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1. Introduction

Internal combustion engine vehicles (ICEVs) have experienced continuous development in
manufacturing technology, materials science, motor performance, vehicle control, driver
comfort and security for more than a century. Such ICEV evolution was accompanied by the
creation of a huge network of roads, refuelling stations, service shops and replacement part
manufacturers, dealers and vendors. No doubt, these fantastic industrial activities and
business have had a central role in shaping the world and, in many aspects, the society as
well. Today, the number of ICEV models and applications is astonishing, ranging from
small personal transport cars to a hundred passenger buses, to heavy load and goods
transportation trucks and heavy work caterpillars. Modern ICE vehicles encompass top
comfort, excellent performance and advanced security, for relatively low prices and,
needless to say, have become since the beginning the most attractive consumer products.
However, despite approximately a century-long industry and academia struggle to improve
ICE efficiency, this is, and will continue to be, incredibly low. As illustrated in Fig. 1, solely
circa 30% of the energy produced in the ICE combustion reaction is converted into
mechanical power. In other words, approximately 70% of the energy liberated by
combustion is lost. In fact and worse than that, the wasted energy of thermal motors, as ICEs
may be called, is transformed into motor and exhaust gases heat. The exhaust gases are a
blend formed mostly of carbon dioxide (COz) and, to a lower extent, nitrogen oxides (NOy),
hydrocarbons (CHy), carbon monoxide (CO) and soot. Carbon dioxide is known to block
the earth’s radiation emissions back into the outer space thus promoting global temperature
rise - the so-called greenhouse effect. This, climate researchers say, is silently creating other
global catastrophic changes, as for example, sea level rise. Air pollution in big cities is
another serious problem caused by exhaust gases, which leads to respiratory system
diseases, including lung cancer. Disturbing noise level is another issue related to big fleet of
ICEVs in big cities. Yet, this brings about another headache for city administrators and
authorities: the daily jamming, though this last nuisance might be alleviated only by mass
transport systems (i.e., subways and trains).

Whether none of the above listed problems ever existed, yet a challenging situation had to
be dealt with urgently: the finite amount of fossil fuel available for an ever-increasing world
fleet. As petrol wells vanish, this commodity price skyrockets, also motivated by political
tension around production areas in Middle East. On the other hand, renewable energy
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2 Electric Vehicles — The Benefits and Barriers

sources, like ethanol produced from sugarcane or maize crops, are an alternative solution
being tried in some countries. In Brazil, for instance, sugarcane bio-fuel is an established
option, with more than two decades on the road, with ICE automobiles prepared to run
interchangeably on gasoline or ethanol automatically. Any driver could choose which fuel
type to use at the refuelling station, much based on their prices. There is a criticism over this
solution as regards to the demands on food availability and prices, once crop fields are used
to produce bio-fuels instead of food. Greenhouse effect gas generation and air pollution
problems are still present though to a somewhat lower extent.
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Fig. 1. ICEs are very inefficient energy converters as compared to electric motors

An accurate look at Fig. 1 reveals that electric motors are far superior to ICE and could do an
excellent job in propulsion of vehicles, helping to solve the serious climate, air pollution and
noise problems created by ICEVs. As a matter of fact, electric vehicles (EVs) were invented
in 1834, before ICE vehicles, being manufactured by several companies of the US.A,
England, and France (Chan, 2007). Fig. 2(a) shows a picture of commercial EV in 1920. Poor
performance of their batteries contrasting to fast development of ICE technology, extremely
high energy density and power density of gasoline and petrol, and the abundance and low
price offer of fossil fuel, all conspired against those days” EVs that rapidly became defunct.
Interestingly, more than 150 years later, triggered by the world energy crisis in the 1970s,
EVs entered the agendas of world’s greatest carmakers, governments” energy and climate
policy, and of worldwide non-governmental organizations worried about environmental
pollution and greenhouse effect.

Today, although their sales are negligible in relation to that of ICEVs, pure EVs and hybrid
EVs (HEVs), ie., those that combine ICE with electrical machines fed by batteries or fuel
cells (hydrogen derived electricity), are offered by world’s greatest carmakers. The
performance of HEVs, from the driver’s standpoint, rivals or outdoes that of modern ICEVs.
Their energy consumption ranges from circa 10% to 70% lower than that of an equivalent
ICE car, depending on their power, battery size, control strategy, etc. For the sake of
illustration, until 2008, Toyota Prius, the world’s first commercially mass-produced and marketed
HEV, sold over 500,000 units on the world’s market (Xiang et al., 2008). Fig. 2(b) shows a
photograph of a modern 2010 Toyota Prius HEV whoseselling price begins at 23,000 USD.
The dramatic gain in energy efficiency, besides much lower or zero gas emission and noise-
free operation, is due to the much higher efficiency of electric motors and control strategies
such as regenerative braking and storage of excess energy from the ICE during coasting.
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(b)

