2151

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 28, NO. 5, MAY 2012

Review of Battery Charger Topologies, Charging
Power Levels, and Infrastructure for Plug-In
Electric and Hybrid Vehicles
Murat Yilmaz, Member, IEEE, and Philip T. Krein, Fellow, IEEE

Abstract—This paper reviews the current status and implementation of battery chargers, charging power levels, and infrastructure for plug-in electric vehicles and hybrids. Charger systems
are categorized into off-board and on-board types with unidirectional or bidirectional power flow. Unidirectional charging limits
hardware requirements and simplifies interconnection issues. Bidirectional charging supports battery energy injection back to the
grid. Typical on-board chargers restrict power because of weight,
space, and cost constraints. They can be integrated with the electric drive to avoid these problems. The availability of charging
infrastructure reduces on-board energy storage requirements and
costs. On-board charger systems can be conductive or inductive.
An off-board charger can be designed for high charging rates and
is less constrained by size and weight. Level 1 (convenience), Level 2
(primary), and Level 3 (fast) power levels are discussed. Future aspects such as roadbed charging are presented. Various power level
chargers and infrastructure configurations are presented, compared, and evaluated based on amount of power, charging time
and location, cost, equipment, and other factors.
Index Terms—Charging infrastructure, integrated chargers,
levels 1, 2, and 3 chargers, conductive and inductive charging,
plug-in electric vehicles (PEVs), plug-in hybrid electric vehicles
(PHEVs), unidirectional/bidirectional chargers.

I. INTRODUCTION
HERE is growing interest in electric vehicle (EV) and
plug-in hybrid electric vehicle (PHEV) technologies because of their reduced fuel usage and greenhouse emissions
[1]–[3]. PHEVs have the advantage of a long driving range since
fuel provides a secondary resource. Connection to the electric
power grid allows opportunities such as ancillary services, reactive power support, tracking the output of renewable energy
sources, and load balance. For purposes of this paper, plug-in
vehicles will be lumped together with EVs.
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In the U.S., an official domestic goal of putting one million
EVs on the road by 2015 has been established, and public policies to encourage electrification have been implemented by governments at all levels [4]. Several organizations, such as IEEE,
the Society of Automotive Engineers (SAE), and the Infrastructure Working Council (IWC), are preparing standards and codes
with respect to the utility/customer interface. EVs have yet to
gain wide acceptance. Three important barriers include the high
cost and cycle life of batteries, complications of chargers, and
the lack of charging infrastructure. Another drawback is that
battery chargers can produce deleterious harmonic effects on
electric utility distribution systems [5], [6], although chargers
with an active rectifier front end can mitigate this impact.
Most EV charging can take place at home overnight in a
garage where the EV can be plugged in to a convenience outlet for Level 1 (slow) charging. Level 2 charging is typically
described as the primary method for both private and public
facilities and requires a 240 V outlet. These charging power
levels are summarized in Table I. Future developments focus
on Level 2; semifast charging provides ample power and can
be implemented in most environments [7]–[10]. Usually singlephase solutions are used for Levels 1 and 2. Level 3 and dc fast
charging are intended for commercial and public applications,
operating like a filling station, and three-phase solutions normally apply. Stations for public use are likely to use Level 2 or
3 charger installed in parking lots, shopping centers, hotels, rest
stops, theaters, restaurants, etc. [11]–[13]. A public charging
infrastructure can address range anxiety [14].
EV battery chargers can be classified as on-board and offboard with unidirectional or bidirectional power flow. Unidirectional charging is a logical first step because it limits hardware
requirements, simplifies interconnection issues, and tends to reduce battery degradation [15], [16]. A bidirectional charging
system supports charge from the grid, battery energy injection
back to the grid, and power stabilization with adequate power
conversion [17]–[20]. Typical on-board chargers limit high
power because of weight, space, and cost constraints [21], [22].
They can be integrated with the electric drive to avoid these
problems [23]–[25]. On-board charger systems can be conductive or inductive. Conductive charging systems use direct contact
between the connector and the charge inlet [26]. An inductive
charger transfers power magnetically. This type of charger has
been explored for Levels 1 and 2 [27]–[29] and may be stationary [30] or moving [31]–[33]. An off-board battery charger is
less constrained by size and weight.
This paper reviews the current status and implementation of
EV battery chargers, power levels, and charging infrastructure.
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TABLE I
CHARGING POWER LEVELS (BASED IN PART ON [26])

It begins with an overview of battery charger systems. This
is followed by an overview and evaluation of battery infrastructure and charging power levels. Various power levels and
infrastructure configurations are presented, compared, and evaluated based on the amount of power required, charging time and
location, cost, component ratings, equipment, and other factors.
II. BATTERY CHARGERS FOR PLUG-IN ELECTRIC AND
HYBRID VEHICLES
Battery chargers play a critical role in the development of
EVs. Charging time and battery life are linked to the characteristics of the battery charger. A battery charger must be efficient and reliable, with high power density, low cost, and low
volume and weight. Its operation depends on components, control, and switching strategies. Charger control algorithms are
implemented through analog controllers, microcontrollers, digital signal processors, and specific integrated circuits depending
upon the rating, cost, and types of converters. An EV charger
must ensure that the utility current is drawn with low distortion
to minimize power quality impact and at high power factor to
maximize the real power available from a utility outlet. IEEE1547 [34], SAE-J2894 [35], IEC1000-3-2 [36], and the U.S.
National Electric Code (NEC) 690 [37] standards limit the allowable harmonic and dc current injection into the grid, and EV
chargers are usually designed to comply.
Modern EV battery chargers contain a boost converter for active power factor correction (PFC) [38]. The design in [39] uses
a dedicated diode bridge to rectify the ac input voltage to dc,
which is followed by the boost section. The bridgeless boost PFC
topology avoids the need for the rectifier input bridge yet maintains this boost topology [40]. The converter solves the problem
of heat management in the input rectifier diode bridge inherent
to the conventional boost PFC, but increases electromagnetic
interference (EMI) [41]. Interleaving has been proposed to reduce battery charging current ripple and inductor size [42], [43];
a unidirectional configuration presented in [40] is illustrated in
Fig. 1. It consists of two boost converters in parallel operating
180◦ out of phase [44]. The interleaved boost converter has the
advantage of paralleled semiconductors. With ripple cancellation at the output, it also reduces stress on output capacitors.
However, similar to the boost, this topology must provide heat
management for the input bridge rectifier; therefore, it is limited
to power levels up to approximately 3.5 kW [45]. A bridge-

Fig. 1.

Interleaved unidirectional charger topology, as in [40].

Fig. 2.

Single-phase unidirectional multilevel charger circuit, as in [48].

Fig. 3.

