇𝑝
𝑠
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(5.4)

Through the analysis of the converter’s block diagram (figure 5.12) and considering the adopted PI Controller,
it is now possible to obtain the open-loop transfer function [48]:
𝑖0 (𝑠) =

1 + 𝑠𝑇𝑧 𝐾𝐷 𝑘𝐼 1
1
𝑖0,𝑟𝑒𝑓 (𝑠) − 𝑉0
𝑠𝑇𝑝 1 + 𝑠𝑇𝑑 𝑠𝐿
𝑠𝐿

(5.5)

Considering the feedback gain 𝑘𝐼 , the closed-loop transfer function is given by [48]:
𝑖0 (𝑠) =

(1 + 𝑠𝑇𝑧 )𝑖0,𝑟𝑒𝑓 (𝑠) − 𝑠𝑇𝑝 (1 + 𝑠𝑇𝑑 )𝑉0 (𝑠)
𝐿𝑇𝑝 𝑇𝑑
𝐿𝑇𝑝
𝑠3
+ 𝑠2
+ 𝑠𝑇𝑧 + 1
𝐾𝐷 𝑘𝐼
𝐾𝐷 𝑘𝐼

(5.6)

By applying the Symmetrical Optimum criterion, 𝑏𝑘2 = 2𝑏𝑘−1 𝑏𝑘+1 , to the denominator of the closed-loop
transfer function, the time constants 𝑇𝑧 and 𝑇𝑝 can be estimated [48]:
𝑇𝑧 = 4𝑇𝑑

(5.7)

8𝑇𝑑2 𝐾𝐷 𝑘𝐼
𝐿
The substitution of the found time constants in the closed-loop transfer function now yields [48]:
𝑇𝑝 =

𝑖0 (𝑠) =

1 + 4𝑇𝑑 𝑠
8𝑇𝑑3 𝑠 3

+ 8𝑇 2 𝑠 2
𝑑

=

+ 4𝑇𝑑 𝑠 + 1

(5.8)

1 + 4𝑇𝑑 𝑠
(5.9)

(1 + 2𝑇𝑑 𝑠)(4𝑇𝑑2 𝑠 2 + 2𝑇𝑑 𝑠 + 1)

The closed-loop transfer function has one zero, -1/4𝑇𝑑 , and poles -1/2𝑇𝑑 and -1/4𝑇𝑑 ± 𝑗√3/4𝑇𝑑 , as well as
damping factor of 𝜁 = 0.5 and resonance frequency 𝜔𝑛 = 1/2𝑇𝑑 [48].
The resonance frequency, 𝜔𝑛 = √(1/𝑇𝑧 )(1/𝑇𝑝 ) , is the geometric mean of the frequency of the open-loop
zero and the high frequency pole [48].
Thus, the previous use of the Symmetrical Optimum criterion, 𝑏𝑘2 = 2𝑏𝑘−1 𝑏𝑘+1 , leads to a phase margin of
36.87°, damping factor of 𝜁 = 0.5, and overshoot of 43% [48] - reasonable values, which, however, may be
harmed by the sensibility of 𝑇𝑝 with regard to 𝐾𝐷 𝑘𝐼 /𝐿 (equation 5.8).
In order to further optimize the system’s behavior, it is possible to instead consider 𝑇𝑧 = 𝑎2 𝑇𝑑 , or
𝑏𝑘2 = 𝑎𝑏𝑘−1 𝑏𝑘+1 (which is equivalent to 𝑏𝑘2 = 2𝑏𝑘−1 𝑏𝑘+1 , if 𝑎 = 2 is employed). By applying this new general
condition to the closed loop transfer function’s denominator (5.9), it now becomes [48]:
𝑎3 𝑇3𝑑 𝑠3 + 𝑎3 𝑇2𝑑 𝑠2 + 𝑎2 𝑇𝑑 𝑠 + 1

The

generalization

of

the

application

of

this

criterion

(5.10)

yields

three

possible

situations

based on the values of the poles of the closed-loop transfer function’s denominator, −1/𝑎𝑇𝑑
and 𝜔𝑛 [−(𝑎 − 1)/2 ± √[(𝑎 − 1)/2]2 − 1 ] [48, 59, 60]:
➢

𝑎 < 3 : the system’s poles are complex conjugate;

➢

𝑎 = 3 : the system’s poles are real and equal;

➢

𝑎 > 3 : the system’s poles are real and distinct.
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Generally,

2 ≤ 𝑎 ≤ 4,

as

these

values

enable

advantageous

phase

margins,

such

that

36° ≤ 𝜙𝑀 ≤ 62° (with 𝜁 ≥ 0.5) [48]:
𝜙𝑀 = sin−1 (

𝑎2 − 1
) ∧ 𝑎 = 2𝜁 + 1
𝑎2 + 1

(5.11)