Fig. 2. a) 1920 Detroit Electric b) 2010 Toyota Prius (HEV) [Toyota Motor Co., 2011]

There are many reasons for EVs and HEVs to represent so low a share of today’s car market.
For EVs, the most important are their shorter range, the lack of recharging infrastructure,
and higher initial cost. Though HEVs feature range, performance and comfort equivalent or
better than ICEVs, their initial cost is higher and the lack of recharging infrastructure is a
great barrier for their diffusion. Nevertheless, the energy efficiency of the latter, though far
higher than that of ICEVs’, seems not capable of solving the greenhouse gas emissions by
world vehicle fleet. And this situation is expected to become worse and worse, given that
world fleet is expected to triple by 2050, in relation to 2000, due to massive car use in
countries such as China, India and Brazil. To limit the planet’s average temperature to 2-2.4
°C above the pre-industrial era level, scientists calculate a needed reduction of 50-85% in
CO; emissions in all sectors by 2050. EVs may play a fundamental role in this struggle, given
that the transportation sector is one of the largest emitters of CO, (Bento, 2010). To that end,
industry, government, and academia must strive to overcome the huge barriers that block
EVs widespread use: battery energy and power density, battery weight and price, and
battery recharging infrastructure.

This chapter presents a synthetic review on the technology of modern EVs. This includes the
types and classification of EVs, electric motor kinds employed by EV manufacturers, power
electronics driver topologies, control strategies, battery types and performance, and
infrastructure demands.

2. General classification of electric vehicles

A more universal classification of the many different types of electric vehicles will certainly
appear, perhaps in a near future, as a result of their mass production, originating from
carmaker associations and research teams efforts worldwide. As a matter of fact, a literature
review makes it clear that a nomenclature convergence is already easily perceived. This
nomenclature is stronger and more definitive when EVs classification is carried out based on
either the energy converter type(s) used to propel the vehicles or the vehicles’” power and
function (Chan, 2007; Maggetto & van Mierlo, 2000). When referring to the energy converter
types, by far the most used EV classification, two big classes are distinguished, as depicted
in Fig. 3, namely: battery electric vehicles (BEVs), also named pure electric vehicle, and hybrid
electric vehicles (HEVs). BEVs use batteries to store the energy that will be transformed into
mechanical power by electric motor(s) only, i. e, ICE is not present. In hybrid electric
vehicles(HEVs), propulsion is the result of the combined actions of electric motor and ICE.
The different manners in which the hybridization can occur give rise to different
architectures: series hybrid, parallel hybrid, series-parallel hybrid, and complex hybrid,
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4 Electric Vehicles — The Benefits and Barriers

which are here detailed in separate sections. As the reader may expect, there is no universal
architecture that can be considered superior in all practical aspects: energy efficiency,
vehicle performance and range, driver comfort, manufacturing complexity, and production
cost. Therefore, in practice, carmakers may choose different architectures to achieve
different goals and meet distinct transport segment requirements.

G

v v

Battery Electric Vehicle Hybrid Electric Vehicle
(BEV) (HEV)
| Series Hybrid | | Parallel Hybrid | Series-Parallel Hybrid | | Complex Hybrid |

Fig. 3. Classification of EVs according to the type(s) and combination (if any) of energy
converters used (electric motor & ICE)

Under the large umbrella of HEVs, there is another category (not shown in Fig. 3) that
utilizes a fuel cell instead of an ICE together with the electric motor, always in the series-
hybrid architecture. This is the fuel cell vehicle (FCV). The following rationale is to justify
FCVs absence in Fig. 3 and in the rest of this chapter. The hydrogen-based chemical reaction
of FCVs generates the electricity either to be used by the EM or stored in battery or
supercapacitor. The by-product of hydrogen and oxygen reaction is simply pure water,
which renders FCVs emission-free and consequently an environmentally friendly
technology (Gulhane et al., 2006). A recent research about the dynamic competition for
market between plug-in HEVs (PHEVs) and FCVs showed that the early deployment
PHEVs is almost certain to close the market for FCV in the future (Bento, 2010). Another
study shows that from 2006 onwards auto makers decreased sharply the prototyping
activities with FCVs and much of the public funding in the U.S.A. and other industrial
countries shifted from FCVs to BEVs and PHEVs. Despite some controversy over the
reasons, which range from the lack of a hydrogen infrastructure, absence of a technological
breakthrough in hydrogen technology, to very high cost production of FCVs (Honda FCX
Clarity, an FCV most close to market, costs circa 1 million USD, clearly not an attractive
pricing), as a matter of fact these vehicles do not seem an option anymore (Bakker, 2010).
Nevertheless, hopefully fuel cells may play a very important role in replacing ICE of
stationary machines.