Three-level diode-clamped bidirectional charger circuit, as in [15]

less interleaved topology was proposed for power levels above
3.5 kW in [46].
Multilevel converters can reduce size, switching frequency,
and stress on devices and are suitable for Level 3 EV chargers. They allow for a smaller and less expensive filter. The
added complexity and additional components increase the cost
and required control circuitry [47]. Currently, most PEVs use a
single-phase on-board charger to recharge their batteries [18],
and many circuit configurations are reported in the literature. In
Fig. 2, the topology of a single-phase unidirectional multilevel
charger is suitable, and is a common multilevel charger topology for low-power Levels 1 and 2 charging [48]. Three-phase
bidirectional multilevel converters are recommended for highpower Level 3 charger systems. These converters provide a high
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Fig. 4.
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Bidirectional chargers: (a) single-phase half-bridge, (b) single-phase full-bridge, and (c) three-phase full-bridge.

Fig. 5. SAE’s J1772 combo connector for ac or dc Level 1 and Level 2
charging [65].

level of power quality at input mains with reduced THD, high
power factor and reduced EMI noise and boost, and ripple-free,
regulated dc output voltage insensitive to load and supply disturbances [49]–[53]. Three-level bidirectional dc–dc converters
have been investigated for charge station application [54], as
shown in Fig. 3 [15]. These converters are characterized by low
switch voltage stress and used in smaller energy-storage devices
such as inductors and capacitors [55].
Various topologies and schemes have been reported for both
single-phase and three-phase chargers [15], [48]. These chargers
can use half-bridge or full-bridge topologies. The half bridge has
fewer components and lower cost, but exhibits high component
stresses. Full-bridge systems have more components and higher
cost, with lower component stresses [56]. This topology requires
more pulse-width modulation (PWM) inputs that add to the
complexity and cost of control circuitry. Fig. 4(a)–(c) shows
basic bidirectional circuits. Fig. 4(a) shows a single-phase halfbridge bidirectional charger. Fig. 4(b) shows a single-phase fullbridge charger, and Fig. 4(c) shows a three-phase full-bridge
bidirectional unit that interfaces to a dc–dc converter.
A. Charger Power Levels and Infrastructure
Charger power levels reflect power, charging time and location, cost, equipment, and effect on the grid. Deployment of
charging infrastructure and electric vehicle supply equipment
(EVSE) is an important consideration because of many issues
that need to be addressed: charging time, distribution, extent,
demand policies, standardization of charging stations, and regulatory procedures. Charging infrastructure availability can be
used to reduce on-board energy storage requirements and costs.

EV charge cords, charge stands (residential or public), attachment plugs, power outlets, vehicle connectors, and protection
are major components of EVSE [26], [57]. They are generally found in two configurations: a specialized cord set, and a
wall or pedestal mounted box. The specific configurations vary
from location to location and country to country depending
on frequency, voltage, electrical grid connection, and transmission standards [58]. According to the Electric Power Research
Institute (EPRI) [59], most EV owners are expected to charge
overnight at home. For this reason, Level 1 and Level 2 charging
equipment will be the primary options [10].
1) Level 1 Charging: Level 1 charging is the slowest method.
In the U.S., Level 1 uses a standard 120 V/15 A single-phase
grounded outlet, such as an NEMA 5-15R. The connection may
use a standard J1772 connector into the EV ac port [60]. For
home or business sites, no additional infrastructure is necessary.
Low off-peak rates are likely to be available at night. The installed cost of a residential Level 1 charger infrastructure has
been reported as approximately $500–$880 [61], [62], although
in general it would be expected that this level will be integrated
into the vehicle.
2) Level 2 Charging: Level 2 charging is the primary method
for dedicated private and public facilities. This charging infrastructure can also be on-board to avoid redundant power electronics. Existing Level 2 equipment offers charging from 208 V or
240 V (at up to 80 A, 19.2 kW). It may require dedicated equipment and a connection installation for home or public units [7],
although vehicles such as the Tesla have the power electronics on board and need only the outlet. Most U.S. homes have
240 V service available, and Level 2 devices can charge a typical EV battery overnight. Owners seem likely to prefer Level
2 technology owing to its faster charging time and standardized vehicle-to-charger connection. A separate billing meter is
typical. A Level 2 charger is reported to have an installed cost
between $1000 and $3000 [63], with a residential unit costing
$2150 in [62]. The Tesla Roadster charging system is reported
to impose an additional cost of $3000 [64]. The new standard
has an SAE J1772 [65] ac charge connector on top and a two-pin
dc connector below and is intended to enable either ac or dc fast
charging via a single connection, as shown in Fig. 5.
3) Level 3 Charging: Level 3 commercial fast charging offers the possibility of charging in less than 1 h. It can be installed in highway rest areas and city refueling points, analogous to gas stations. It typically operates with a 480 V or higher
three-phase circuit [14] and requires an off-board charger to
provide regulated ac–dc conversion. The connection to the vehicle may be direct dc. Level 3 charging is rarely feasible for
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On/off board charging system and power levels for EVs.
TABLE II
CHARGING CHARACTERISTICS AND INFRASTRUCTURES OF SOME MANUFACTURED PHEVS AND EVS

residential areas. Standards for dc plugs and infrastructure requirements are being set, as shown in Fig. 5. A Japanese protocol
known as CHAdeMO is gaining international recognition [66].
Cost of installation is a potential issue. Level 3 charging infrastructure costs between $30 000 and $160 000 have been
reported [67], [68]. Maintaining the charging stations is another
cost factor [69].
The SAE J1772 standard [26] prescribes that Level 1 and
Level 2 EVSE should be located on the vehicle, while Level
3 is located outside the vehicle [70], [71]. General public stations are expected to use Levels 2 or 3 to enable fast charging
in public places [72]. A lower charge power is an advantage
for utilities seeking to minimize on-peak impact [73]. Highpower rapid charging can increase demand and has the potential to quickly overload local distribution equipment at peak
times [74], [75]. Level 2 and 3 charging can increase distribution transformer losses, voltage deviations, harmonic distortion,
peak demand, and thermal loading on the distribution system.
This could significantly impact transformer life, reliability, se-

