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Abstract: The need to reduce the use of fossil fuels and greenhouse gas (GHG) emissions produced
by the transport sector has generated a clear increasing trend in transportation electrification and the
future of energy and mobility. This paper reviews the current research trends and future work for
power electronics-based solutions that support the integration of photovoltaic (PV) energy sources
and smart grid with charging systems for electric vehicles (EVs) and plug-in hybrid electric vehicles
(PHEV). A compressive overview of isolated and non-isolated DC–DC converters and AC–DC
converter topologies used to interface the PV-grid charging facilities is presented. Furthermore, this
paper reviews the modes of operation of the system currently used. Finally, this paper explores the
future roadmap of research for power electronics solutions related to photovoltaic (PV) systems,
smart grid, and transportation electrification.

Keywords: batteries; chargers; DC–DC converters; DC–AC inverters; electric vehicles; electric energy
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1. Introduction

There is growing concern in the world over climate change and global warming. Since one of the
main causes of global warming is greenhouse gas (GHG) emissions, its reduction is an indisputable and
urgent need. According to a report presented by the International Energy Agency (IEA), transportation
and electricity/heat generation sectors represent more than 60% of the CO2 emissions as shown in
Figure 1 [1,2]. Although the total energy spent in the transportation sector is used primarily by road,
railway, ship, and aviation transport, road transport represents three quarters of the total [3]. The report
also shows that, in 2017, worldwide CO2 emissions from fossil fuel combustion, such as coal and oil
approached to 14.5 GT and 11.37 GT, respectively [2]. In more recent studies, it has been analyzed that
even global consumption fossil fuel will be lower with high penetration of EV in transportation, but
the efficacy in long-term GHG reduction will only be achieved when EV policy incorporates maximum
uses of renewable energy with carbon pricing [4].
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Figure 1. Global CO2 emissions by sector from 1971 to 2017 according to the International Energy Agency
(IEA) [2]. Source: IEA (2019) CO2 Emissions from Fuel Combustion—Highlights. All rights reserved.

Both conventional electric power and conventional vehicles rely on the combustion of fossil fuels,
which contributes to the emission of CO2 [5,6]. Therefore, the use of grid-connected renewable energy
sources, electric vehicles (EVs), and plug-in hybrid electric vehicles (PHEVs) are a realistic solution
that will reduce CO2 emissions and dependence on fossil-based sources, promising to be the future of
energy and mobility [5,7]. This is where the smart grid plays an important role in the game, making
processes more efficient, ensuring optimal system energy management, reducing costs, increasing
reliability, and facilitating the integration of renewable energy sources such as photovoltaic solar
energy, and electric transport [8–10].

Over the last 5–10 years, there has been significant advancement in technology in various fields,
especially those that contribute to a smart grid infrastructure and real-time communication/pricing—smart
meters, advanced information/communication technology, etc. [11]. If there were a method to organize
and schedule EV charging efficiently without adding stress to the power distribution source, such a model
would serve as a great standard for a new modern power system [11].

Currently, much of the control systems technology is not sophisticated enough to handle
real-time-pricing scenarios; however, increasing world demand has allowed for technological
advancements, but ultimately, introducing a deregulated power market would allow such
advancements to occur rapidly. What would result would be a shift to a smart grid network
from the existing grid system in place. The smart grid would allow enhancements to be made in the
form of dynamic loads and a potential energy buffer to the EVs and dynamic loads [11].

The current trend of renewable energy sources dominating an ever-increasing share of the world’s
power grid mix has being increasing steadily over the past year. According to a report presented
by the International Renewable Energy Agency (IRENA, Abu Dhabi, UAE) [12], by the end of 2019,
renewable capacity had increased by 176 gigawatts (GW), compared to the previous year, to a capacity
of 2537 GW. In the same report, it was also stated that in the last 10 years, the global solar photovoltaic
(PV) capacity has increased from 40.2 GW to 580.1 GW. There are several influences that have resulted
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in the continuous integration of solar PV into EV charging system—rapid growth in global demand for
EVs, concerns over the effects of GHG, and a decrease in the price of solar PV modules [13].

In various studies, the EV market is expected to grow 800% by 2030 [14]. The main reason for the
increasing popularity of EVs are their potential to reduce CO2 emissions and transportation costs, not
to mention the ability of electric vehicles to serve as an independent distributed energy source [1,11].
The literature mentions various ancillary services that can be provided to the grid via an EV, such
as frequency and voltage regulation, peak power shaving, and spinning reserve [1,5,11]. Because
the number of EVs on the road is increasing over time, a new concept was created as a method for
EVs to transfer their stored energy back to the grid—vehicle-to-grid (V2G) [1,11,15,16]. Currently, the
infrastructure is not capable of this idea and thus an upgrade will be required [1].

Transportation electrification (TE) appears to be a promising solution to various global
concerns—climate change, fuel economy, geopolitical, and energy security [5]. Its gaining popularity
is tied to its ability to fix the aforementioned concerns. Some of the challenges that a smart grid faces
are control, power quality, and reliability. A potent information and communication infrastructure
alongside advance control schemes will be essential in the final establishment of TE [5]. Hence, it is
necessary to explore and implement new innovative technologies to solve these challenges.