A second useful classification for HEVs (Fig. 4) places them into the following three
categories, according to the electric motor power under the hood: micro hybrid, mild hybrid,
and full hybrid (Chan, 2007). In effect, this classification is a measure of the hybridization
degree of the HEV (Maggetto, 2000). In other words, it indicates how much important is the
role played by the electric motor in the car propulsion. Micro hybrids use electric motor of
about 2.5 kW at 12 V. The EM is only a helping hand to the ICE, in the start and stop
operations, which dominate in city driving. Even in this driving mode, energy savings is of
only about 5% to 10%. This is a very poor economy, obviously with a negligible impact on
fossil fuel dependence, metropolitan area air pollution and greenhouse gas emissions, the
challenging triad. C3 Citroen is a commercial example. EM in mild hybrids is of 10-20 kW at
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100-200 V. As expected, energy savings is greater and reaches about 20%-30%. Commercial
models are Honda Civic and Honda Insight. Though fuel (and thus operational) economy
may compensate for their greater initial cost as compared to ICE equivalents, turning mild
HEVs attractive for consumers, from the aforementioned triad’s viewpoint, even if
massively adopted, they could not be a remedy, given the targeted global CO, reduction
and, even worse, if one takes into account that world fleet (vastly of ICE vehicles) is
increasing more and more, as new consumers come into life in emerging countries. For the
sake of illustration, only in Brazil, passenger car fleet doubled in the last decade. The last
member of this category is the full hybrid, which embeds an EM of circa 50 kW at 200-300 V
and, in city driving, yields energy saving of 30%-50%, thanks to complex control algorithms
that manage to operate the ICE, when needed, always at maximum efficient region,
directing the excess energy to batteries. Energy is also recovered and saved into the battery
and/or supercapacitor, during coasting and regenerative breaking. Toyota Prius is a
genuine member of this family. Though full hybrids can be an auxiliary player to combat the
triad, their efficiency figures are much less than needed to curb the triad by themselves, for
the same reasons discussed above. At best, in this author’s opinion, they serve to delay the
climate tragedy and to give some psychological relief to their owners.

Hybridization
Degree of HEV
Micro Hybrid Mild Hybrid Full Hybrid
EM: 25 kW @12V EM: 10-20 kW @ 100-200 V. EM: 50 kW @ 200-300 V
Energy saving: 5-10% Energy saving: 20-30% Energy saving: 30-50%
C3 Citroen Honda Civic Toyota Prius

Fig. 4. Classification of EVs according to the hybridization degree (EM: electric motor)
(Chan, 2007)

A last classification for HEVs divides the automobile market into a number of categories (or
segments) mostly based on their prices (Maggetto, 2000). Five segments are identified, as
depicted in Fig. 5. HEVs of the second family-car segment are for frequent use in town and
move a relatively low daily distance. If propelled mainly by ICE, in urban areas, the overall
efficiency is very low. Conversely, if propulsion relies only on electric motor, high efficiency
can be reached, and an effective combat to the triad (greenhouse gas emission, air pollution,
and fossil fuel dependence) might be given. The ICE (with its fuel tank) might serve as a
range extender, in practice, an efficient manner to null drivers” anxiety of being run out of
charge. Even though this classification has been used for HEVs, it is interesting to extend it
to BEVs since, as discussed just above, the latter can play a very important role in alleviating
problems in metropolitan areas and world climate changes. The intermediate car segment is
planned to be frequently the family’s unique car. Therefore, it must be appropriate for use in
town and present also a good road performance. Toyota Prius can be allocated in this
segment. HEVs of the high class car segment are not convenient for city use. They feature
extraordinary road performance, excellent technical performance and perfect comfort. Of
course, the excellent technical performance does not take into account the environmental
viewpoint. The small delivery vehicle segment is intended mainly for city use. However,
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6 Electric Vehicles — The Benefits and Barriers

unlike the second family car segment, vehicles of the former segment must be capable of
moving a great number of relatively short-distance trips everyday. Therefore, high
efficiency would be welcome, from the environmental, climate and fuel economy
viewpoints. The city bus segment is dedicated to urban public transport, including tourist
transport in urban areas. Vehicles of this segment feature low speed and circa 250-km
driving range. Once more, the higher the hybridization degree the better for the
environment and climate. Chinese manufacturer Dongfeng argues that its EQ6121HEV
hybrid bus achieves 80 km/h and reduces in 30% greenhouse gas emission and in 20-30%,
fuel consumption (Xiang et al., 2008).