Therefore, equations (5.7) and (5.8) can instead be rewritten as [48]:
𝑇𝑧 = 𝑎2 𝑇𝑑
𝑇𝑝 =

(5.12)

𝑎3 𝑇𝑑2 𝐾𝐷 𝑘𝐼
𝐿

(5.13)

Thus, considering (5.4), the controllers proportional and integral gain can be respectively calculated [48]:
𝐾𝑝𝐶 =

𝑇𝑧
𝐿
=
𝑇𝑝 𝑎𝑇𝑑 𝐾𝐷 𝑘𝐼

(5.14)

𝐾𝑇𝑝 =

1
𝐿
=
𝑇𝑝 𝑎3 𝑇𝑑2 𝐾𝐷 𝑘𝐼

(5.15)

Assuming, for simulation purposes, direct sampling of the output voltage and current, 𝑘𝐼 = 1 and 𝐾𝐷 = 600,
an average statistic time delay equal to half the switching period and selecting 𝑎 = 2.5, that is 𝜁 = 0.75 and
𝜙𝑀 ≈ 46°, a good compromise between fast response time and overshoot, equations (5.14) and (5.15) yield the
proportional and integral gains for the current controllers of both converters (table 5.1).
Table 5.1 – Calculated values for the gains of the PI Current Controllers.
PI Current Controller

Proportional Gain

Integral Gain

MAFC Boost

0.0767

1226.7

UC Reversible Buck/Boost

0.0267

426.7

The designed current controllers for both converters have an identical architecture, differing only in their
proportional and integral gains (figure 5.13)

Figure 5.13 – Current Controller of the MAFC Boost Converter.
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However, as the MAFC Boost Converter must be tolerant to open-circuit semiconductor faults, its current
controller also features a Supervisor Module capable of their identification (figure 5.14). This fault information is
continuously sent as feedback to the Reference Current Estimator (figure 5.10).

Figure 5.14 – Supervisor Module used to identify open-circuit faults in the MAFC Boost Converter.
The Supervisor Module evaluates the mean difference between the reference phase current and the absolute
value of the sampled phase current over one hundred switching periods. This value is then compared to the
reference current multiplied by a security factor, which exceeds the projected worse case ripple.
If the evaluated difference between the reference phase current and the absolute value of the sampled phase
current over the considerable amount of switching periods is not smaller than the security factor plus a small offset,
which is used to compensate null reference currents, an open-circuit semiconductor fault must have occurred.
It should be noted that both converters are also able to limit their currents in the advent of a short-circuit – the
limitation of the phase currents is done in the Current Estimator Module in the case of the MAFC Boost Converter
(figure 5.10), and in the Voltage Controller in the case of the UC Reversible Buck/Boost Converter, which will be
detailed in the next section.
Nevertheless, the employed MOSFETs should use gate drivers with active current sensing, to ensure that, in
the advent of overcurrent conditions, the device’s drain current is limited, thereby protecting the converters, as
well as the energy storage systems.
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5.4

Voltage Controller

Due to the cascade control strategy of the UC Reversible Buck/Boost Converter the response of the voltage
controller will be dependent on a delay introduced by its current controller’s response.
Considering that the current controller’s average input current tracks the imposed reference current within a
small delay 𝑇𝐼 , such that 𝑇𝐼 ≪ 1, its response can be characterized as [48]:
𝑖𝐿1 (𝑠) = 𝑖𝐿1𝑟𝑒𝑓 (𝑠)𝑒−𝑠𝑇𝐼

(5.16)

Hence, considering sufficiently low frequencies, the averaged transfer function may be approximated by the
first term of the exponential Taylor series expansion, yielding the dominant pole approximation [48]:
𝑖𝐿1 (𝑠) =

𝑖𝐿1𝑟𝑒𝑓 (𝑠)
1 + 𝑠 𝑇𝐼

(5.17)

In order to estimate the current controller’s associated delay, its step response should be evaluated (figure 5.15).

Figure 5.15 – Step response of the UC Reversible Buck/Boost Converter’s current controller.
A conservative value for the current controller’s associated delay, 𝑇𝐼 = 150 𝜇𝑠, will henceforth be considered.
As previously seen in the Dynamic Models chapter, by assuming that the current dynamics of the converter are
much faster than the DC voltage dynamics, the following relationship was found [48]:
𝐶𝐵𝐵 𝑑𝑉0 2
= 𝜂𝑈𝑈𝐶 𝑖𝐿 − 𝑉0 𝑖0 = 𝑘𝐶 𝑖𝐿 − 𝑉0 𝑖0
2 𝑑𝑡
Thus, equation (5.18) allows for the design of a PI Controller based on the square of the sampled output
2
voltage 𝑉0 , with regard to the square of the reference output voltage, 𝑉0,𝑟𝑒𝑓
[48].
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(5.18)

Considering the control objective and the derived equations, as well as a PI Controller with times constants
𝑇𝑧𝑉 and 𝑇𝑝𝑉 , the block diagram of the system can be developed (figure 5.16).