Smart grid/microgrid, photovoltaic, and electric vehicle technologies are advancing at a rapid rate.
The foundation of these technologies is based on advancements in communication systems and power
electronics (PE) converters. While PE converters allowing flexible control on electric power delivery
systems, communication systems are improving reliability and robustness to these systems. In the last
decade, various PE converters have been proposed, designed, and introduced in the industry. At the
design and topological conception level, deriving application of PE-converters are trivial; hence, they
are interchangeable and useful to more or less to all of these technologies. However, a small difference
in their operational mechanism may make them slightly better for use in a particular technology
and interface.

When choosing the right PE converter to interface PV, smart grid, and EVs/PHEVs, it is important
to identify the main challenges that this interfacing systems has to overcome. According to the
literature, the following are some of the main issues of interfacing these three systems [17–19]:

• Excessive current harmonic distortion on the grid—when interfacing an EV battery to the grid, the
battery is seen as a high-power DC load that continuously draw power from the grid, producing a
high harmonic distortion;

• Sophisticated tracking algorithms has to be used to optimize the extraction of the maximum
power point (MPP) of the PV array at any extreme environment conditions;

• It is important to follow the behavior of the PV module at higher frequencies, trying to avoid high
voltage ripples at the output side of the DC–DC converter used at the PV stage. If there are high
ripples, it will produce an instability in the MPP;

• Depending on the requirements of the system, the type of galvanic isolation at the input or output
of the system must be decided, considering decisive factors such as weight, cost, additional losses
produced in the system, and the power factor;

• Adequate DC output so it meets the power quality requirements of the AC grid;
• When using non-isolated inverters, there are associated problems such as DC current injection to

the grid and common mode leakage current.

This paper presents a comprehensive review of the current state and future trends on the DC–DC
and AC–DC converter topologies used to interface EVs/PHEVs with smart grid and PV energy sources,
considering the challenges mentioned above in order to choose the right topology. The paper is
organized as follows. Section 2 presents a brief overview regarding EV charging standards and PV
systems. Followed by Section 3, where is showed the typical system structure of a PV/grid-tied
EV charging system and its modes of operation. Additionally, in Section 4, several isolated and
non-isolated DC–DC converters and AC–DC converter topologies are described. Finally, Section 5
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presents a summary of the main points of the paper and the possible future work that can be
developed to improve the power electronics-based solutions to interface PV and smart grid with
electric transportation.

2. Overview of EV and PV Systems

This section presents a detailed review of EV charger classification and standards. It also describes
the different power architectures for integration of PV to the grid.

2.1. Electric Vehicles

According to the definition of Bhatti et al. [13], a vehicle that is powered by electrical means whilst
using one or more motors for motion is called an EV. Although the classification of EVs encompass
hybrid electric vehicles (HEV)s, battery electric vehicles (BEVs), PHEVs, and extended range electric
vehicles (EREVs) [5,20,21], this paper is only focused on the BEVs and PHEVs. BEVs are equipped
with a fully electric drivetrain, which is powered by rechargeable batteries. On the other hand, PHEVs
have a hybrid vehicle drivetrain, which uses a combination of an internal combustion engine (ICE)
and electrical power, similar to a HEV, although its rechargeable battery can be charged by plugging it
into an external power supply, unlike HEVs [5,22].

EV chargers can be classified as on-board or off-board and conductive or inductive. Based on the
place where the battery charger is installed, it can be classified as on-board or off-board. In this way, an
on-board battery charger is installed inside the EV, while off-board chargers are placed outside the
EV [23,24]. Battery chargers can also be classified as conductive or inductive, depending on the mode
of power transfer from the power source to EV [23]. In this way, power flow between the PV/grid and
the EV battery is delivered using plugs and sockets when utilizing conductive chargers [23,24]. On the
other hand, the transfer of power using resonance via a wireless medium is allowed by the inductive
chargers [24]. However, the inductive EV chargers are not considered in this paper.

Moreover, there are different standards available that regulate conductive charging operations for
EVs/PHEVs with many classifications and rules regarding charging topologies, communication and
connectors [25].

The Society of Automotive Engineers’ (SAE) SAE J1772 standard is one of the most accepted
standards for EV/PHEV charging power converters [23,25]. As stated in the SAE J1772 standard, three
AC charging power levels are designed for on-board chargers, whereas three DC charging power levels
are dedicated for off-board chargers [22–25], as shown in Table 1.

Table 1. SAE J1772 US Standard for EV/PHEV charging power levels [17,22,24–26].

Type Level Supplied Voltage
Range (V)

Maximum
Current (A)

Output Power
Level (kW)

Estimated Charge
Time (hours)

AC charging
(on-board chargers)

Level 1 120 Vac
(1-phase) up to 16 A up to 1.92 kW 7–17 h

Level 2 208–240 Vac
(1-phase) up to 80 A up to 19.2 kW 0.4–7 h

Level 3 208–240 Vac
(1 and 3-phase) up to 400 A up to 96 kW Less than 0.5 h

DC charging
(off-board chargers)

Level 1 200–450 VDC up to 80 A up to 36 kW 0.4–1.2 h
Level 2 200–450 VDC up to 200 A up to 90 kW 0.2–0.4 h
Level 3 200–600 VDC up to 400 A up to 240 kW 0.1–0.2 h

The AC Level 1 charging is defined for slow charging operations. It is intended to be used for
single-phase AC sources in common household circuits or charging stations with power levels that
peak at 1.92 kW [22,25]. The AC charging level 2 and 3 refers to semi-fast charging and fast charging,
respectively. However, this paper is only focused on DC charging systems.
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The DC charging systems are installed at fixed locations and are built with dedicated wiring [22].
In addition, this charging systems are known as fast charging systems since they can handle higher
power levels, charging the electric vehicles in less time compared with the level 1 AC chargers.
Although each EV battery pack requires an specific power level supply, modern DC charging stations
have implemented a system that identifies the voltage level of the battery pack and adjusts to that [22].