Market Segments
for HEVs

v v v v

| Second Family-Car | | Intermediate Car High Class Car | Small Delivery Vehicle | | City Bus |
City driving The family’s unique car ~ For road use only Great number of short- Driving mode is
Low mileage For city and road use Extraordinary road distance moves start and stop
Could be a BEV? Toyota Prius performance For use in town mainly Low speed and high
Excellent technical torque
performance 250 km daily range
Perfect comfort

Fig. 5. Classification of EVs according to the market segment

3. Architecture of BEVs and HEVs

As cars go electric, new design methodologies and power train topologies come to life to
optimize them according to criteria such as energy efficiency, types of energy sources, types
of energy storage devices, hybridization rate, driving range, power performance, driver’s
comfort, production cost, ownership cost, and so on (Chen et al.,, 2009). As market has
different demands in distinct regions of the world, and in every region there are different
market segments as already discussed, it is normal that a great number of BEVs and HEVs
models exist and will continue to increase (Xiang et al., 2008; Gulhane et al., 2006).
Automakers strive to create car models that better fulfil the market needs, while maximize
their income.

3.1 BEVs architectures

Fig. 6 illustrates one of the simplest topology for battery-electric vehicles. The energy stored
in the battery (or in a battery pack) is used by the power converter to drive the electric
motor. This, in turn, drives the two wheels by means of a fixed or changeable gear and a
power splitting differential gear. The power converter unit may include a dc-dc converter
and a motor driver. It all depends on the motor type and ratings and on the battery voltage,
energy and power density. For maximum efficiency, the vehicle’s kinetic energy must be
converted to electrical energy by the motor/generator and stored in the battery pack via the
power converter, whenever the break pedal is pressed and during coasting. Of course, the
electronic detail of the power converter (e.g., topology, control strategy) is a function of the
employed motor type, battery technology and ratings, etc. Anyway, in order to regenerate
energy, the power converter must be able to control the power flow in both directions: from
the battery to the motor as well as from the motor to the battery. If the battery type cannot
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A Survey on Electric and Hybrid Electric Vehicle Technology 7

be fast charged with the recovered kinetic energy, either a supercapacitor or a flywheel may
be used for temporary energy storage. If possible, the changeable (or fixed) gear may be cut
out, to diminish the mechanical parts counting. In this case, it is replaced by more complex
variable speed controller for the motor.

Power Electric ~Changeable
Battery Converter Motor or Fixed Gear

AN Differential
N1 Gear

Fig. 6. One-motor BEV

Pure electric vehicles may adopt two (or four) in-wheel motors in their powertrains, as
sketched in Fig. 7. In this case, every motor is driven by a dedicated power converter that
must control wheel’s speed and torque. Moreover, a central electronic controller must
coordinate speed differences (in steering wheels), whenever needed or as a result of wheel
slippage, as long as a differential power splitting device is no more present. As expected, the
simplification of the mechanical design is attained at the expense of increased complexity of
the power electronics and controllers. On the other hand, augmenting the motor number,
for a desired vehicle power and performance, leads to significantly smaller motors and,
what is less obvious, to lower rated power switches and passive electronic parts, which
influence on drive cost and reliability. One interesting operating mode for multiple-motor
BEVs is that the vehicle can continue to operate, though at a somewhat reduced power, if
one of the motors (in case of two-motor BEVs) gets out of service. Comparing Figs. 7 and 6,
one notices that in-wheel motor propulsion topology reduces radically EV’s number of
mechanical links.

Electric

Power
Converter 1

Battery
F—+—
+—+—
+—+—

Power
Converter 2

Electric
Motor 2

Fig. 7. Two-motor BEV

To this date, owing to battery limitations such as high initial cost, relatively low energy and
power density, and excessive weight, BEVs are not as attractive as HEVs, because of limited
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8 Electric Vehicles — The Benefits and Barriers