curity, efficiency, and economy of developing smart grids due
to reduced transformer life [76]. Degradation of typical distribution equipment can be mitigated by using a controlled smartcharging scheme [77]. A reliable communication network and
control of public charging is needed to enable the successful
integration of a large number of EVs [78]. Charging characteristics and infrastructure aspects for a few vehicles are detailed in
Table II.
B. International Charging Codes and Standards for EVs
The successful deployment of EVs over the next decade is
linked to the introduction of international standards and codes,
a universal infrastructure, and associated peripherals and userfriendly software on public and private property, as implied
in Fig. 6. Safety codes and standards address a wide range
of issues relating to EVs. Costs associated with the charging infrastructure correlate with hardware standards [79], [80].
Certain standards are making EV charge infrastructure more
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complicated and expensive than conventional electrical infrastructure. Article 625-18 of the National Electrical Code [81], for
example, requires that connectors and cables for Levels 2 and
3 be de-energized unless connected to a vehicle. This adds cost
to the EVSE. (Vehicle manufacturers generally add an interlock that prevents a vehicle from being driven while on charge,
although this vital feature is not uniform in standards).
A number of workgroups have been formed by key organizations such as the International Energy Agency (IEA), the Society for Automobile Engineers (SAE, J1772 Conductive Connector, J1773 Inductively Coupled Charging, J2847/2836/2931
Communications, J2894 Power Quality, J2954 Wireless Charging, J2293 Energy Transfer System, J2344/J1766/J2578 Safety),
the Institute of Electrical and Electronic Engineers (IEEE,
1547 Grid Tie, P1809 Electric, P2030 Smart Grid), the National Electric Code (NEC625 EV Charging Systems), Infrastructure Working Council (IWC), the National Fire Protection
Association (NFPA 70, NEC 625/626, 70B Electrical Equipment Maintenance, 70E Safety), Underwriters Laboratories Inc.
(UL, 2231 Safety, 2251, 2202, 2594 EVSE), Deutsches Institut für Normung (DIN 43538 Batteries Systems, VDE 051011 Safety), International Electromechanical Commission (IEC,
TC21 Battery, TC64 Electrical Installations and Protection Electric Shock, TC69 Safety and Charge Infrastructure, TC22/SC3
Electrical, 61851-2-3 EVs Conductive Charging), and Japan
Electric Vehicle Association (JEVS, C601 Plugs and receptacles for EV charging, D701 Test Procedure of Batteries, G101109 Quick Charging). There are many participants, technical
committees, and groups internationally. Thus, there is much
duplication [59], [79]–[81].
Some currently available PEVs that are equipped to accept dc
fast charging (such as the Nissan Leaf and Mitsubishi i-MiEV)
are using the CHAdeMO connector, developed in coordination
with Tokyo Electric Power Company [11]. SAE is also working
on a “hybrid connector” standard for fast charging that adds
high-voltage dc power contact pins to the J1772 connector, enabling use of the same receptacle for all charging levels. The
new standard is expected to be available on EVs in 2013.
In the U.S. there are a wide range of consensus model codes
and standards that address EVs and the multitude of issues relating to and supporting EVs. On-board vehicle concerns are
generally regulated more on a federal level and are addressed
by SAE. The concerns and interests of emergency responders
are basically self-regulated, with these organizations following
model codes and standards provided by NFPA and other standards developers. The built infrastructure in the U.S. is normally
regulated at the state or local level [82].

C. Unidirectional Chargers
Two types of power flow are possible between EVs and the
electric grid, as shown in Fig. 7. EVs with unidirectional chargers can charge but not inject energy into the power grid. These
chargers typically use a diode bridge in conjunction with a filter
and dc–dc converters. Today, these converters are implemented
in a single stage to limit cost, weight, volume, and losses [15].
High-frequency isolation transformers can be employed when

Fig. 7.
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General unidirectional and bidirectional topology.

desired [48], [83]. Fig. 8 shows a unidirectional full-bridge series resonant converter for a Level 1 charging system similar to
that represented in [83].
Simplicity in the control of unidirectional chargers makes it
relatively easy for a utility to manage heavily loaded feeders
due to multiple EVs [16]. Those with active front ends can
provide local reactive power support by means of current phaseangle control without having to discharge a battery. Research
on unidirectional charging seeks optimal charging strategies
that maximize benefits and explore the impact on distribution
networks [16], [84]. With a high penetration of EVs and active
control of charging current, unidirectional chargers can meet
most utility objectives while avoiding cost, performance, and
safety concerns associated with bidirectional chargers [18], [85].
D. Bidirectional Chargers
A typical bidirectional charger has two stages: an active gridconnected bidirectional ac–dc converter that enforces power
factor and a bidirectional dc–dc converter to regulate battery
current [83], [86]. These chargers can use nonisolated or isolated circuit configurations. When operating in charge mode,
they should draw a sinusoidal current with a defined phase angle to control power and reactive power. In discharge mode,
the charger should return current in a similar sinusoidal form
[18], [87], [88]. A bidirectional charger supports charge from
the grid, battery energy injection back to the grid, referred to
as vehicle-to-grid (V2G) operation mode, and power stabilization [19], [48]. The topology shown in Fig. 9(a) is a nonisolated bidirectional two-quadrant charger. This circuit has two
switches, which greatly simplifies the control circuitry. However, there are two high-current inductors that tend to be bulky
and expensive, and it can only buck in one direction and boost
in the other [47]. The topology in Fig. 9(b) is an isolated bidirectional dual-active bridge charger. While this circuit provides
high power density and fast control, the large number of components can add to cost [47]. Table III summarizes unidirectional
and bidirectional charger topologies and comparisons.
While most studies have focused on bidirectional power flow,
there are serious challenges for adoption [89]. Bidirectional
power flow must overcome battery degradation due to frequent
cycling, the premium cost of a charger with bidirectional power
flow capability, metering issues, and necessary distribution system upgrades [90]. Customers are likely to require an energy
guarantee to ensure that vehicle state-of-charge is predictable
(and high) when it is time to drive. Successful implementation
of bidirectional power flow will require extensive safety measures [90], [91]. Anti-islanding protection and other interconnection issues must also be addressed. Levels 1, 2, and 3 chargers
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Fig. 8.

On-board unidirectional full-bridge series resonant charger presented in [83] for Level 1 system (3.3 kW).

Fig. 9.

(a) Nonisolated bidirectional two-quadrant charger. (b) Isolated bidirectional dual active bridge charger.
TABLE III
UNIDIRECTIONAL AND BIDIRECTIONAL CHARGER TOPOLOGIES AND COMPARISONS

can be unidirectional. Bidirectional chargers are expected only
for Level 2 infrastructures, because Level 1 power limits and cost
targets are low, and it is vital to maximize flexibility. In Level
3 fast charging, reverse power flow conflicts with the basic purpose and premise of minimizing connection time and delivering
substantial energy as quickly as possible. Table IV summarizes
unidirectional/bidirectional charger infrastructure comparisons
that include requirements, challenges, benefits, cost, battery

and distribution system effect, safety, control, power level, and
flow.
E. On-Board and Off-Board Chargers
A charger located inside the vehicle allows EV owners to
charge their vehicles wherever a suitable power source is available. Typical on-board chargers limit the power to Level 1
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TABLE IV
UNIDIRECTIONAL AND BIDIRECTIONAL CHARGER INFRASTRUCTURE COMPARISONS

because of weight, space, and cost constraints [21], [22]. Resonant circuits can be helpful. The unidirectional full-bridge series
resonant on-board Level 1 charger [92] shown in Fig. 8 is an
example. Given that typical power electronics ratings in an EV
are at least 30 kW, off-board charging involves redundant power
electronics and the associated extra costs. Other disadvantages
include the risk of vandalism and added clutter in an urban
environment [93].