Figure 5.16 – Block diagram (linearized models) of the system [48].
The closed-loop transfer function can thus be obtained as [48]:
𝑇𝑝𝑉
𝑠
(2𝑇𝐼 𝑠 + 1)
1
+
𝑠𝑇
2𝑘
𝑧𝑉
𝐶
2
(𝑠) −
𝑉02 (𝑠) =
𝑉0,𝑟𝑒𝑓
𝑉0 𝑖0𝑖
𝑇𝐼 𝑇𝑝𝑉 𝐶
𝑇𝑝𝑉 𝐶
𝑇𝐼 𝑇𝑝𝑉 𝐶
𝑇𝑝𝑉 𝐶
𝑠3
+ 𝑠2
+ 𝑠𝑇𝑧𝑉 + 1
𝑠3
+ 𝑠2
+ 𝑠𝑇𝑧𝑉 + 1
2𝑘𝐶
2𝑘𝐶
2𝑘𝐶
2𝑘𝐶

(5.19)

Considering again the Symmetrical Optimum criterion, 𝑏𝑘2 = 2𝑏𝑘−1 𝑏𝑘+1 , that is, using explicitly 𝑎 = 2
(an appropriate value as the reference voltage is constant), by applying it to the denominator of (5.19), and solving
for the 𝑇𝑧𝑉 and 𝑇𝑝𝑉 time constants [48]:
𝑇𝑧𝑉 = 4𝑇𝐼
𝑇𝑝𝑉 =

(5.20)

8𝑇𝐼2 𝑘𝐶
𝐶

(5.21)

Thus, the controller’s proportional and integral gains can be calculated respectively as [48]:
𝑇𝑧𝑉
𝐶
=
𝑇𝑝𝑉 4𝑇𝐼 𝑘𝐶

(5.22)

1
𝐶
=
𝑇𝑝𝑉 16𝑇𝐼2 𝑘𝐶

(5.23)

𝐾𝑝𝐶 =

𝐾𝑖𝐶 =

Where the gain 𝑘𝐶 can be calculated as [48]:
𝑘𝐶 = 𝜂𝐵𝐵 𝑈𝑈𝐶,𝑚𝑖𝑛 = 242.5

(5.24)

Hence, considering the found time response delay of the Current Controller, 𝑇𝐼 = 150 𝜇𝑠, and choosing
𝑎 = 2, as the reference voltage is constant and a faster response time is more important, as well as the filter
capacitor’s rating, equations (5.22) and (5.23) enable the computation of the required gains (table 5.2).
Table 5.2 – Calculated values for the gains of the Voltage Controller.
Voltage Controller

Proportional Gain

Integral Gain

UC Reversible Buck/Boost

2.8 × 10−4

0.48
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The calculated gain values were used to implement a Voltage Controller based on the difference of the square
of the reference voltage and the sampled voltage (figure 5.17). The controller also features a current limiter
in order to ensure short-circuit current limitation, as well as integral gain inhibition, to further improve its
transient response.

Figure 5.17 – Schematic diagram of the implemented Voltage Controller [48].
Lastly, as a design consideration, the ultracapacitor’s charge state, i.e. voltage, should translate into a visual
feedback indicator, such as a dashboard gauge, to allow the driver to better employ and manage them.
Hence, the designed voltage and current controllers, as well as the modulators, were converted into
Matlab/Simulink block models (figures 5.18, 5.19).

Figure 5.18 – Diagram of the implemented controller blocks of the MAFC Boost Converter.

Figure 5.19 – Diagram of the implemented controller blocks of the UC Reversible Buck/Boost Converter.
In order to fully validate the overall system behavior, detailed simulations will be carried out in
the next chapter.
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Chapter 6
6.

Simulations

6.1

Scenario

In order to test the vehicle’s powertrain, the overall system (Appendix C) will be subjected to more
in-depth simulations.
As the driver controls the electrical motor’s output torque by means of pedals, variations of the system output
torque will not be instantaneous. Instead, a 100 ms ramp variation shall be considered (figure 6.1) – a worst case
scenario, as this delay value is considerably lower than the typical driver’s reaction time.

Figure 6.1 – Reference electromagnetic torque variation used for testing the system.
With the aim of enabling more realistic simulation conditions, the apparent overall inertia considered for the
vehicle’s

powertrain

was

conservatively

derived

from

similar

two-gear

existing

solutions

[60].