driving range, performance and comfort. Nevertheless, as BEVs are the only zero-emission
cars, they must be viewed as an effective tool to combat greenhouse gas emissions, air
pollution and petrol dependency. There are arguments to reinforce the idea that strong
governmental incentive policies should be adopted in as many countries as possible to
benefit owners of BEVs. Examples of such incentives are: government rebate to each BEV
owner (say 10% of vehicle price), exemption of purchase tax, exemption of road
maintenance fee, road passing fee and parking fee. In some countries some of these actions
are under way (Xiang et al., 2008). Data of the U. S. Department of Transportation reveal
that 50% of daily vehicle travel is less than 48 km and average daily vehicle trip is about 16
km (Kruger & Leaver, 2010). Today’s batteries feature enough energy to easily enable second-
car family BEVs (though this class was originally proposed to HEVs) to travel these distances
without recharge. Therefore, there is room for a massive production (and adoption) of pure
electric vehicles. However, the massive use of BEVs will be no good from the carbon
emission viewpoint, if fossil fuel (coal or petrol) is used to generate the electricity that is
ultimately put into the car batteries. To be effective, car batteries must be recharged with
energy coming from carbon-free resources (such as solar, wind, hydro, and nuclear). On the
other hand, every country must study its grid capacity to deal with a big number of new
(and of special profile) consumers. The impact of massive use of BEVs on the power grid
might be considerable. Yet, in the future, BEVs can serve as distributed energy storage
devices that may play an important role in regulating energy demand.

3.2 HEVs architectures

While BEVs are propelled by electric motors only, HEVs employ both ICE and electric motor
in their powertrains. The way these two energy converters are combined to propel the
vehicle determines to the three basic powertrain architectures: series hybrid, parallel hybrid,
and series-parallel hybrid. Complex hybrid refers to architectures that cannot be classified as
one of these three basic types.

3.2.1 Series HEV

As depicted in Fig. 8, in series HEVs the wheels are only driven by the electric motor that
also operates as generator during break and coasting, augmenting thus the overall energy
efficiency. This topology simplifies the powertrain design, since clutch and reduction gear
are not necessary. Speed and torque control is carried out by controlling the electric motor
only, which is a very efficient power converter. The ICE’s role is charging (or recharging)
the battery and supplying energy to the electric motor, always being operated at
maximum efficiency. This is another strategy that helps increasing the overall energy
efficiency. Series HEVs are said to be ICE-assisted electric vehicles, for obvious reasons.
An ICE, one generator and one motor are one of the main disadvantages of series HEV.
Moreover, as the vehicles must be capable of cruising with maximum load against a
graded road, all the machines, i.e., the ICE, the generator and, of course, the electric
motor, must be powerful enough, which will result in relatively over-dimensioned
machines. This leads to cost increase. As Eq. 1 indicates (Chen et al., 2009), given the
constants for initial rolling force, Fy, the rolling coefficient, r, the drag coefficient, d, the
total mass (vehicle’s mass plus the passenger and luggage masses), m, and the gravity, g,
the resistance force, F., the electric motor must be capable of surpassing increases with
vehicle’s speed, V, and the road’s grade, 6.
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Power  Electric
Fuel Tank Engine  Generator Converter Motor

Differential
w 00 ') E Gear
=t —
+—4—
+ — 4 —
Battery
Fig. 8. Architecture of series HEV
Fres=Fo+rV +dV2+ mg sin@ (1)

On the other hand, as indicated by Eq. 2, the motor’s torque is proportional to the inertia, J,
and the first derivative of angular speed, o, i.e., the angular acceleration. Egs. 1 and 2 are
interrelated to each other by the ratio of wheel to transmission radii. These two equations
govern the vehicle’s dynamic performance (acceleration power) and cruising speed. It is
easy to note how stronger should be the powertrain if a desired series HEV had its
maximum speed specification changed from, say, 80 km/h to 120 km/h. But, is such a
performance always needed? As the ICE does not add its effort to aid in propelling the
vehicle, this architecture is appropriate for small HEVs, as for instance, those of the micro
category or second-family car segment already mentioned, for which cruising speed can be
very modest.

T = J(deydt) 2

Before proceeding to next section, it is worth making it clear that HEVs of all architectures
can be recharged in two very distinct ways, as shown in Fig. 9: the so-called plug-in hybrids
(PHEV) and the conventional HEVs. While PHEVs can have their batteries recharged
directly from the power grid, which is an enormous advantage, the conventional HEVs have
their batteries recharged by means of the ICE. In this case, the advantage is the
omnipresence of gas stations. Studies indicate that conventional HEVs are potentially less
eco-friendly than PHEVs. While the latter can take advantage of the ubiquitous power grid,

Refueling methods
for HEVs
Plug-in HEV Conventional HEV
Power grid impact Gas station dependence
More fossil fuel independence Less eco-friendly

Fig. 9. Recharging methods for HEVs
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10 Electric Vehicles — The Benefits and Barriers

the impact they can cause to the grid is far from being negligible and depends on the way
charging and discharging (as PHEVs can return stored energy to the grid) are done:
controlled or not by utilities companies (Clement-Nyns et al., 2011; Sioshansi et al., 2010;
Kruger & Leaver, 2010). Moreover, if the electrical energy generated to the grid comes from
fossil fuel plants, then to a great extent the environmental and climatic appeal of these
vehicles is no more valid.