Fig. 10.

Typical structure of integrated PEV charger.

III. INTEGRATED CHARGERS
To minimize weight, volume, and cost integrating the charging function into the electric drive system has been proposed
[93]–[95]. Charger integration was first developed in 1985 [23]
and patented by Rippel and Cocconi in 1990, 1992, and 1994
[24], [96], [97]. The function can be integrated if charging and
traction are not simultaneous. In an integrated charger, motor
windings are used for filter inductors or an isolated transformer
and the motor drive inverter serves as a bidirectional ac–dc
converter. The most important advantage is that low-cost highpower (Levels 2 and 3) bidirectional fast charge can be supported
with unity power factor. Control complexity and extra hardware
are challenges to implementation in commercial products. A
combined motor drive and battery recharge system based on an
induction motor is currently used by the Ford Motor Company.
A nonisolated integrated charger based on a split-winding ac
motor will be used in the automotive industry [97], [103]. There
are some applications for electric scooters and two-wheeled vehicles [99]. A typical integrated charger system is shown in
Fig. 10.
A. Classifications of Integrated Battery Chargers
Integrated charger topologies may be categorized on the basis of motor count and inverter count [21], [24], [98], [99]. The
solution patented by Rippel and Cocconi in 1992 uses two independent inverters with two induction motors [98]. Each motor

can be controlled by its dedicated inverter [100]. In [101], Tang
and Su designed two inverters to drive the main and auxiliary
motors, and used them as an ac–dc converter for charging, while
two three-phase motors were used as inductors for the converter
with their neutral points connected to the grid. In [98], this topology is used for plug-in hybrids. The first machine plays a role
in delivering regenerative energy to the battery by supplementing the driving force as a traction motor. The second machine
starts up the engine or charges the battery. In the charging mode,
both motors and inverters operate as an ac–dc boost converter.
Disadvantages of this charger are the large number of extra
components (twelve power switches, three contactors, and two
motors) and control complexity. A two-motor/two-inverter integrated charger is discussed in [98], [100], and [101] and shown
in Fig. 11.
Rippel and Cocconi [96] also proposed one induction motor
with a double set of stator windings comprising two motor
halves. The operational principle is the same as the two-motor
and two-converter configuration. Cost is saved and weight is less
than in conventional chargers, but the arrangement still requires
twelve power switches, three contactors, and the special doublewinding machine.
1) One-Motor With One-Power Converter Topology: With
one motor and one power converter, an integrated topology may be classified by motor type: induction [24],
[96], [102], permanent magnet (PM) [61], [99], [103], and
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Fig. 11. Integrated charger with two motors and two inverters as presented
in [98], [100], [101].

Fig. 12. PM nonisolated integrated charger topology presented in [61], [93],
[100], [108], connecting to the grid through midpoints of electric machine
windings.

switched-reluctance motor (SRM) [25], [104], with isolated or
nonisolated circuitry.
a) Nonisolated/Isolated Cases for Induction Motors: Five
nonisolated cases for induction motors have been reported. Nonisolated chargers tend to minimize size and weight. Two of these
cases were proposed by Ripple in 1990 [24], in which each employs a three-phase ac motor with an inverter in traction mode. In
the second, the three-phase motor and inverter together operate
as an ac–dc boost converter, and the dc link voltage is stepped
down to the nominal battery voltage through a bidirectional dcdc converter [98]. This one-motor inverter system is simpler to
control than other topologies. In [102], a third arrangement is
introduced. It accesses the motor center tap to use the motor as a
coupling inductor [102]. An integral PFC charger is formed with
four three-phase induction motors and their inverters. There is
no extra hardware except a transfer switch. However, this integrated charger is only appropriate for vehicles with four-wheel
drive. In the fourth topology, a three-level dc–dc boost converter is used as a front end for a two-wheeled vehicle [105].
The front end is employed as a bidirectional converter to boost
the dc-link voltage and capture regenerative braking in motoring
mode. It is rearranged to act as a PWM-PFC charger in charging
mode. A fifth example is a nonisolated single-phase integrated
battery charger proposed in [94]. It has been installed on an
electric scooter prototype and uses the propulsion inverter with
an additional power rectifier and an LC filter. These are placed
close to the motor. The on-board dc–dc converter consists of the
three-phase motor windings and inverter switches.
An isolated charger based on an induction motor is proposed
for a lift truck in [106]. The induction machine is used as a
line-frequency step-down isolation transformer in charge mode.
A wound-rotor machine is used and the drive is modified to act
as a three-phase PWM rectifier. Advantages include galvanic
isolation, the possibility of bidirectional power flow, low harmonic distortion, and unity factor. Disadvantages include high
magnetization currents and the extra costs of the wound rotor
and contactors.
b) Nonisolated/Isolated Cases for Permanent Magnet Motors: A PM nonisolated topology proposed in [61], [95], [107]

connects the vehicle to the grid through the machine windings. The configuration of the integrated charger discussed
in [61], [93], [100], and [108] is shown in Fig. 12. Each phase
is connected to two parallel PWM boost converters. The grid
is connected to center taps in each phase, splitting the currents
into equal and opposite portions. This cancels the MMF on the
stator and ensures magnetic decoupling between the rotor and
the stator. No rotation is possible. However, this topology is
complex as it must control three independent currents [108]. A
second concept for fast on-board charging is proposed in [93].
It uses the PM motor as a filter. The same converter is used
both for charging and traction. The structure of this converter is
similar to a typical three-phase PFC. The topology is composed
of two three-phase PWM boost converters and a buck–boost
dc–dc converter. A third and similar topology is applied in [99]
to a scooter with an interior permanent magnet (IPM) motor
traction drive as shown in Fig. 13. For charging, the ac motor
drive is operated as a three-phase PFC coupled boost rectifier.
No additional filtering is needed since the PWM ripple is minimized by means of phase interleaving. Using a general model
of a three-phase ac motor, the feasibility of an integral charger
with other ac motors is also discussed in [99]. Disadvantages include the need for extra hardware, which includes a single-phase
rectifier bridge with a mechanical switch to access the center
tap of the motor, a capacitor, and an EMI filter. A PM-assisted
synchronous reluctance machine has been designed [109] with
a special winding configuration. It is a four-pole machine with
a three-phase winding in traction mode. Each phase winding is
divided into two equivalent parts which are shifted symmetrically around the stator periphery in charging mode. Basically,
two three-phase windings, shifted 30 electrical degrees, function
during charging.
To overcome isolation safety problems, various possibilities
have been investigated with an emphasis on an electric machine
configuration with an extra set of windings. An isolated highpower integrated charger based on an IPM synchronous motor
with a double set of stator windings is described in [103]. The
main idea is to introduce a multiterminal motor/generator set, to
perform as a motor in traction mode and an isolated generator
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Fig. 13.
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Integrated battery charger as in [95]: the traction drive is transformed into a three-phase PFC boost battery charger for a scooter.