Hence, a value of 0.38 kg.m shall be considered, roughly 50 times the rotor’s moment of inertia.
2

Furthermore, the system’s load torque shall be continuously calculated from the aerodynamic drag and rolling
friction equations (Appendix A). Additionally, low motor friction losses will also be considered.
In similarity to the previous UC Reversible Buck/Boost Converter’s simulations, one tenth of the
ultracapacitors storage’s capacitance will instead be considered, as this allows for a better display of their
charge/discharge behavior and emulates longer simulation times.
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Additionally, the MAFC Boost Converter will be subjected to a one-phase open-circuit semiconductor fault,
which then recovers, followed by a two-phase open-circuit fault, with the intent of assaying their impact on the
overall system’s performance (figure 6.2)

Figure 6.2 – Simulated open-circuit semiconductor fault’s duration of the MAFC Boost Converter.
The AF130 motor’s specifications were implemented into a Simulink VFD model, through the use of an
integration manual kindly provided by AVID Technologies (table 6.1) [B1].
Table 6.1 – AF130 Motor simulation parameters employed [B1].
Description

Symbol/Unit

Value

Number of Motor poles

p

10

Maximum Speed

Nmax (RPM)

8000

Maximum Torque

Tmax (N.m)

350

Voltage Constant

kE (V.s/rad)

1.31

Torque Constant

kT (N.m/IRMS)

1.55

D. Synchronous Inductance

Ld (𝜇H)

442

Q. Synchronous Inductance

Lq (𝜇H)

412

Resistance (Line-Neutral)

R (mΩ)

73.6

All simulations will be carried out using a variable time step of 0.20 𝜇s to 0.40 𝜇s, to allow for reasonable
resolution with regard to the employed switching frequencies.
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6.2

Results

The overall system was subjected to the reference torque profile to evaluate its behavior (figure 6.3).

Figure 6.3 – Electromagnetic torque and its reference value.
The motor drive is able to closely track the reference electromagnetic torque, resulting in less than 3% ripple.
As the drivetrain was subjected to a varying electromagnetic torque profile, the rotor’s speed variation was
naturally also observed (figure 6.4)

Figure 6.4 – Variation of the rotor’s speed during the simulation.
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Considering the transmission’s 4.5:1 gear-ratio, the rotor’s speed can be translated into the equivalent
vehicle’s speed (figure 6.5)

Figure 6.5 – Equivalent vehicle’s speed (4.5:1 gear-ratio).
The equivalent vehicle’s speed variation is dependent on the electromagnetic torque developed by the motor,
resulting in different rates of acceleration.
Hence, by considering the equivalent vehicle’s speed, the resistive forces could be estimated, thereby enabling
the computation of the perceived load torque (figure 6.6).

Figure 6.6 – Simulated load torque.
The obtained results coincide with the expected load – an initial offset is present which is associated with the
friction forces, which then sharply increases with the vehicle’s equivalent speed, due to aerodynamic drag.
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The resulting motor drive’s behavior was successfully validated – the stator’s current’s frequency and
magnitude increase with the rotor speed and electromagnetic torque, respectively (figure 6.7).

Figure 6.7 – Motor’s stator current.
It is also possible to observe the low harmonic distortion of the stator’s current due to the high-frequency SVM
employed in the command of the Inverter (figure 6.8). The sampled signal occurs at a motor speed of 3610 RPM,
which, considering the motor’s number of poles, corresponds to a drive frequency of approximately 301 Hz.

Figure 6.8 – Detail of the stator’s current total harmonic distortion – sampled signal and frequency spectrum.
The observed total harmonic distortion is relatively low (0.51%) and predominately caused by the Inverter’s
switching frequency and its harmonics. This result validates the absence of extra filter inductors for the motor’s
currents, which would have degraded the system’s efficiency, as well as added considerable volume and weight.
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The reference electromagnetic torque imposed a load current profile on the DC bus (figure 6.9).

Figure 6.9 – Load current experienced by the DC bus.
Based on the equivalent load perceived by the DC bus, it is possible to compare the average power output of
the energy storage systems with the motor’s average power (figure 6.10).

Figure 6.10– Comparison of the average power of the motor and energy storage systems.
It is clear that the fuel cells indeed supply loads of up to 25 kW, while the ultracapacitors aid in the most
demanding accelerations, and ensure the rest of the load in steady-state. Additionally, sudden power losses of the
fuel cell’s converter due to faults are compensated by the ultracapacitors. This is particularly visible at t = 1.6 secs,
when the double-phase open-circuit semiconductor fault occurs, the average power output of the ultracapacitors
compensates entirely the sudden power loss in the MAFC Boost Converter.
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The fuel cells voltage was measured to verify the simplified model’s validity in more realistic load
conditions (figure 6.11).

Figure 6.11 – Variation of the primary energy storage system’s voltage.
As expected, the fuel cells output voltage decreases with increasing loads, and varies from an open-circuit
voltage, to close to its minimum rated value, as the double-layer effect capacitor discharges.
The ultracapacitors were tested with one tenth of their capacitance value, as previously mentioned. This enabled
a clearly visible variation of their voltage with respect to the power demands/supplies experienced (figure 6.12).