3.2.2 Parallel HEV

In parallel HEVs, propulsion can be the result of torque generated simultaneously by ICE
and the electric motor. As illustrated in Fig. 10, this technology provides for independent
use of the ICE and electric motor, thanks to the use of two clutches. One of the key features
of parallel HEVs is that, for a given vehicle performance, the electric motor and ICE too, can
be significantly smaller than that achieved with series architecture, what allows for a
relatively less expensive vehicle. On the other hand, wheel propulsion by the ICE leads to
superior dynamic performance of this topology. Complex powertrain controller may enable
up to the following six different operation modes: electric motor on and ICE off; ICE on and
electric motor off; electric motor on and ICE on, with both of them cooperating to propel the
vehicle; ICE on supplying power to drive the vehicle and to drive the electric machine that,
in this case, runs as generator to recharge the batteries with energy coming from the fuel
tank (maximum overall energy savings can be achieved by running the ICE at maximum
efficiency speed, while pumping the excess energy to the batteries); ICE on and dedicated to
recharge the batteries through the electric machine (i.e., the vehicle is stopped); regenerative
breaking, with energy being stored in the batteries (or in a supercapacitor), via the electric
machine. This profusion of operation modes can be conveniently handled by the controller
to optimize the driving performance or fuel savings, for example. Parallel HEVs are said to
be electric motor-assisted ICE vehicles and their architecture are most appropriate for
vehicles of the high class car segment and full hybrid. As already commented, powertrain
sizing is carried out based on the desired dynamic performance for the vehicle, cruising
speed, and a set of parameters such as maximum road grade, car weight, load, and so on. As
expected, this activity counts heavily on computer simulation programs, before prototyping
begins (Wu et al., 2011).

Fuel Tank Engine Clutch1

i
de— e

Battery Power Electric Clutch 2
Converter  \otor

Transmission Differential

Gear

=7

Fig. 10. Architecture of parallel HEV
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3.2.3 Series-parallel HEV

At the expense of one more electric generator and a planetary gear, a quite interesting
architecture for the powertrain is obtained (Fig. 11), which blends features of both series and
hybrid topologies, and is conveniently named series-parallel architecture. Though more
expensive than any of the parent architectures, series-parallel is one of the preferred
topologies for HEVs, specially when automakers target excellence in dynamic performance
and high cruising speeds for their models. Like parallel HEVs, the hybridization degree is
adjusted as a trade-off of performance, cruising speed, fuel economy, driveability, and
comfort. As can be concluded by a rapid exam in Fig. 11, half of dozen or more operation
modes are possible for series-parallel HEVs, which put pressure over the controller
development and test. Needless to say, these are devised and developed with the help of
computer simulators and experience.

Fuel Tank Engine Clutch1

Generator

Planetary
Gear

Battery Power Electric Clutch 2
Converter N otor

Differential
Gear

Fig. 11. Architecture of series-parallel HEV

3.2.4 Complex HEV

Fig. 11 sketches an architecture named complex HEV. This name is reserved to the
topologies that cannot be classified as a combination (or rearrangement) of the basic
architecture types analysed to this point. As can be seen in Fig. 11, two bidirectional power
converters are utilized, one for the main electric motor, and another one for the auxiliary
electric motor. Unlike in series-parallel HEVs, both these motors can propel the wheels
concomitantly. In other words, three different torque sources add up to drive the wheels,
thus leading to a better foreseeable dynamic performance vehicle and clearly higher cruising
speed car. At times, the secondary electric machines operates as generator, in order to
recharge the battery or to save into this the excess ICE energy, as this can run at optimal
speed generating more power than needed by the vehicle. Once more, the number of
possible operation modes for the complex HEVs is half a dozen or greater. Component
sizing (electric motors/generators, ICE, gears, battery, power converters, etc) is a very
complex task. Control program development and test are highly challenging.
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Fuel Tank Engine Clutchl