Depending on the flow of the power allowed by the charger, two types of charging systems can
be found—unidirectional or bidirectional [27]. When the power only flows in one direction from the
grid/PV into the battery, it is called unidirectional. On the other hand, when the power also flows
from the battery to the grid, it is called bidirectional, under the concept of V2G, as mentioned in
Section 1 [15,27].

2.2. PV Systems

When studying how to integrate PV systems into the grid, first, it is very important to understand
how a PV panel work. Figure 2 shows the current-voltage (I-V) and power-voltage (P-V) characteristic
curves of a PV module. There are two important parameters of a PV module—short-circuit current (ISC),
which is the current that flows through the solar cells when its voltage is zero; and open-circuit voltage
(VOC), which is the maximum voltage a solar cell can provide when the current is zero. The power
drawn from a solar module is a product of the PV module voltage and current setpoints. As can be
seen in Figure 2, the power-voltage (P-V) characteristic curve of a PV module has a single maximum
power point (MPP) corresponding to a specific current (IMPP) and voltage (VMPP) under a level of
constant irradiance [28]. Then, one of the main purposes of a DC–DC converter used on a PV system is
to achieve the MPP of the PV array.

Figure 2. Current-voltage (I-V) and power-voltage (P-V) characteristic curves of a photovoltaic (PV)
module [29].

It is also important to understand the different categories of structures generally used to connect
the PV source to the load. These types of structures are known as centralized, string structure, and
module architectures.

The centralized structure aims at connecting all the PV modules of a PV array to a single converter,
which, depending on the system needs, can be a DC–DC converter or a DC–AC inverter, as shown
in Figure 3a. The main advantages of using this structure are the low-cost installations and the
simplicity of control as discussed in the literature [30]. However, the main drawback of this structure
is the high variation of the output power due to the mismatch conditions of the series-connected PV
modules. Mismatch conditions are generally caused by partial shading or dust accumulation in the PV
modules or, in other cases, due to silicon impurities or aging of the solar panels. Therefore, when these
mismatch conditions arise, a decrease in system efficiency is expected since the system cannot extract
the maximum power from the PV array [28]. Some of the most used inverter topologies when using
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this type of structure are low-frequency transformers and three-phase full bridges using insulated-gate
bipolar transistors (IGBTs) [19].

Figure 3. Conventional PV structures. (a) Centralized structure; (b) string structure; (c) module
structure [31].

On the other hand, string and module structures for PV systems were designed and developed to
extract the maximum energy from the system [28,31].

Figure 3b shows the string system architecture. As can be seen from the figure, PV modules are
series-connected and grouped in different strings. Unlike the centralized structure, each PV string
has its own DC–DC converter or AC–DC inverter that uses a maximum power point tracking (MPPT)
controller to extract the MPP of each string. This type of structure aims to increase the efficiency of
the system when mismatch conditions appear compared to the centralized structure, although the
power losses remain significant within the same strings [28]. To further improve the MPP tracking
efficiency of the solar PV system under mismatched conditions, the use of integrated module inverter
structures has been proposed in the literature. In this structure, each PV module has its own power
converter with an MPPT controller, as shown in Figure 3c. The main benefit of using this structure is
the improvement on the MPP tracking efficiency for each PV module, thus decreasing the power losses
produced by mismatch conditions. However, the use of this type of structure increases costs since a
power converter is required for each photovoltaic module used [31,32].

As described in the literature, in order to achieve high DC bus voltages in PV–grid tied systems, a
PV module series connection is usually used, allowing it to supply power to both the AC grid and
battery storage devices at a high efficiency (in this case, to the EV battery charger) [28,33]. However, as
discussed above, one of the main challenges to solve on the PV stage is the mismatch conditions that
affect the power provided by the PV array.

3. PV-Grid Tied Charging Stations for EVs and PHEVs

In this section it is presented the typical structure for a PV/grid-tied EV charging system. The most
important features and characteristics that the power electronic converters must provide are addressed.
Additionally, the operation modes of the system are explained.

3.1. Structure of the System

The typical structure for a PV/grid-tied charging system for EV/PHEV is shown in Figure 4.
The structure is interfaced through three power converters; in the PV stage, there is a DC–DC converter
with maximum power point tracking (MPPT), which is used to step up the voltage supplied by the
PV array and at the same time provide the maximum power to the common DC bus; a bidirectional
AC–DC inverter, which is part of the AC grid stage, aims to control the power factor and the current
injected into the grid, and regulate the DC voltage to adapt to that required by the common DC bus [34];
and a bidirectional DC–DC converter, which belongs to the charger stage, serves as an interface for the
EV/PHEV, controlling the DC charging current. All of these components are connected to the common
DC bus, which has a voltage range from 200 VDC to 600 VDC, according to the SAE J1772 standard
reviewed on Section 2.1 [13]. A central controller is also required in the system to establish the power
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flow and activation of the power converters based on different constraints, e.g., minimum charging
cost, maximum profit, etc. [13,35–37].

Figure 4. Overall PV/grid-tied electric vehicle (EV) charging system structure [13,31].