Figure 6.12 – Variation of the secondary energy storage system’s voltage.
The charge state of the ultracapacitors remains constant until the fuel cells power output is no longer enough to
meet the load. As anticipated, it also increases or decreases with decelerations or accelerations, respectively.
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The MAFC Boost Converter’s phase currents display correct behavior with regard to the load current (figure 6.13).

Figure 6.13 – Phase currents of the MAFC Boost Converter.
The converter supplies the base load for which it’s rated. At approximately t = 0.3 secs, the converter’s phases
reconfigure to suppress the semiconductor fault in the third phase. Similar behavior is observed at t = 1.6 secs,
when the phase’s currents reconfigure to mitigate the semiconductor faults in the second and third phases.
On the other hand, due to the bidirectional nature of the UC Reversible Buck/Boost Converter, its phase currents
profile closely resembles the load profile minus the base load current ensured by the fuel cells (figure 6.14).

Figure 6.14 – Phase currents of the UC Reversible Buck/Boost Converter.
The converter’s phase currents track the load current, compensating the fuel cells power output. Furthermore,
in the advent of faults, current spikes can be observed which counteract the sudden current loss in the MAFC Boost
Converter, caused by the delay in the reconfiguration of its phase currents.
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However, this counteracting effect is even more apparent in the sum of their phase currents, which constitute
the converters output currents (figure 6.15 and 6.16).

Figure 6.15 – Sum of the phase currents of the MAFC Boost Converter.
The deterioration of the current’s ripple after the occurrence of open-circuit faults is quite apparent, particularly
after t = 1.6 secs, as the converter is now forced to operate with only one of its phases - entirely voiding the ripple
advantage of an interleaved topology.
The UC Reversible Buck/Boost Converter successfully counteracts all the sudden current variations of the
MAFC Boost Converter (figure 6.16)

Figure 6.16 – Sum of the phase currents of the UC Reversible Buck/Boost Converter.
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The effect of the aforementioned faults on the overall stability of the DC bus voltage was also
evaluated (figure 6.17).

Figure 6.17 – Output / DC bus voltage variation.
The DC bus voltage is generally kept within 2% to 3% of its nominal value, with the exception of when
open-circuit faults occur (voltage spikes/drops).
The worst observed voltage variation occurred when the third phase failed under the motor’s maximum
torque output, and corresponds to a total voltage variation of approximately 8% with regard to the nominal
voltage (figure 6.18).

Figure 6.18 – Detail of the first observable large voltage variation.
Thus, as the resulting transient lasts roughly 2 ms, and considering its relatively low severity, it is expectable
that open-circuit faults would not drastically affect the overall system’s stability in real world operation.
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It is also interesting to compare the frequency spectrum of the converters’ phase currents with respect to their
output currents, which are in essence the sum of the three phase currents of each converter.
For this purpose, a ten-cycle sample of the MAFC Boost Converter’s phase current was analyzed (figure 6.19).

Figure 6.19 – Sampled MAFC Boost Converter’s phase current subjected to the Fast Fourier Transform.
The resulting frequency spectrum is clearly biased towards the converter’s switching frequency (figure 6.20).

Figure 6.20 – Detail of the frequency spectrum of the MAFC Boost Converter’s phase current.
Although several other frequency components can be found, only the fundamental frequency corresponding to
the PWM switching frequency, as well as its second, fourth and fifth harmonics have a representative magnitude
when compared to the signal’s DC component.
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Similarly, the analysis of the converter’s output current was based on a ten-cycle sample corresponding to the
same time interval of the phase current (figure 6.21).

Figure 6.21– Sampled MAFC Boost Converter’s output current subjected to the Fast Fourier Transform.
However, now the resulting frequency spectrum is considerably more diverse (figure 6.22).

Figure 6.22 – Detail of the frequency spectrum of the MAFC Boost Converter’s output current.
In contrast to its phase currents, the non-DC components of the output current are far smaller, resulting in
lower total harmonic distortion, 0.15% in contrast to the 4.56% previously found for the phase currents.
However, most notably, lower frequency components are now comparatively more relevant, as well as the
third harmonic, owing to the three-phase interleaved topology adopted.
Nearly identical results were obtained with regard to the phase and output current of UC Reversible Buck/Boost
Converter’s frequency spectrum composition, although its non-DC components were found to have higher
magnitude, resulting in higher total harmonic distortion - approximately 0.90%.
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Considering steady-state conditions, the output voltage, which coincides with the DC bus voltage, was also
analyzed (figure 6.23).

Figure 6.23– Sampled DC Bus voltage subjected to the Fast Fourier Transform.
The higher frequency variation of the output voltage its indicative of its notably different frequency
spectrum (figure 6.24).