@R XIDR|

Electric
Motor/
Generator

Planetary
Gear

Power

Converter 2 Differential

Gear

Battery Power Electric Clutch 2
Converter1  Motor

Fig. 12. Architecture of complex HEV

4. Electric motors for EVs

Squirrel cage rotor, three phased, asynchronous induction motors absolutely dominates the
industrial applications scenario, as is largely known. Their relative low-cost, high robustness
and good dynamic performance make them a good candidate for driving EVs as well. As a
matter of fact, they are utilized in a number of commercial EVs. However, the dynamic
performance needed by EVs is met by induction motor at a relatively high price, for the
necessary vector control is a highly complex technique. Furthermore, there are drive
alternatives, as illustrated in Fig. 13, that better satisfy specific EVs’ demands such as high
torque and power density, high efficiency over a wide torque and speed range, and wide-
constant-power operating capacity (Chau et al.,, 2008; Gulhane et al., 2006). Permanent
magnet brushless dc motor (PMBL) is a very promising technology that has been in wide

v

Switched Reluctance Permanent Magnet
(SR) Motor (PM) Motor
Low production cost Very low production cost ‘
Higher robustness High fluctuations in torque ¢ i
Vector controlled three phase Quite noisy B . B
High dynamic performance g’li\ddgicgg Hybrid-field excited
Complex control Good high-speed
Higher efficiency performance

High power density Intrinsically safe
Lower weight

Compact size

Simplified hardware

Poor high-speed performance
Rare earths concentrated in China
Toyota Prius & Honda Civic

Fig. 13. Electric motor for Evs
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use with EVs. It seems this drive type will be a major market leader, though automakers
outside China should be cautious and seek drive alternatives, as long as world reserves of
rare earths used in the permanent magnets are practically totally situated in China, whose
government could apply export restrictions. Hybrid-field excited PMBL offers superior
performance, as field can be strengthened and weakened. The penalty for this choice is
higher production cost and increased control complexity.

A last electromagnetic torque generator option for EVs is the brushless switched-reluctance
(BLSR) motor. The very low production cost of BLSR motors (even lower than that for
induction motors), together with some other important characteristics (e.g., wide speed
range), make them a serious candidate for driving EVs. Nevertheless, they are plagued with
(acoustic) noise and high fluctuation in torque, which might be compensated for with a
more complex (and expensive) controller.

5. Power electronics driver topologies for EVs

Power converters are highly specialized circuits constructed with high power electronic
switches and analog and digital control circuitry, to convert one unregulated dc (direct
current) voltage level to either a regulated and different dc voltage level or a regulated ac
(alternate current) voltage level. The former are called dc-dc converters, whereas the latter
are named dc-ac converters (often called frequency inverters). In buck converters the output
voltage level is lower than the input voltage level, whereas boost converters supply an
elevated output voltage level relative to their inputs. Buck-boost converters may either
reduce or elevate the output voltage in relation to their inputs, depending on the control
signal duty cycle. Fig. 14 illustrates the application of power converters in a commercial
HEV. Converters are used to charge the battery pack from the grid voltage (in PHEV), to
recharge the battery pack from the fuel tank (ICE and generator involved), to save energy
into the battery pack (or ultracapacitor) during regenerative braking and coasting, as
already discussed. They are used to drive the electric motor(s) and to feed the vehicle loads
such as HVAC (heating, ventilation and air conditioner).

Inverter

Auxiliary Battery

t DC - DC Converter
Transaxle (Including Electric Motors)

Fig. 14. Power converters in a 2001 Toyota Prius HEV [Automobile Research Bolletin, 2008]
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As illustrated in Fig. 15, classical power converter topologies, which are adequate to EVs,
include the (transformer) isolated and non-isolated types and a family of bidirectional
converters. Key characteristics of power converters for EVs are high efficiency (typically
higher than 90%), high reliability, electromagnetic compatibility, and miniaturization (Bellur
& Kazimierczuk, 2007). High-voltage, high-power, high temperature, fast switching and
very low on-resistance semiconductor switches are of paramount importance in converters
for EVs. These modern switches are metal-semiconductor oxide field-effect transistors
(MOSEFETs) and insulated-gate bipolar transistors (IGBT). Overall speaking, MOSFETs are
faster than IGBTs, whereas these are capable of supporting high currents than MOSFETs. A
number of world-class semiconductor manufacturers (such as International Rectifier,
Motorola, and ST Microelectronics) develop special power switches and auxiliary circuits
(as gate drivers) appropriate for EV applications. Safety is a very critical issue in EVs, for the
voltages of up to 600 V under the hood are lethal.