The use of a bidirectional inverter in the AC grid stage, as shown in Figure 4, will allow the
transfer of excess power from the PV array to the AC grid throughout the sunny hours of the day.
Additional, with this proposed system, the flow of power from the EV battery to the grid (V2G) will be
allowed. During low solar irradiation, the battery can draw energy from the grid. In order to facilitate
the inverter and rectification modes of operation in the PV/grid-tied charging system, a bidirectional
inverter is used [38–41].

To interconnect all the stages, the power converters must guarantee some characteristics to suit
the system. For example, according to the grid needs, the power converters must provide a high power
factor, with zero distortion and galvanic isolation to protect both, the grid and the EV [17]. As stated
in the literature, this galvanic isolation can be implemented on the front-end of the AC–DC inverter
through a low-frequency transformer. Another option to implement the isolation can be using an
isolated DC–DC power converter at the charger stage by using a high frequency transformer [17,34].

Furthermore, at the charging stage, a power converter is required to control the charging power
of the EV battery, so that the battery life can be maximized. It is also worth noting that the converters
selected for this application must have high efficiency since high power is transferred to and from the
common DC bus. [17].

3.2. Operating Modes

To operate the proposed system shown in Figure 4, a central controller connected to the three
power electronic converters in the system is required. This central controller aims to manage the
battery charging operation, depending on the state of charge (SOC), controlling the power flow in
the system. Based on the state of the EV battery, the power available to be delivered by the PV array
and the grid electricity prices, the central controller will decide the mode of operation of the system.
The following are the typical modes of operation of a PV/grid-tied EV charging system [13]:



Appl. Sci. 2020, 10, 4988 8 of 24

3.2.1. Mode 1 (PV to Battery)

This operating mode works when the PV array provides enough energy to completely charge the
EV. In this way, the MPP is obtained through the DC–DC converter on the PV stage, and it is transferred
to the battery by the DC–DC converter of the DC charger stage. The main purpose of this converter is
to regulate the voltage from the common DC bus to suit the charging parameters of the EV battery
pack. When operating in this mode, the grid is electrically disconnected from the EV charging system.
The charging by PV only mode is shown in Figure 5a.

Figure 5. Operating modes for the PV-grid-tied EV charging system. (a) PV to battery; (b) grid to
battery; (c) PV and grid to battery; (d) PV to grid; (e) vehicle-to-grid (V2G) [13].

3.2.2. Mode 2 (Grid to Battery)

In this operation mode, the EV will be charged directly with the power from the AC grid only if
the PV array cannot supply the power necessary to feed the battery pack of the EV. In this case, the
irradiance must be extremely low or non-existent, thus cutting off the supply of power to the EV. In this
way, the bidirectional inverter works as a rectifier, converting the AC power to DC directly to the
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common DC bus; then, this voltage is adjusted by the DC–DC charger to supply the required voltage
for the EV. This mode of operation is shown in Figure 5b.

3.2.3. Mode 3 (PV and Grid to Battery)

As shown in Figure 5c, in this operating mode the power required to charge the EV is provided by
the grid and the PV at the same time. This mode comes into operation when the PV cannot provide
enough power to independently charge the EV battery but is able to supply a certain part of the
required power. Depending on how much energy the PV can distribute, the amount of energy supplied
from the grid varies; any deficiency is reimbursed by the grid. As the nature of irradiance conditions is
variable, the system controller has to properly distribute the amount of power delivered by the PV and
the grid, ensuring that the power required by the EV is reached.

3.2.4. Mode 4 (PV to Grid)

During a scenario in which the PV is generating energy yet no EV is available for charging, a
two-step conversion process is utilized to ensure excess energy is sold back to the grid, i.e., by the
bidirectional inverter in inversion mode and MPPT DC-DC converter. Despite the EVs availability for
charging, in certain circumstances, it would be more cost-efficient to engage in this practice. Amid an
instance when the feed-in-tariff rate quite exceeds that which made such proposition viable, this
circumstance would be much more feasible. This operating mode is displayed in Figure 5d.

3.2.5. Mode 5 (Vehicle-to-Grid)

A vehicle-to-grid (V2G) is used to transfer power in this approach as indicated in Figure 5e.
At specific intervals of hours of the day, the cost of energy is the highest; ultimately, energy can be
diverted from the EV to the grid when excess energy is present in the parking lot. This is easily
attainable by utilizing the bidirectional DC–DC charger and the inverter. The negative side effect of
this election is the reducing of the battery’s life that in this process is not chosen unless financial gains
are made aware by choosing it.

4. Power Converter Topologies

This section presents several topologies of isolated/non-isolated DC–DC converters and AC–DC
inverters to interface the PV, the grid, and the EVs/PHEVs, all of them classified depending on the stage
where they can be used—the PV stage, AC grid stage, or charger stage for the EV. Several DC–DC and AC–DC
converter topologies and their applications are discussed in references [13,17,22,25,29,33,34,38,42–58].

4.1. PV Stage (Unidirectional DC–DC Converters)

In the PV stage, a unidirectional DC–DC converter is required that is capable of extracting the
maximum power from each solar module in a PV array and at the same time maintaining the voltage
at the output of the converter, which is connected to the DC bus of the system.

During high temperatures and low levels of irradiation, the PV endures its main issues with
performance, significantly reducing the power provided by the PV array [33]. When using non-isolated
or transformerless converters, the use of series-connected PV modules is necessary to achieve the
required voltage of the DC bus. However, as discussed in Section 2.2, these mismatch conditions
become more problematic when series-connected PV modules are used. Many solutions are reported
in the literature with the aim of addressing this problem.