Figure 6.24– Detail of the frequency spectrum of the DC Bus voltage.
In similarity to the MAFC Boost Converter’s phase currents, the signal’s low frequency components have very
low magnitude, however, unlike the phase currents, the component at 50 kHz has negligible magnitude.
Most notably, the greatest frequency component is found at 150 kHz, as can be expected of an interleaved
topology with n-phases, as the voltage ripple’s predominant frequency component generally has a frequency of
n-times the switching frequency. Other relevant components can also be found at 125 kHz, 275 kHz, and 425 kHz.

70

Chapter 7
7.

Conclusions

7.1

Final Conclusions

The main objective of the present dissertation has been the design and control of switching power converters
capable of interfacing fuel cells suitable for an alternative electric vehicle.
Initially, an overview of the transportation sector and its current environmental issues was conducted. The
large-scale adoption of electric vehicles was found to be a viable solution to these existing issues, despite their
current low public opinion and market penetration, owing to the limitations that traditional battery-based electric
vehicles and associated infrastructure still present. The main topologies of electric vehicles were then identified,
resulting in the conclusion that the employed energy storage systems are currently among the main limiting factors
of electric vehicles. Lastly, a brief overview of the existing power semiconductors was carried out, which would
prove extremely useful in the selection of the devices most suitable for the required power converters.
After an analysis of the existing mobility-oriented energy storage technologies, particular attention was devoted
to metal-air fuel cells due to their potentially disruptive high specific energy. However, their current power
limitations posed a significant challenge, mitigated only by the use of a secondary ultracapacitor-based energy
storage system. The resulting parallel hybrid powertrain presents unrivaled energy capacity, albeit by
compromising its maximum continuous power output.
With the aim of further exploiting the advantages of the proposed powertrain, the required power converters
were designed with efficiency and reliability foci. These emphases culminated in the adoption of three-phase
interleaved topologies for the DC/DC Converters, as this enabled each converter to feature parallel phases, which
not only divide the average current per phase, enabling lower conduction losses, but also lead to redundancy, as
if a phase semiconductor’s failed, the converter could still operate – the former factor was essential in the
achievement of a peak efficiency of 99% for the MAFC Boost Converter, and 97% in the case of the UC Reversible
Buck/Boost Converter.
Furthermore, through the parallel arrangement of the powertrain’s converters, the fuel cells are directly able to
power the motor during cruising, thereby also avoiding the compounded losses of a series arrangement.
Nevertheless, high switching frequencies were also employed, in order to reduce the size and losses of the filter
components, which allowed their absence altogether in the case of the Inverter, enabling a peak efficiency of 99%.
Moreover, particular care was taken to employ the most advantageous power semiconductors available, which
resulted in the general adoption SiC-based devices.
In both DC/DC Converters the output current’s ripple was found to vary from to 2% to 3%, whilst their phase
currents ripple was closer to the 10% initially projected – this considerable difference confirmed one of the main
benefits of the adopted interleaved topology. Naturally, this also contributed to the similar voltage ripple found for
the DC Bus voltage, which also ranged from to 2% to 3% of the nominal value, although larger variations of up to
8% were experienced in the advent of open-circuit semiconductor faults under a simulated heavy load of the motor.
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Nonetheless, total harmonic distortions under 1% were observed in both the DC/DC Converter’s output currents
and the DC Bus voltage, under steady-state conditions. Most notably, the stator current’s total harmonic distortion
was found be approximately 0.50%, which validated the design choice of opting for a higher switching frequency
for the Inverter to avoid the need for extra filter inductors, which would have degraded its efficiency, as well as
added considerable volume and weight to the motor assembly.
The system’s control strategy was based on the excellent transient response of the ultracapacitors. Besides
meeting the system’s peak loads, they also ensure the stability of the DC bus, by absorbing or injecting power.
Due to the crucial importance of the fuel cell interfacing converter, an open-circuit semiconductor fault tolerant
design was pursued, which, alongside the short-circuit current limiters and the reconfigurable modulator enables
reliable operation, without a decrease in the converter’s power output, in the advent of semiconductor faults.
The proposed systems were all successfully validated through simulations of their dynamic models, thereby
enabling the achievement of the intermediate goals which guided their design philosophy, and, ultimately, the
thesis objective.