Fig. 15.

Fig. 14. Operation modes of an integrated charger presented in [103] for
internal PM machine: (a) traction and (b) charging.

and transformer during charging mode. The traction inverter
acts as a rectifier for charging. The device is equipped with two
sets of three-phase windings, and the winding connections can
be reconfigured from traction mode to charging mode with a
relay. A contactor is used to connect the grid-side windings to
the grid, as shown in Fig. 14. This charger serves as an isolated
high-power bidirectional fast charger with unity power factor. A
single-phase solution is also possible. Due to possible machine
rotation in charge mode, a clutch is needed to disconnect the
motor from the mechanical system.
An induction machine can be used with same principles of
operation as a PM machine. In this case, the motor will not rotate
at the synchronous speed. If the machine is kept in standstill
as in [106], the magnetization current is high due to the air
gap and this may limit system efficiency. Another option is
to use an extra winding on one phase of the stator to support
transformer operation for a single-phase ac supply. In this case,
the stator will have asymmetric windings, and the motor acts
as a stationary gapped transformer with no rotation during the
charge cycle [21].
c) Nonisolated/Isolated Cases for Reluctance Motors:
Three reluctance machine topologies are proposed in [25], [104],
[110]. In [25], Chang and Liaw present a compact batterypowered SRM drive for an EV with voltage boosting and onboard PFC charging capabilities, as shown in Fig. 15. Although
the boost front-end dc–dc converter is external, the on-board
charger is formed by the embedded components of the SRM
windings and converter. During demagnetization of each leg, the

Integrated battery charger configuration for SRM as presented in [25].

stored winding energy is recovered to the battery. In charging
mode, the power devices are used to form a buck–boost rectifier to charge from the utility with good power quality. Barnes
and Pollock used SRM phase windings as a transformer during charging in [104], but without active PFC control. In [110],
Haghbin et al. used an extra winding on one phase of the stator to
support transformer operation for a single-phase ac supply with
an SRM. The rotor position will automatically align to maximum inductance over the first few cycles in charging mode. The
extra winding can adjust the voltage level according to converter
requirements. Table V summarizes integrated battery chargers
and comparisons.
IV. CONTACTLESS INDUCTIVE CHARGING
Conductive chargers use metal-to-metal contact as in most
appliances and electronic devices. Inductive charging of EVs is
based on magnetic contactless power transfer [111]–[113].
A. Conductive Charging
Conductive charging systems use direct contact and a cable between the EV connector and charge inlet [26]. The cable
can be fed from a standard electrical outlet (Level 1 or 2) or
a charging station (Level 2 or 3). There are already several
charging posts on the market. Available vehicles, including the
Chevrolet Volt and Tesla Roadster, use Levels 1 and 2 chargers with basic infrastructure (convenience outlets). Conductive
charging is also employed on the Nissan Leaf and Mitsubishi
i-MiEV, which use either basic infrastructure or dedicated offboard chargers [64], [114]–[116]. The main drawback of this
solution is that the driver needs to plug in the cable. This is a
conventional issue.
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TABLE V
SUMMARY OF INTEGRATED BATTERY CHARGER TOPOLOGIES AND COMPARISONS

Fig. 16.

Typical inductively coupling stationary EV battery charging and GM EV1 system.
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Inductively coupling roadbed EV battery charging system.

B. Inductive Charging
An inductive charger transfers power magnetically. This type
of charger has been explored for Levels 1 and 2 devices. A recommended practice for EV inductive charging was published by
the SAE in 1995 [60]. The clear advantage of contactless charging is its convenience for the user. Instead of deep-cycling the
battery, the vehicle battery can be topped off frequently while
parked at home or at work, when shopping and even at traffic
lights. Cables and cords are eliminated. Advantages include convenience and galvanic isolation [117]–[119]. It is also possible
to build charging strips into highways which enables charging
while driving. Therefore, inductive charging could strongly reduce the need for a fast-charging infrastructure. Disadvantages
include relatively low efficiency and power density, manufacturing complexity, size, and cost [120]–[124]. Given that energy
savings is an important motivator for EVs, the extra power loss is
an important consideration. Basic principles of inductive power
transfer (IPT) are similar to transformers, although most versions have poor magnetic coupling and high leakage flux. The
secondary side may be stationary [28], [30] or moving (roadbed
charging) [31]–[33], [125]. Typical stationary and roadbed IPT
charging systems are represented in Figs. 16 and 17.
1) Stationary Inductive Charging: Stationary inductive
charging employs primary and secondary transducers. In the
version originally developed for the EV1 (see Fig. 16) [126],
the primary transducer is a paddle and the secondary transducer
is a vehicle charge port. When the paddle is inserted into the
charge port, a magnetic circuit forms and power is transferred
through a high-frequency link converter. Power transfer levels
of typical systems vary from 0.5 W to 50 kW with air gaps of
1–150 mm [27]–[29]. One of the first commercially available inductive couplers was developed by Delco Electronics [127] and
applied to the General Motor EV1 system. The main advantage
of that approach was the fact that a higher number of turns could
be used to maximize the magnetizing inductance of the transformer and hence minimize requirements on the medium power
converter to supply magnetizing current. Stationary inductive
charging methods have better coupling, tuning, lateral alignment, and higher efficiency than contactless moving-roadbed
EV charging methods.

A single-stage high-power-factor converter can be used for
inductive Level 1 charging. An alternative is to use a two-stage
power converter that can be any one of a number of different
types of resonant and PWM converters [128]–[130]. Due to
high peak currents, two-stage approaches dominate for inductive Level 2 charging. Other topologies with a high-frequency
resonant current link have been used for both the power transmitter and receiver to compensate coils and support efficient power
transmission [30]. To meet distortion standards, an active front
end is likely for Levels 2 and 3 inductive charging [131]–[133].
2) Contactless Roadbed EV Charging: Inductive charging
systems have been considered for roadway contactless power
transfer [31]. The vehicle can be moving or stationary. Contactless moving-roadbed EV charging can be used for battery weight
and size reduction. Constraints on vehicle energy storage can be
relaxed with roadbed charging systems since a portion of the operational power is delivered from the roadbed [134], [135]. This
type of system transfers power from a stationary primary source
(track or loop) embedded below the pavement surface to one or
more secondary loops (pickup) installed in a moving vehicle as
shown in Fig. 17. In [136] and [137], the authors propose powering EVs while in motion to address the inherent compromise
that on-board energy storage imposes on EV range and availability. High power can be transferred with perfect alignment
and tuning. There have been several proposed methods for increasing the tolerance of IPT to lateral movement [138]–[142]
or other position errors, as well as to the inherent large air
gap. Configurations that include a long wire loop [143], [144],
sectional loops [125], and spaced loops [145] have been presented in the literature. The spaced-loop geometry improves the
coupling coefficient and overall system efficiency, while minimizing the magnetization current, supply voltage ratings, and
stray fields [47]. Challenges of roadbed charging include high
power ratings, poor coupling [146], [147], high supply-voltage
requirements [121], loop losses, high magnetization current due
to loose coupling [32], [135], lateral misalignment [148], [149],
the large air gap [150], and stray field coupling.
A 1.5-kW H-shaped-core transformer suited for EV IPT is
proposed in [151]. Methods have used a bogie on a track
or inductive devices installed in pavement [149], [152]. By
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Fig. 19.