As reported by Esram and Chapman [30], several maximum power point tracking (MPPT)
techniques have been developed and implemented. The methods most used are perturb and observe,
incremental conductance, fuzzy logic control, and hill climbing; however, this last technique is the
most preferred, since it reduces oscillation in steady state, thus providing better tracking efficiency.
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On the other hand, methods such as artificial neural network or fuzzy logic control are more flexible
when handling module mismatch or partial shading conditions according to [13,59].

The most used power converters for the PV stage are the standard non-isolated, boost, and
buck-boost topologies. Although, there is also reported the use of Cuk and single-ended primary
inductor converter (SEPIC) in the literature [13,29,42].

To acquire a higher output voltage, the input voltage magnitude must be stepped up accordingly
as shown in Figure 6a by the DC–DC boost converter [29]. On the other hand, the magnitude of the
input voltage can either be lower or higher than the output voltage magnitude when we speak of the
buck-boost topology, as indicated in Figure 6b. This converter is developed using a boost and buck
basic topologies cascade connected. The Cuk converter is shown in Figure 6c; its work mimics the
buck-boost converter. The common terminal of the input voltage is employed with reverse polarity so
that the Cuk converter can step up or down input voltage. The SEPIC shown in Figure 6d, also has the
same features of a buck-boost converter: possesses a non-inverting output polarity and step up and
down the input voltage [29].

Figure 6. Schematic diagram of non-isolated DC–DC converters. (a) Boost converter; (b) buck-boost
converter; (c) Cuk converter; (d) single-ended primary-inductor converter (SEPIC) [29,60].

Table 2 describes the main advantages, disadvantages, and applications of the aforementioned
converters used in the PV stage.

Table 2. Comparison of non-isolated DC–DC converters for the PV stage.

Ref. DC-DC Topology Advantages Disadvantages Applications

[29,42,58] Boost Converter

• The reverse current is
blocked by the
free-wheeling diode

• It is remarkably the most
effective topology at
any price

• Less ripple on output side
• Cheaper filter components
• It has output

non-inverted polarity

• MPP cannot be tracked
under low
irradiation conditions

• It has a
non-operational region

• It cannot achieve
values near the
modules VOC

• Not suitable for high
variability
environmental conditions

• Low input voltage and
high output
voltage required
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Table 2. Cont.

Ref. DC-DC Topology Advantages Disadvantages Applications

[29,42] Buck-Boost
Converter

• This converter can operate
in any operating region of
the PV module (from ISC to
VOC)

• It is the only topology
capable of tracking
load resistance

• It is able to track the
modules’ MPP at varying
conditions of irradiance,
temperature and load

• There are many
harmonic components
in the input current

• It has a high input
voltage ripple

• It has substantial
noise issues

• It is more complex
and expensive

• It has a high current
and voltage stress on
the switch

• Cost is inversely
proportional
to efficiency

• Lower efficiency than
the boost converter

• The switch drive
is floated

• It has output
inverted polarity

• Used for
charging systems

[29,42] Cuk Converter

• This converter can operate
in any operating region of
the PV module (from ISC to
VOC)

• Prevent large harmonics at
the input

• It is more reliable and less
noisy than other topologies
due to the inductors at the
input and output

• High number of
passive components

• It has high electrical
stresses on the devices

• The switch drive
is floated

• It has output
inverted polarity

• Low voltage DC supply
for electric vehicles

[29,42] SEPIC Converter

• It has output
non-inverted polarity

• The switch drive is
grounded, simplifying the
gate-drive circuitry

• Less ripple on input side
due to the continuous
input current

• This converter can operate
in any operating region of
the PV module (from ISC to
VOC)

• More ripple on
output side

• Medium efficiency
• Most expensive than

the other topologies
• High number of

passive components

• Low power
charger systems

4.2. AC Grid Stage (AC–DC Converters)

PV-grid connected charging systems for EV/PHEV can be connected either to a low voltage
(LV) or a medium voltage (MV) AC grid [25]. However, this paper is focused on the LV AC source.
In PV/grid-tied EV charging systems, unidirectional or bidirectional inverters can be used, though,
bidirectional inverters are often used to enable the V2G mode of operation or to feed the excess power
from the PV to the grid, as will be explained later in another section. Inversion and rectification are the
two modes of operation of a bidirectional inverter. When operating in the inversion mode, the power
on the DC bus is fed back to the grid, synchronizing the magnitude and frequency with that of the AC
grid, acting as a DC-AC inverter. In contrast, when operating as a rectifier, power is transferred from
the grid to the DC bus, configured as an AC-DC converter. Therefore, the inverter used in this stage
must be able to operate in any of the current/voltage quadrants [13,16,54].

The following are the bidirectional AC-DC inverter topologies that will be discussed:

1. One-phase half-bridge (HB) bidirectional boost inverter (Figure 7a);
2. One-phase voltage source inverter (VSI) full-bridge (FB) bidirectional boost inverter (Figure 7b);
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3. One-phase one-stage isolated bidirectional inverter with output low pass filter (LPF) (Figure 7c);
4. Full-bridge (FB) bidirectional inverter with leakage current reduction (Figure 7d);
5. Three-phase full-bridge (FB) bidirectional inverter (Figure 7e);
6. Three-level three-phase diode neutral point clamped (NPC) inverter (Figure 7f);
7. Three-phase bridgeless boost inverter (Figure 7g);
8. Three-phase Vienna rectifier (Figure 7h).