7.2

Future Work

Despite the considerable energy capacity obtained for the fuel cell-based energy storage system, a significant
power limitation was encountered. Therefore, by considering higher discharge rates for the fuel cells, supported
by appropriate experimental studies, there would be considerably less reliance on the ultracapacitors, thereby
improving the vehicle’s performance, whilst lowering its overall cost, volume and weight. Alternatively, in the
absence of the necessary studies, the fuel cell’s converter could be designed to support higher power outputs, by
means of an optional performance mode togglable by the driver, albeit at the cost of the fuel cell’s efficiency and
the vehicle’s range.
The use of a custom motor should also be studied, as this is usually the case in the automotive industry, and, as
the vehicle’s characteristics differ significantly from existing solutions, it could translate into substantial design
advantages, such as a direct-drive transmission.
Additionally, a more detailed ultracapacitor model should be pursued, so as to more realistically describe the
system’s dynamics. Furthermore, the ultracapacitors should interface a more detailed management system, as well
as potentially more sensitive protective circuits.
As GaN devices mature, their application on the developed Power Converters would warrant an interesting
comparison, as their considerably lower switching losses could not only improve efficiency, but also potentially
lead to even smaller filter components.
Lastly, thermal considerations should be studied, so as to predict how the system would behave under prolonged
operation, especially in the case of the ultracapacitors, which are prone to heating and have subsequently lower
performance.
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Appendix A
Simplified Vehicle Physics
In order to establish the guiding reasons of future design choices, it is first useful to understand the physics
behind the motion of a vehicle. This analysis will be done through the vehicle’s applied forces balance [A1].
According to Newton’s Second Law of Motion, the net force applied on a constant-mass system is proportional
to its acceleration:
∑𝐹 = 𝑚 𝑎

(A.1)

However, due to the translational motion of a vehicle, and the fact that the resulting force, the traction force, is
applied at the vehicle’s wheels, it is necessary to consider the equivalent mass due to the inertia of the vehicle’s
rotating parts:
𝑚𝑒𝑞_𝑟𝑜𝑡 =

1
[𝐼 + 𝐼𝑚 𝑔𝑟2 ]
𝑟𝑤2 𝑤

(A.2)

Where:
𝐼𝑤 : Inertia of the wheel
𝐼𝑚 : Inertia of the motor’s rotor
𝑟𝑤 : Wheel radius
𝑔𝑟 : Gear-box ratio
If a simple gear-box comprised of two gears is considered contacting at point P (figure A.1), with radius 𝑅𝐴,𝐵 ,
associated inertias 𝐼𝐴,𝐵 , and respective angular velocities and torques.

Figure A.1 – Equivalent model of the simple gear-box system described [A1].
Then the gear-box ratio is given by:
𝑔𝑟 =

𝜔𝐴 𝑅𝐵 𝑇𝐵
=
=
𝜔𝐵 𝑅𝐴 𝑇𝐴

A1

(A.3)

Or, equivalently:
1
𝐼𝐴
=
𝑔𝑟2 𝐼𝐵

(A.4)

These results indicate that when applying the Newton’s Second Law to a system comprised of a vehicle, an
additional mass term should be taken into consideration, to represent the system’s rotational inertias:
∑ 𝐹 = [𝑚 + 𝑚𝑒𝑞_𝑟𝑜𝑡 ] 𝑎 = 𝑚𝑡𝑜𝑡𝑎𝑙 𝑎

(A.5)

This result is also frequently expressed by the introduction of a mass factor, 𝑓𝑚 , typically 1.05, which
directly converts the rotational inertia of the rotating components into equivalent translational mass:
∑ 𝐹 = 𝑓𝑚 𝑚 𝑎

(A.6)

Having established the dynamics of a vehicle’s motion, it is now possible to properly assay the forces that it is
subject to when in motion, by considering, for example, the frame of reference in figure A.2.

Figure A.2 – Frame of reference adopted, with the representation of the vehicle’s applied forces in an inclined
plane with slope of 𝜃 degrees [A1].
From the analysis of figure A.2, it is visible that the vehicle is subject to three main applied forces:
𝐹𝑅 : Total resistive force
𝐹𝑔 : Gravitational force
𝐹𝑇 : Traction force
The total resistive force may be decomposed in its two major components - the friction force that affects the
wheels, 𝐹𝑓 , and the drag force, 𝐹𝑑 , which represents the air’s friction opposing the vehicle’s motion.
Thus:
𝐹𝑅 = 𝐹𝑓 + 𝐹𝑑

(A.7)

These forces can be further described by their well-established equations:
𝐹𝑓 = 𝐶𝑟𝑟 𝑚𝑔 𝑐𝑜𝑠(𝜃)
𝐹𝑑 =

1
𝐶 𝜌𝐴 𝑣 2
2 𝑑 𝑓 𝑟

A2

(A.8)

(A.9)

Where 𝐶𝑟𝑟 and 𝐶𝑑 , represent the rolling resistance coefficient, and the drag coefficient of the vehicle,
respectively. Additionally, 𝐴𝑓 represents the vehicle’s total frontal area subject to drag, 𝜃 represents the slope of
the road, and 𝑣𝑟 represents the relative velocity between the vehicle and the wind.
On the other hand, the effect of gravity may act in favor or against the vehicle’s motion, depending on whether
the vehicle is ascending or descending. Therefore:
𝐹𝑔_𝑢𝑝 = 𝑚𝑔 𝑠𝑒𝑛(𝜃)

