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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 mobility-

oriented 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. 
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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. 
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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.  
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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 plug-

in 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 Li-

ion 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]. 
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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. 
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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 Insulated-

Gate 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]. 
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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. 

 



10 

 

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 19th century: 

bauxite is refined into alumina (aluminium oxide, Al2O3) 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]. 

 

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]. 

 

 

 

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. 
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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/cm2 (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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