Fig. 18.

Basic compensation topologies (SS, SP, PS, PP).

using slim primary ferrite core bars, efficiency can be improved, but cost must be taken into consideration when magnetic components are built into the primary track [153]. A sectional track IPT system for moving vehicles is proposed and
studied in [125] for increasing power efficiency. Much higher
efficiencies have been reported for inductive chargers in stationary applications [148]–[150]. Sallan et al. [154] described
a design process to select the parameters of a coreless inductively coupled power transfer (ICPT) device with a large air
gap that delivers high power efficiently. A polarized coupler
called a double-D-quadrature (DDQ) is introduced and optimized in [27]. The DDQ produces a flux-path height twice that
of a circular pad along a single-sided flux path. It has the potential to support cost-effective ICPT designs.
Madawala and Thrimawithana [155] described a novel contactless power interface, which is based on IPT technology and
suitable for bidirectional power transfer between a common dc
bus and multiple electric or hybrid vehicles. The proposed bidirectional contactless power-transfer concept is viable and can
be used in applications such as V2G systems to charge and
discharge electric or hybrid vehicles to the power grid.
3) Resonant and Compensation Circuit Topologies: Resonant circuits are normally employed in inductive charging networks to maximize power transfer capability while minimizing power-supply voltage and current ratings. To deliver the
required power with small devices, it is necessary to operate at high frequency [27]–[29]. To supply the necessary real
power efficiently, series or parallel reactive compensation is required for both the primary and secondary sides of an inductive
charger [156], [157] as shown in Fig. 18. Conventional compensation circuit topologies are not suitable for application to
EVs because of the high power level, long air gap, and need
for low sensitivity to misalignment [30]. For inductive charging, among the most critical parameters are the frequency range,
the low magnetizing inductance, the high leakage inductance,
and any capacitance needed to set up resonance and support
reactive power requirements [28], [29]. The series–series (SS)
high-frequency resonant topology has been established as a good
solution because its resonant circuit can be designed independently of the coupling [30], [158]. An electric circuit model
of the SS system discussed in [30], [125] is shown in Fig. 19.
Both primary and secondary windings are series-compensated
to keep the efficiency high.
Parallel–parallel (PP) topologies for both the transmitter and
receiver have higher impedance and can be driven more easily

Circuit model of transformer with SS compensation, as in [125].

than SS topologies [30], [111]. A novel receiver circuit topology for a cordless EV charger is proposed in [30]. Compared
to a PP circuit, the parallel–parallel–series (PPS) circuit in [30]
improves the power factor. A PPS circuit allows a larger gap between the transmitter and receiver coils [111]. Wang et al. [156]
proposed a design of the primary resonant circuit that mitigates
effects of phase or frequency shifts. Kutkut [159] proposed a
full-bridge LCL resonant battery charger that uses circuit parasitics to achieve soft switching. The EMI performance is improved and the size of the output filter is reduced. A half-bridge
LLC resonant converter is proposed in [160] for Level 3 offboard charging. It has advantages such as high efficiency, ability
to operate with zero-voltage switching over a wide load range,
no reverse recovery losses, and low voltage stress. The drawback
is that the desired output voltage is adjusted by the switching frequency, complicating filter, and transformer designs. Sakamato
et al. [161] proposed an inductive coupler which has sufficient
exciting inductance and low leakage inductance at a large air
gap length for Levels 1 and 2 charging.
V. ISOLATION AND SAFETY REQUIREMENTS FOR EV
CHARGERS
An isolation need is present in all functions of the EV including the high-voltage battery, dc–dc converter, inverter for driving
the electric motor, and also for charger module connected to the
grid. Therefore, the key component in the interface between the
existing electrical system and the EVSE is the transformer. With
on-board or off-board chargers, the EV body must be connected
to the earth during charging. When the charger has no electrical separation, isolation monitoring is essential, and the battery
must be isolated [162].
Nonisolated dc–dc converters generally have advantages of
simple structure, high efficiency, high reliability, low cost, size,
weight, etc. However, the nonisolated dc–dc converter stage
of the low-frequency approach provides no galvanic isolation.
Thus, a line-frequency transformer is needed which galvanically
isolates the batteries from the grid. In combination with the linefrequency transformer, this charging station approach results in
a large and expensive system mainly because of the required
magnetic materials. To reduce the amount of magnetic material
and decrease the total volume requirements of the charging
station, the operating switching frequency must be increased
and the galvanic integrated into the dc–dc stage. The result is a
filter with a higher power density. Both the volume and weight
are reduced.
Battery chargers often are designed to be used as off-board arrangements because of the large size and high weight resulting
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TABLE VI
TECHNICAL CODES AND STANDARDS FOR SAFETY AND ISOLATION

from the required inductors, capacitors, cooling system, and
isolating transformer. In high-frequency isolation topology, galvanic isolation is provided in the dc–dc converter stage by a highfrequency transformer. Transformer design is very important to
reduce size, cost, and losses. High-frequency transformer isolation also provides voltage adjustment for better control, safety
for load equipment, compactness, and suitability for varying applications. The main disadvantage is high snubber losses used
to avoid overvoltages across the passive rectifier devices. Additionally, the transformer design/layout influences soft switching,
especially in a partial-load condition.
To provide adequate power for Level 2 charging equipment,
existing electrical service must be stepped down to a level that
can work with Level 2 charging equipment: 208–240 V. If not
already available at the site, it will be necessary to install an
isolation transformer capable of stepping electricity to 208–
240 V for Level 2 charging, or up to 480 V for Level 3 charging.
Isolation transformers can cost between $7200 and $8500.
Although galvanic isolation is a favorable option in the
charger circuits for safety reasons, isolated on-board chargers are usually avoided due to the cost impact on the system.
There is a possibility of avoiding these problems of additional
charger weight space and cost by using available traction hardware, mainly an electric motor and inverter, for the charger
circuit and thus have an integrated drive system and charger.
The charger/converter is a nonisolated version with a reduced
number of inductors and current transducers. To overcome the
isolation problem, different possibilities are investigated with
emphasis on a special electric machine configuration with an
extra set of windings.