(A.10)

𝐹𝑔_𝑑𝑜𝑤𝑛 = −𝑚𝑔 𝑠𝑒𝑛(𝜃)

(A.11)

Thus, the traction force required is given by:
1
𝐹𝑇 = 𝑓𝑚 𝑚 𝑎 + 𝐶𝑟𝑟 𝑚𝑔 𝑐𝑜𝑠(𝜃) + 𝐶𝑑 𝜌𝐴𝑓 𝑣 2 ± 𝑚𝑔 𝑠𝑒𝑛(𝜃)
2
Or, by taking into account that the acceleration is the derivative with respect to time of the velocity:
𝐹𝑇 = 𝑓𝑚 𝑚

𝑑𝑣
𝑑𝑡

1

+ 𝐶𝑟𝑟 𝑚𝑔 𝑐𝑜𝑠(𝜃) + 𝐶𝑑 𝜌𝐴𝑓 𝑣𝑟 2 ± 𝑚𝑔 𝑠𝑒𝑛(𝜃)

(A.12)

(A.13)

2

If a flat road is considered, then the electrical propulsion system initially has to overcome the inertia of the
vehicle, as well as the tire-road friction, and the very low aerodynamic drag.
However, after reaching the desired speed, the traction force now only has to balance the resistive effects of the
tire-road friction and the aerodynamic drag. This requires a constant applied traction force, and thus a constant
supplied power.
The average required power to maintain a given speed in a flat road is:
1

𝑃 = 𝐹𝑇 𝑣 = (𝐶𝑟𝑟 𝑚𝑔 + 𝐶𝑑 𝜌𝐴𝑓 𝑣𝑟 2 )𝑣

(A.14)

2

The previous result indicates that the aerodynamic drag is the main factor which determines how much power
the motor should be supplied in order to maintain a desired velocity.
Considering a vehicle with a gross weight of 1300 kg, and an optimized aerodynamic coefficient, as well as a
low rolling friction coefficient - that is:
𝐶𝑑 × 𝐴𝑑 = 0.50 ; 𝐶𝑟𝑟 = 0.010

(A.15)

Therefore, considering a velocity of 120 km/h, subject to an average opposite wind speed of 3 m/s, which
corresponds to the average wind speed over land, the continuous mechanical power required can be estimated at:
𝑃𝑚 = 𝐹𝑇 𝑣 = (127 𝑁 + 404 𝑁) × 33.3 𝑚/𝑠 ≈ 17.7 kW

(A.16)

The obtained result doesn’t consider the losses associated with the powertrain, which will have to be estimated.
Thus, assuming, a motor efficiency of 95%, as well as the 99% peak efficiency of the MAFC boost converter, with
a standard 95% efficient inverter, and an average of 10% in transmission losses, the electrical power output
required to maintain the targeted maximum velocity is approximately 22.2 kW.
Thus, considering 18-inch diameter wheels, and neglecting tire deformation, the continuous torque required to
maintain the top speed can be estimated as:
𝑃𝑚 = 𝑇𝜔 ⇒ 𝑇 =

𝑃𝑚
≈ 120 𝑁𝑚
𝑣/𝑟

A3

(A.17)

Appendix B
Motor Specifications
The motor chosen is the axial flux synchronous permanent magnet EVO AF130 motor. It boasts a peak
efficiency greater than 96% and low weight whilst being capable of operating at voltages of up to 600 VDC (figure
B.1) [B1]. This latter characteristic is particularly useful as it significantly lowers the converters’ average currents
at higher loads, enabling higher efficiencies.

Figure B.1 – The EVO AF130 motor and its datasheet specifications [B1].

Figure B.2 – Torque-Speed and Power-Speed relationships of the EVO AF130 motor [B1].
In order to maintain the projected top speed of 120 km/h, roughly 120 Nm of continuous torque is required
(Appendix A). This value is met, being even exceeded, at roughly 1700 RPM, through the use of a fixed gear-ratio
of 1:1, using approximately 24 kW. Additionally, the use of a second gear with a gear-ratio of 4.5:1 allows for
much better acceleration characteristics at lower speeds, as the drivetrain may now supply a torque rating in excess
of 1500 Nm up until 4200 RPM.
Therefore, considering the maximum speed of the motor and its torque-speed characteristic (figure B.2), a twospeed transmission is preferred, and it can be expected that the vehicle accelerates at a faster rate until the motor
reaches 4200 RPM, which, considering the transmission’s second gear (4.5:1), and the 18-inch wheel diameter, is
approximately equal to 80 km/h.

B1

Appendix C
Overall System

Figure C.1 – Overall system used for the simulations.
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