Power Electronic Drives Motor drive

fOI' EVs HVAC

Embedded electronics
Audio & video

Safety

DC-AC Converter

. DC-DC Converter
(frequency inverter)

Motor drive ‘

|
Y v
Bidirectional Unidirectional -
Regenerative breaking
Battery recharging -
Buck Half- Flyback
Rg .
— o[ BuclkcBoost |
] Forward
uck Full-
e Bridge

Push-Pull

Half-Bridge

Full-Bridge

Fig. 15. Power converters for EVs

6. Control strategies

Control is a fundamental part of a successful EV design. Control engineering has matured
for decades and nowadays counts on sophisticated microcontrollers and digital signal
processors hardware and advanced integrated development environments. Despite all the
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available powerful tools and techniques, “efficient” control of EVs continues to challenge
engineers and researchers, for the EVs embrace nonlinear processes (like battery behaviour),
devices that are difficult to model (such as the ICE), and some conflicting goals, as for
instance control for energy efficiency and control for better dynamic performance. It is not a
coincidence that this area is one of the most prolific in the technical literature. Advanced
digital control technique, such as optimal control and fuzzy control, are used by researchers
and carmakers as they strive to improve EVs behaviour (Ambiihl et al., 2010; Ohn et al,,
2010).

Fig. 16 shows a power converter (frequency inverter) and a controller developed to equip a
small off-road electric vehicle that is traditionally propelled by an ICE (Lucena et al., 1997).
The ICE was replaced by a 3-phase induction motor and a gearbox. High voltage, high
power, fast switching MOSFETs were arranged to allow for the generation of 3-phase PWM
voltage to feed the induction motor. Integrated bootstrap gate drivers facilitated MOSFET
control by a microcontroller. The PWM was synthesized with the aid of a look-up table
containing constant voltage-to-frequency ratio sinusoidal PWM, to implement constant
torque at a wide speed range (Fig. 17). The control program featured slow start function to
limit current in switches and motor. The control signal comes from a potentiometer attached
to the accelerator pedal.

Inverter

3-phase

% ? induction
motor
N

310 Vdc E:

JJi3 ol ol

A? ¢/A B¢ ?/B CT T/C

gate gate gate
drivers drivers drivers
%
Cenrol ’ % Optimized PWM . 8051
signal —¥ Slow start > microcontroller-based
Look-Up Tables 1
w, controller

Fig. 16. Power converter and controller for 3-phase induction motor
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\/

Stator frequency,w, (p.u.)

Fig. 17. Induction motor torque versus stator frequency curves at different speeds
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7. Battery types

Hopefully research on batteries will end up by boosting their energy and power densities as
well as significantly decreasing their production cost. In a nutshell, these are the main
barriers for mass diffusion of BEVs, PHEVs and conventional HEVs. Though today’s
technology is appropriate to EVs, from the technical viewpoint (driving range and vehicle
performance), cost is still quite high for consumers.

As to the most promising technology for batteries, there seems to be no consensus among
researchers. Some believe lithium-ion batteries will dominate the market for EVs (Burke,
2007), whereas others point out that nickel-metal hydride batteries are the best option (Wu
et al.,, 2011). Meanwhile, commercial EVs are utilizing the following electrochemical
technologies: Li-ion battery pack (388 V, 360 Ah), lead-acid batteries (12 V, 170 Ah), iron-
lithium batteries (30 kWh) and sodium sulphate batteries (Xiang et al., 2008).

Carbon/carbon ultracapacitors feature capacitance as high as 4000 F with voltage rating up
to 3 V per cell (Gulhane et al, 2006). These very high specific-power energy-storage devices
can be fully charged within a few seconds and are ideal for regenerative breaking and high
acceleration of the vehicle, as they are much faster than batteries. Sadly, their low energy
density does not enable them to be the principal storage devices.

Commercially available EV charging stations are spreading in countries like the U.S.A. (Fig.
18) that provide for simultaneous multiple vehicle charging per station, and authentication
using RFID, IC Cards and Synchronized Cell Phone. Home charging stations are also
available, as well as solar photovoltaic charging station. Perhaps the latter is a seed for the
carbon-free world of the future.

Fig. 18. Commercial charging stations for EVs: a) Home battery charging station (240 V, 40
A), b) commercial battery charging station (240 V, 40 A), c) solar powered battery charging
station [EV-Charge America, 2011]

8. Conclusion

World concerns on climate change and the rapid vanishing of global crude-oil stock, besides
air quality degradation caused by exhaust gas and car noise in megacities, guarantee a
steady struggle to replace world noisy ICE-based fleet by a silent EV-based one in the
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coming decades. To that end, in spite of the enormous progress in EV technology, the
following barriers are still to be overcome, before widespread use of EVs: first, the price of
EVs, mainly due to battery cost, has to be lowered - which can be the result of present and
future investigations on battery technology; secondly, the driving range of EVs has to be
significantly extended, at reasonable battery prices; finally, huge investments in
infrastructure for EVs have to be carried out. The latter is a very complex problem, which
deserves cooperation of governments, carmakers, technical societies, researchers, etc, to
establish standards, for instance, for battery charging infrastructure and power grid energy
taxes.
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