The requirements for devices or systems intended to reduce
the risk of electric shock to the user in grounded or isolated circuits for charging EVs are covered in the standard for personnel
protection systems for EV supply circuits [13]. Table VI summarizes some of the applicable technical codes and standards
that address safety directly relating to EVs.
VI. CHARGING STRATEGIES AND EFFECTS
ON INFRASTRUCTURE EQUIPMENT
Effects on distribution infrastructure equipment, economic
costs, and emissions from charging depend on EV penetration
and charging strategies. Large-scale unbalanced deployment can
have a detrimental impact on the electric grid; thus, grid stability
becomes a challenging task.
A. Uncoordinated Charging
Uncoordinated charging means that EV batteries either start
charging immediately when plugged in or start after a useradjustable fixed delay and continue charging until they are fully
charged or disconnected [163], [164]. This charging system is
most likely at Level 1. Uncoordinated charging operations tend
to increase the load at peak hours and can cause local distribution grid problems such as extra power losses and voltage
deviations that affect power quality. They may lead to overloads
in distribution transformers and cables, increased power losses,
and reduced reliability and cost effectiveness of the grid [165]. A
simulation study in Western Australia showed significant transformer load-surging and voltage deviations, even under low
EV penetrations [166]. Load growth on transformers for EV
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penetrations from 17% to 31% showed a significant rate of increase in transformer currents. A model study in the Netherlands
showed that uncoordinated charging would increase the national
peak load by 7% at 30% penetration. This may exceed the capacity of the existing distribution infrastructure [163]. Some utility
companies offer a dual tariff (cheap night rates) to EV owners as
a way to reduce peak load [167]–[169]. The dual tariff may effectively delay charging. When the user agrees to an adjustable
fixed delay, owners can wait for cheap off-peak prices. Off-peak
charging takes place during the night when the electricity demand is low and generation is mostly base load [76], [170].
The use of time-variable rates by customers with Levels 2 or 3
charging would help resolve the problem.
B. Coordinated Charging
Coordinated smart charging optimizes time and power demand [171], and reduces daily electricity costs, voltage deviations, line currents, and transformer load surges [165], [172].
A coordinated charging system is more suitable for high-power
levels (Levels 2 and 3). Masoum et al. [165] investigated the role
of charging coordination in improving distribution transformer
performance in Western Australia. While the coordination approach is beneficial in overall system load leveling and peak
shaving, high EV penetrations (e.g., 63%) may still result in
significant increases in individual transformer loads that may
exceed their ratings. For better coordination and reliability, the
aggregation concept has been proposed to provide viable storage. [173]–[175]. Two-way energy flow and communication
between the aggregated vehicles and the grid can be controlled
to maintain grid stability [176].
C. Challenges to a Fast-Charging Infrastructure
Fast-charge stations would be located primarily in residential
and commercial locations. The existing electric infrastructure
may not be adequately designed to satisfy the surge in power
demand for the necessary electric service stations in these areas [75], [177]. Depending on EV penetration, vehicle usage
schedules, and the desired Level-3 charging level [75], [77]
chargers can quickly overload distribution equipment. They increase distribution transformer losses, voltage deviations, harmonic distortion, and peak demand [178]–[180]. This calls for
additional investments in larger underground cables and overhead lines, and more transformer capacity [181]. The cost could
significantly impact the reliability, security, efficiency, and economy of newly developing smart grids, due to possible loss of
transformer life [182], [183]. Degradation in the life of a typical distribution transformer can be reduced considerably by
using a controlled charging scheme [184]. With an EV penetration of 50%, transformer life is reduced by 200–300% relative to
nonpenetration with uncontrolled charging [185]. Different penetrations of EVs were studied based on transformer insulation
life using a thermal model in [186]. The results showed that a
large penetration of EVs can have a great impact on to the power
grid. The aging rate of low-voltage transformers with high PEV
penetration was modeled and simulated in France [187]. It was
shown that transformer aging is quadratic in the presence of
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PEVs. Clement-Nyns et al. [188] have shown that if a 30% EV
penetration is introduced in the Belgium test grid, the power demand in the grid increases about 10%. This is beyond the range
of transformer and conductor capacity. Farmer et al. [189] presented an EV distribution circuit impact model to estimate the
impact of an increasing number of PEVs on transformers and
underground cables.
Without EVs, the standard underground conductor would be
sufficient (100 kVA transformer, 4×50 mm2 conductor, 160 A).
If 30% is introduced, the power for the global grid increases to
108 kVA, which is out of range for the 100 kVA transformer.
This transformer must be replaced by a standard transformer of
125 kVA to deal with extra EVs, load growth, and additional
peak load. The line current increases to 163 A. The conductors
must be replaced by a 4×95 mm2 conductor, 220 A. Voltage
drop problems can be tackled by employing a capacitor bank or
a load-tap changing transformer, or by using charger reactivepower services [188].
D. Future Trends and Successful Deployment
of Infrastructure and EVs
Despite the low environmental impact and high energy efficiency, EVs have not been widely accepted by people to date.
The lack of charging infrastructure is one of the reasons. The
charging infrastructure requires a major investment on the part of
both the government and the private sector. There are some barriers to infrastructure installation such as codes and standards,
installation costs, utility infrastructure planning, construction,
consumer knowledge, metering, contractor role, permitting procedures, etc. The demand for charging infrastructure is driven
by three main factors: penetration rates, degree of charging,
and range anxiety. There is considerable uncertainty regarding
the impact of the smart grid on EV batteries and EV charging
infrastructure.
In the EV world of the future, Levels I and II slow charging
will likely be the most used schemes because of convenience
and low-cost electricity. Home charging will be important for
achieving high rates of EV deployment; public charging is arguably more important for moving past the very early stages
of EV adoption. This infrastructure is the most economical because it does not require a wall box. However, as battery capacity and range of EVs are improved, and potentially some
EVs in the future would need Level III fast charging to extend
the driving range, there is an increased need to build off-board
charge station infrastructures. Level III fast charging provides
a method to alleviate range anxiety for the driver of passenger
EVs. The high cost of installing a rapid-charging infrastructure and the difficulty associated with drawing large amounts
of energy from the electricity grid ensure that overnight and
standard charging will remain the most common methods for
vehicle charging. The need for recharging in the community and
on highways—preferably fast charging—is essential for mass