Figure 7. Cont.
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Figure 7. Schematic diagram of bidirectional AC-DC inverter topologies. (a) one-phase half-bridge (HB)
bidirectional boost inverter; (b) one-phase voltage source inverter (VSI) full-bridge (FB) bidirectional
boost inverter; (c) one-phase one-stage isolated bidirectional inverter with output low pass filter (LPF);
(d) FB bidirectional inverter with leakage current reduction; (e) three-phase FB bidirectional inverter;
(f) three-level three-phase diode neutral point clamped (NPC) inverter; (g) three-phase bridgeless boost
inverter; (h) three-phase Vienna rectifier [13,34,46,47,56,57,61–64].

Table 3 presents a comparison of the main characteristics of the aforementioned bidirectional
AC–DC converters topologies used in the rectifier/inverter stage on a PV/grid-tied EV charging system.

Table 3. Comparison of bidirectional AC–DC inverter topologies.

Ref. Inverter
Topologies Advantages Disadvantages Applications

[13,18,28,38,44–46,61,65]
One-Phase HB

Bidirectional Boost
Inverter

• Two switches are employed to
obtain double boost conversion
at the DC bus

• The voltage at the DC bus is
almost matched by the
peak-to-peak voltage of the
AC source

• Zero Voltage Switching (ZVS)
can be used to enhance the
efficiency of this topology

• High forward current
conditions and high
voltage are the settings
under which rectifier
diodes work under

• Reverse recovery issues
are ongoing

• DC-side
leakage current

• The DC bus possess
harmonic currents at
double the grid
frequency during
which the switches
endure high voltage
stress, ultimately
creating
harmonic currents

• Low power microgrid
battery interface

• Low power
EV charging

• Low power density

[13,17,18,38,44–46,61]
One-Phase VSI FB
Bidirectional Boost

Inverter

• PWM switching can result in
active rectification

• Less voltage stress on the
switches than in the 1-phase
HB inverter

• High power factor

• DC-side
leakage current

• Medium power
microgrid
battery interface

[13,63]

One-Stage Isolated
Bidirectional
Inverter with
Output LPF

• It produces an output voltage of
±VDC

• It provides an isolation between
the grid and the common DC bus

• It is more expensive
and robust

• Low output
power supply

• High electromagnetic
compatibility (EMC)

• High
power applications
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Table 3. Cont.

Ref. Inverter
Topologies Advantages Disadvantages Applications

[13,38,62]

FB Bidirectional
Inverter with

Leakage Current
Reduction

• Dwindles the common-mode
electromagnetic interference in
the AC-side

• Minimize the DC-side
leakage current

• It uses a split-phase single-phase
as an input voltage

• Non-ideal conditions
have resulted in the
continued existence of
high-frequency
common mode noise;
despite the fact that the
common mode noise of
the bipolar modulation
is theoretically zero

• The AC grid possesses
a low-impedance
grounding scheme and
as such both the
positive and negative
DC rails will display
the generated common
mode noise

• High power factor
• Medium power density
• High power

charging applications

[13,38,57,66,67]
Three-Phase FB

Bidirectional
Inverter

• An output voltage of ±VDC is
created by full-bridge topology

• When comparing equal power
levels of the half-bridge
topology, it displays lower
switch stress and losses

• Has a high-power factor with
most of the control techniques
(i.e., hysteresis current control,
sinusoidal PWM, space vector
modulation, sliding mode
control, and one cycle control)

• In order to reach equal
voltage sharing
between the split
capacitors, an
expensive,
sophisticated and large
capacitor is needed

• A perturbation in the
control scheme is
caused under extreme
unbalanced and
nonlinear conditions
stemming from a large
neutral current flow
through the
neutral path

• High power
electric drives

• Low cost
• PWM

controlled rectifiers
• High power

charging applications

[34,43,47]
Three-Level

Three-Phase Diode
NPC Inverter

• Supports bipolar common
DC bus

• Reduces stress on the power
switching devices

• Offers a high-power capacity
• It is capable of producing a

five-level output voltage
• Provides a good power quality

at the PCC with less
harmonic currents

• A smaller filter requirement
is needed

• Possesses superior current
performance than the
VSI topology.

• Uses a large number
of components

• The positive and
negative DC bus
possesses unbalanced
power that leads to
create a lower current
on the grid side,
ultimately resulting in
instability in the grid

• Complex control

• High power fast
EV charging

• High voltage drives

[17,34,57]
Three-Phase

Bridgeless Boost
Inverter

• The most common control
schemes used for this topology
include Sliding Mode Control
(SMC), Hysteresis Current
Control (HCC), Sinusoidal
Pulse-Width Modulation
(SPWM), and Space Vector
Modulation (SVM)

• Some of the proposed topologies
focus on reducing the stress on
the active devices while others
focus on minimize the filter size

• Unidirectional power
flow, limiting
V2G operations

• Complex control
• Has a

high-power stress

• Medium power single
DC-microgrid-grid interface

• Low cost
• Low power quality

[17,25,34,64,68,69] Three-Phase
Vienna Rectifier

• Has fewer losses of reverse
recovery currents

• The controller uses a high
frequency Pulse-Width
Modulation (PWM)

• Free neutral connection
• Simple control
• High power factor
• The dead time problems

are removed

• Unidirectional power
flow, limiting
V2G operations

• Uses large number
of components

• Low cost
microgrid—grid interface

• High voltage DC bus
for DC microgrid

• Fast
charge applications

• Double the line-to-line
voltage is the minimal
boost voltage for
this inverter
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4.3. Charger Stage (Bidirectional DC–DC Converters)

The main purpose of a DC–DC converter is to regulate the output voltage and current on the
common DC bus to suit the current required to charge the EV [13]. This paper is focused on bidirectional
topologies; however, if the V2G operation is not required, this capability is not necessary [13]. Several
topologies are discussed on the literature [13,22,34,38]. These topologies are classified into isolated and
non-isolated DC–DC converters. However, isolated converters are more preferred than non-isolated
types because of the high gain and galvanic isolation [13].

4.3.1. Non-Isolated Charger Topologies

The following are the non-isolated bidirectional converter topologies that will be analyzed:

1. Bidirectional converter with coupled inductors and output filter (Figure 8a);
2. Zero-voltage-switching (ZVS) interleaved HB converter (Figure 8b);
3. HB converter with resonant circuit (Figure 8c);
4. Zero-voltage-transition (ZVT) interleaved converter with resonant circuit (Figure 8d);
5. ZVS HB converter with coupled inductors (Figure 8e);
6. Three-phase interleaved buck converter (Figure 8f).
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Figure 8. Schematic diagram of non-isolated bidirectional DC–DC converters. (a) Bidirectional
converter with coupled inductors and output filter; (b) zero-voltage-switching (ZVS) interleaved HB
converter; (c) HB converter with resonant circuit; (d) zero-voltage-transition (ZVT) interleaved converter
with resonant circuit; (e) ZVS HB converter with coupled inductors; (f) three-phase interleaved buck
converter [13,34,48,49,70–75].

Table 4 presents a comparison of the main characteristics of the aforementioned non-isolated
bidirectional DC–DC converters used in the EV charger stage.

Table 4. Comparison of non-isolated bidirectional DC–DC converter topologies.

Ref. Charger
Topologies Advantages Disadvantages Applications

[13,38,48,70,71]

Bidirectional
Converter with

Coupled Inductors
and Output Filter

• Step down/up functions
• It does not require an extra

filter circuit since the
coupled inductor acts as
a filter

• A smoother control is
offered by the
coupled inductor

• It has an efficiency of 95%
when operating at rated
power despite not having
ZVS and Zero Current
Switching (ZCS)

• Least expensive than
other topologies

• Faces the right half
plane zero effect within
the output voltage to
duty cycle in
continuous conduction
mode (CCM)

• The dynamic
performance of the
converter is limited

• Require a floating drive
since the switch is not
near ground

• Low power solar
PV charger

• Solar PV power supply

[17,38,49] ZVS Interleaved
HB Converter

• The use of the snubber
capacitor allows to achieve
the soft switching turn off
at negative voltage instead
of zero

• Turn on soft switching is
achieved using a
complementary gate
signal control

• The input ripple current
is reduced

• The inductor size is
reduced due to the use of
the interleaved technique

• It is the most expensive
among the other
topologies discussed

• High power low ripple
power supply

• Portable programable
power supply

[13,38,72] HB Converter with
Resonant Circuit

• High voltage gain
• Can handle high power in

charge and discharge mode
• Using the auxiliary

resonant circuit, the ZVS
and ZCS are implemented

• Reduced voltage stress on
the switches

• It has a reduced output
voltage due to the
equivalent series
resistance (ESR) drop
of the active and
passive devices

• The operation of
couple inductors
produce a considerable
input current ripple

• Low cost battery
continuous duty
charging application

• Uninterruptable
power supply

• Not suitable for high
power applications

[13,38,73]
ZVT Interleaved
Converter with

Resonant Circuit

• The input ripple current is
reduced by using the
interleaving technique

• High voltage gain
• Low switch current and

voltage stresses
• The reverse recovery

effects can be minimized
since the rectifier diodes
realize ZCS condition

• There are not
drawbacks mentioned
on the literature of the
proposed topology

• Low ripple programable
power supply

• Robust closed loop control
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Table 4. Cont.

Ref. Charger
Topologies Advantages Disadvantages Applications

[13,38,74]
ZVS HB Converter

with Coupled
Inductors

• For heavy loads, by
selecting a ZVS mode, it is
obtained a high efficiency

• For light loads, by selecting
a hard-switching mode, it
is also obtained a
high efficiency

• At light conditions the
efficiency decrease

• When the load
decrease, the recycled
energy increases

• Medium power constant
load DC power supply

[34,75,76]
Three-Phase

Interleaved Buck
Converter

• Efficiency is improved by
using separate inductors

• The current is shared
between the
multi-phase modules

• The number of phases
is inversely
proportional to the
inductor size

• In phase current, it has
a high THD

• High power DC drive
• Fast DC charger
• Applications with isolated

front
low-frequency transformers

4.3.2. Isolated Charger Topologies

The following are the isolated bidirectional DC-DC converter topologies that will be discussed:

1. ZVS dual active bridge (DAB) converter (Figure 9a);
2. Phase-shift FB converter (Figure 9b);
3. FB LLC resonant converter (Figure 9c);
4. ZVS FB converter with capacitive output filter (Figure 9d);
5. Four interleaved flyback converters (Figure 9e).
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Figure 9. Schematic diagram of isolated bidirectional DC–DC topologies. (a) ZVS DAB converter;
(b) phase-shift FB converter; (c) FB LLC resonant converter; (d) ZVS FB converter with capacitive
output filter; (e) four interleaved flyback convert [13,17,38,50,77–79].