commercialization. Constraints on storage and charging problems can be relaxed with inductive roadbed charging systems,
since a portion of the operational power is delivered from the
roadway.
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The extra cost of redundant power electronics is likely to
drive continued innovation in integrated charging. Topologies
that cannot develop motor torque are probably essential, as
extra mechanical complexity will preclude any approach that
does. Economic questions, such as data-exchange standards for
billing, must be addressed in the future to allow vehicles to
charge at flexible locations. With integrated charging, metering and billing data exchange must be built into the vehicle
as well. While many observers mention bidirectional chargers,
unidirectional configurations support nearly the same functionality without issues of backfeed, safety, and islanding protection [145], [190]. It is likely that unidirectional charging will
be the primary avenue for development in the near future, even
though many integrated charging configurations support bidirectional energy flow.
The successful deployment of EVs over the next decade is
dependent on the following:
1) deploying a charging infrastructure and associated EVSE
is perhaps the most important consideration. Necessary parts include conductors, EV connectors, attachment
plugs, devices, power outlets, or other apparatus installed
specifically for the purpose of safely delivering energy
from the premises wiring to the EVs;
2) charger reliability, durability, and safety considerations
will contribute to consumer acceptance of EVs;
3) charger efficiency and reducing charger costs;
4) suitability for V2G-bidirectional power flow, communication, and metering;
5) charging systems that can accommodate high-power
charging will provide more flexibility and choices to the
consumer;
6) charging strategies and setting limits for charging time and
access rules;
7) the introduction of internationally agreed upon EV standardization of charging stations. Research institutions,
utilities, and the automotive industry should collaborate to
establish standards that effectively utilize managed charging programs that would empower EV users while also
benefitting the electric power grid. Regulatory procedures
and policies for commercial firms in the distribution market are needed;
8) the ease of use of the charger and connector, and how user
friendly it is perceived to be by the consumer contributes to
the development of a wider market for EVs and acceptance
of the technology.
VII. CONCLUSION
This paper reviewed the current status and implementation of
battery chargers, charging power levels, and infrastructure for
EVs. Battery performance depends not only on types and design
of the batteries, but also on charger characteristics and charging
infrastructure. Battery infrastructure and charging power levels
are categorized into three types: Level 1, Level 2, and Level
3. Charger systems are categorized into off-board and on-board
types with unidirectional and bidirectional power flow. Unidirectional charging limits hardware requirements, simplifies
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interconnection issues, and tends to reduce battery degradation.
Bidirectional charging supports battery energy injection back
to the grid. Typical on-board chargers restrict power to meet
weight, space, and cost constraints. There is a possibility of
avoiding these problems by using the electric drive system as an
integrated charger. The most important advantage of integrated
chargers is that low-cost high-power (Levels 2 and 3) bidirectional fast charging with unity power factor is supported. The
availability of a charging infrastructure reduces on-board energy
storage requirements and costs. On-board charger systems can
be conductive or inductive. Inductive charging has the long-term
promise of supporting active roadbed systems. These are under
study by several groups. Various charger power levels and infrastructure configurations were presented and compared, based
on the amount of power, charging time and location, cost, suitability, equipment necessary, and other factors. Success of EVs
depends on standardization of requirements and infrastructure
decisions, efficient and smart chargers, and enhanced battery
technologies.
REFERENCES
[1] M. Ehsani, Y. Gao, S. E. Gay, and A. Emadi, Modern Electric, Hybrid
Electric, and Fuel Cell Vehicles. Boca Raton, FL: CRC Press, 2005.
[2] A. Emadi, M. Ehsani, and J. M. Miller, Vehicular Electric Power Systems:
Land, Sea, Air, and Space Vehicles. New York: Marcel Dekker, 2003.
[3] J. Larminie and J. Lowry, Electric Vehicle Technology Explained. New
York: Wiley, 2003.
[4] A. Y. Saber and G. K. Venayagamoorthy, “One million plug-in electric
vehicles on the road by 2015,” in Proc. IEEE Intell. Trans. Syst. Conf.,
Oct. 2009, pp. 141–147.
[5] J. Beretta, Automotive Electricity. New York: Wiley, 2010.
[6] C. C. Chan and K. T. Chau, “An overview of power electronics in electric
vehicles,” IEEE Trans. Ind. Electron., vol. 44, no. 1, pp. 3–13, Feb. 1997.
[7] M. Rawson and S. Kateley, “Electric vehicle charging equipment design
and health and safety codes,” California Energy Commission Rep., Aug.
31, 1998.
[8] Installation Guide for Electric Vehicle Charging Equipment, Massachusetts Division Energy Resources, MA, Sep. 2000.
[9] M. Doswell, “Electric vehicles—What municipalities need to know,”
Alternative Energy Solutions Dominion Resources, Inc., Virginia,
Feb. 2011.
[10] C. Botsford and A. Szczepanek, “Fast charging vs. slow charging: Pros
and cons for the new age of electric vehicles,” presented at the 24th
Electric Vehicle Symposium, Stavanger, Norway, May 2009.
[11] CHAdeMO Association, “Desirable characteristics of public quick
charger,” Tokyo Electric Power Company, Tokyo, Japan, Jan. 2011.
[12] T. Anegawa, “Development of quick charging system for electric vehicle,” in Proc. World Energy Congress, 2010.
[13] D. Aggeler, F. Canales, H. Zelaya - De La Parra, A. Coccia, N. Butcher,
and O. Apeldoorn, “Ultra-fast dc-charge infrastructures for EV-mobility
and future smart grids,” in Proc. IEEE Power Energy Soc. Innovative
Smart Grid Technol. Conf. Europe, Oct. 2010, pp. 1–8.
[14] Vehicle Technologies Program, U.S. Dept. Energy, Office of Energy and
Renewable Energy and the National Renewable Energy Lab, 2011.
[15] B. Singh, B. N. Singh, A. Chandra, K. Al-Haddad, A. Pandey, and
D. P. Kothari, “A review of three-phase improved power quality ac–dc
converters,” IEEE Trans. Ind. Electron., vol. 51, no. 3, pp. 641–660, Jun.
2004.
[16] M. A. Fasugba and P. T. Krein, “Gaining vehicle-to-grid benefits with
unidirectional electric and plug-in hybrid vehicle chargers,” in Proc.
IEEE Veh. Power and Propulsion Conf., Sep. 2011, pp. 1–6.
[17] Y. Lee, A. Khaligh, and A. Emadi, “Advanced integrated bi-directional
AC/DC and DC/DC converter for plug-in hybrid electric vehicles,” IEEE
Trans. Veh. Technol., vol. 58, no. 3, pp. 3970–3980, Oct. 2009.
[18] Y. Du, S. Lukic, B. Jacobson, and A. Huang, “Review of high power
isolated bi-directional DC-DC converters for PHEV/EV DC charging
infrastructure,” in Proc. IEEE Energy Conversion Congr. Expo., Sep.
2011, pp. 553–560.

2166

[19] X. Zhou, S. Lukic, S. Bhattacharya, and A. Huang, “Design and control
of grid-connected converter in Bi-directional battery charger for plugin hybrid electric vehicle application,” in Proc. IEEE Veh. Power and
Propulsion Conf., Sep. 2009, pp. 1716–1721.
[20] X. Zhou, G. Wang, S. Lukic, S. Bhattacharya, and A. Huang, “Multifunction bi-directional battery charger for plug-in hybrid electric vehicle
application,” in Proc. IEEE Energy Conversion Congr. Expo., Sep. 2009,
pp. 3930–3936.
[21] S. Haghbin, K. Khan, S. Lundmark, M. Alaküla, O. Carlson, M. Leksell,
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