Table 5 describes a comparison of the main characteristics of the above-mentioned isolated
bidirectional DC–DC converters used in the EV charger stage.

Table 5. Comparison of isolated bidirectional DC–DC converter topologies.

Ref. Charger
Topologies Advantages Disadvantages Applications

[13,38,77] ZVS DAB
Converter

• By using snubbers capacitors,
ZVS mode can only be achieved
for specific conditions

• It has low switching losses

• Higher switching
frequencies cause high
turn-off losses

• ZCS mode is
not enabled

• High voltage applications
• High level of

reliability required

[17,34,80,81] Phase-Shift FB
Converter

• Primary switches
require soft-switching

• Simple control
• The freewheeling interval

possess high current flow
• Achieve higher efficiency that

conventional FB topologies
• The PWM control reduce

switching losses and current
stress on devices

• High voltage stress on
the rectifier bridge

• Hard switching losses
and the loss of
guarantee with ZVT
operation are
consequences of PHEV
current requirements
dropping below
minimum critical
output current value

• High power and high
frequency applications

[22,34,78,82–84] FB LLC Resonant
Converter

• It can achieve high efficiency in a
full range of ZVS for primary
switches, in high voltage
operations and at the
resonant frequency

• No reverse recovery current in
addition to an absent oscillation
voltage across the rectifier diodes

• The output voltage is able to be
regulated during the
hold-up time

• The transformer and
filter designs
are complex

• When the battery
voltage is low, its
operation is
less efficient

• Energy conversion systems
• Power supply
• PV applications

[22,79]
ZVS FB Converter

with Capacitive
Output Filter

• The diode rectifier ringing is
minimized inherently on the
current fed topologies with
capacitive output filter

• At ZVS mode can achieve high
efficiency (approx. 95.7%)

• Has reverse recovery
losses in the secondary
rectifier diodes

• Has high
voltage ringing

• High power applications

[50] Four Interleaved
Flyback Converter

• For bidirectional operation, the
antiparallel diodes and
MOSFETs are used on both sides
of the transformer

• As a result of the two MOSFETs
connected in parallel on the
secondary side, there was a
reduction in conduction losses

• Provides isolation as required by
the EV charging standards

• Use less switches than the DAB
and resonant
converter topologies

• In both charging and V2G
operation a quasi-resonance
(QR) mode is operated

• Cause a reduction in turn-on
losses resulting from low-voltage
switching (LVS) or ZVS

• Turn-off losses approach zero,
because resonant capacitors
absorb turn-off energy

• It is more expensive
than other topologies
due to the
transformer used

• The topology is
more robust

• Suitable for low power
applications, however when
using SiC devices in a QR
mode, high efficiency at high
powers can be achieved
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4.3.3. Single-Stage Conversion (Z-Source Inverter)

A single-phase Z-source inverter has been discussed in the literature [52,53,55]. The schematic
of the Z-Source inverter is shown in Figure 10. One of the main advantages of the Z-converter is the
double modulation capability, in addition to the fact that, while regulating the charge of the EV battery,
it can simultaneously shape the grid current [53].

Figure 10. Schematic diagram of a Z-source inverter (ZSI) for a PV/grid-tied system [55].

A single-phase modified Z-source inverter (ZSI) topology was proposed by Singh [55]. According
to Singh in his proposed topology, the capacitor voltages vary between twice the minimum battery
voltage up to twice the fully charged battery voltage when battery voltages vary between 200–500
V. The converter operates between D0min to Dmax for vpvmax to vpvmin respectively. The proposed
cascaded configuration system has the following advantages [55]:

• Single point of fault is avoided;
• ZSI has a packed structure due to the decreased number of stages;
• Galvanic isolation is feasible between the charger side and the PV and grid;
• Presents an opening to step up the charging power levels by adding such converters;
• Any battery voltage levels can be charged by changing the charger side of the converter between

voltage sharing or current sharing;
• Due to the dependency on the size of passive components, higher frequency this inverter can be

designed using wide-band-gap devices.

5. Conclusions and Future Prospects

This paper thoroughly presented an intensive review on the most used power electronics interfaces
for PV, smart grid, and transportation electrification. Several topologies of isolated and non-isolated
DC–DC converters were described. The main advantages and disadvantages of the unidirectional
DC–DC converter topologies used to interface PV modules with the grid and EV chargers were
described. From the literature, it was concluded that the most used topologies for PV/grid-tied systems
are the boost and buck-boost converters, although other topologies such as SEPIC and Cuk converters
are also being improved to obtain a higher efficiency at a cheaper cost.

Additionally, it is known that the MPPT is a very important part of the PV controller; for this
reason, there are many studies on the improvement of the MPPT techniques to enhance the efficiency
of the PV system. A complete summary of numerous isolated and non-isolated AC–DC inverters were
described. It has been observed that the non-isolated AC–DC inverters can only be used with systems
that include an isolated front low frequency transformer. Otherwise, there has to be implemented an
isolated power converter solution to interface the grid with the common DC bus.

The cost in most of the converter topologies is compromised by the efficiency, since, in order to
obtain a higher efficiency in many cases, it has been necessary to increase the number of components
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of the system. Thus, the reduction of the component cost is one of the targets for the future work on
the power electronics-based solution interfaces for PV/grid-tied charging systems. Less expensive
solutions in which the system stages are reduced, therefore reducing the number of components, such
as the modified single-stage Z-source converter, are currently being studied. It is necessary to keep
researching on cost-effective solutions to interface EV chargers to different supply sources.
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