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Abstract: This paper provides a comprehensive review of Partial Power Converter (PPC)
topologies and control methods for fast electric vehicle (EV) charging applications. Partial
Power Converters are gaining traction to enhance converter efficiency, reduce power losses,
and minimize component sizes by processing only a portion of the total power. This review
covers key PPC topologies, including different partial power converters, and highlights
their advantages and limitations in the context of EV charging. Various control methods
that optimize the performance of these converters are also discussed. The paper presents
a comparative analysis between partial power and full power converters. Finally, this
review synthesizes the main findings and proposes guidelines for selecting appropriate
PPC architectures for future fast EV charging stations.
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1. Introduction
In recent years, society has increasingly focused on addressing environmental dete-

rioration, prompting significant efforts to integrate renewable power systems and smart
microgrids to mitigate greenhouse gas emissions that contribute to global warming. Fuel-
powered vehicles brought convenience but also raised concerns about pollution and energy
sustainability. The transportation sector contributes 30% to the overall total carbon emis-
sions, with road transport contributing over 70% of this. Promoting electric vehicles (EVs)
is essential for reducing energy use and achieving sustainability [1,2]. Also, the declining
availability of fossil fuels has further highlighted the importance of electric vehicles (EVs)
as a sustainable alternative to reduce dependency on non-renewable resources [3–6].

The EV sales are projected to rise rapidly over the next few years, Increasing from
3.1 million in 2020 to 14 million by 2025. Additionally, the global shift towards electric vehi-
cles (EVs) is reflected in the significant growth of EV adoption, which has accelerated with
an average annual growth rate of 24% expected from 2023 to 2035 [7]. This rapid expansion
is projected to result in EVs making up 30% of the global vehicle fleet by 2035, showcasing
the increasing integration of EVs into the market. Figure 1 illustrates this global growth
trend highlighting several main regions. This growth supports global initiatives aimed
at lowering greenhouse gas emissions and shifting toward sustainable energy sources.
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Several factors have accelerated this transition, including heightened environmental con-
cerns, the reduction in EV costs, governmental incentives, and significant improvements in
battery technology, such as enhanced range and lifespan, which have collectively boosted
consumer confidence in EVs [8]. Even with the increasing enthusiasm for electric vehicles
(EVs), numerous obstacles still stand in the way of their mass adoption, including tech-
nical, economic, and policy challenges. Issues such as high battery costs, limited battery
lifespan, reliability concerns, reduced driving range, lengthy charging times, and complex
charging infrastructure hinder the advancement of EV technology [9,10]. Furthermore,
developing appropriate power converter topologies and implementing advanced control
strategies are crucial for achieving reliable, cost-efficient performance during high-power
delivery and improved efficiency. Although EV adoption generally does not cause major
disruptions to the electrical grid’s distribution, transmission, and generation, unmanaged
EV charging can lead to a sudden increase in load, potentially requiring utilities to modify
existing infrastructure sooner than planned [11]. Additionally, EV chargers can generate
undesirable harmonics that negatively affect the quality of power in the system, though
this issue can be mitigated with harmonic compensation techniques in the rectifier stage of
the EV charger [12,13].
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With modern electric vehicles (EVs) featuring larger battery capacities and extended
driving ranges than earlier models, the demand to support energy-efficient EV charging
infrastructure capable of fast and ultra-fast charging is steadily increasing [14–17]. Since the
battery lifespan and charging duration are closely linked to the performance of EV chargers,
the design, development, and control strategies of these chargers play a critical role in
building an effective fast-charging infrastructure. Different levels of charging have been
developed, namely, Level-1, referred to as slow residential charging, Level-2 as commercial
charging, and Level-3 DC fast charging and ultra-fast charging in accordance with the needs
of the users and application requirements, from overnight home charging to quick refueling
for longer distance traveled [18]. Among these, fast and ultra-fast charging systems are
considered critical to speed up the charging time as well as minimize the energy lost and
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range anxiety resulting from the use of electric vehicles. Even with fast EV charging, an
ideal EV charger is expected to offer high efficiency, elevated power density, and strong
reliability while also maintaining low cost, minimal weight, and compact size. Partial-
power conversion is an appropriate solution to reduce the size and weight of electronic
components, which in turn lowers the costs and volume of the overall charger. A Partial
Power DC–DC Converter processes only a fraction of the total power, regulating the system
while the rest of the power is directly bypassed to the load [19–23].

In the existing literature, various review papers have explored different aspects of
partial power converter (PPC) topologies and their power conversion techniques, each of
which contributes unique insights into the field. Ref. [24] primarily focuses on the struc-
tural classification of isolated and non-isolated DC–DC converter topologies within Partial
Power Processing (PPP). It discusses the theoretical operation limits and revisits compo-
nent stress factors while exploring the energy efficiency improvements PPCs offer over
traditional full-power converters. However, it emphasizes that the applicability of PPCs
needs to be carefully assessed depending on specific operational scenarios, and further
research is suggested in areas like fault tolerance and resonant converters. Ref. [25] shifts its
attention to photovoltaic (PV) applications, evaluating power converter topologies based
on cost and power loss factors. It provides a detailed comparative analysis for high-voltage
gain applications, noting how different converter types perform in terms of these factors.
Although not focused specifically on EV charging, it highlights the importance of efficiency
and component selection in achieving optimal converter performance, especially in renew-
able energy systems. Ref. [19] offers a comprehensive review of PPP architectures and
introduces a universal nomenclature to reduce confusion. It outlines three primary strate-
gies: Differential Power Converters (DPC), Partial Power Converters (PPC), and Mixed
Strategies—exploring how each strategy manages power flow and efficiency. While the
focus is on PPP for PV, energy storage systems (ESS), and electric vehicle (EV) applications,
it contributes to the field by formalizing a classification system for PPP architectures and
evaluating their benefits and trade-offs in various applications. Ref. [21] delves deeper into
series-connected partial power converters (S-PPCs), providing insights into the active and
nonactive power processing within these converters. It evaluates the reduction of power
processed by the converters, improving efficiency and component ratings for applications
such as PV and EV charging. The paper provides a detailed analysis of how step-up/-down
topologies can be optimized for power reduction and efficiency. Ref. [26] broadens the
scope to multiport power converters (MPCs), which integrate multiple energy devices into
a single hub. The review focuses on evaluating MPC topologies for distribution networks,
analyzing their scalability, control complexity, and efficiency in decarbonizing power grids.
Though its primary focus is on distribution networks, its findings on multiport topologies
offer insights into the potential flexibility and high efficiency of converters for various
applications, including EVs.

Ref. [27] presents a detailed overview of both AC–DC and DC–DC converter topolo-
gies used in off-board EV fast chargers, including Vienna, buck, boost, LLC, and Dual
Active Bridge (DAB) converters. It also evaluates various control strategies such as power
factor correction (PFC), constant current–constant voltage (CC–CV) charging, and soft-
switching methods. Additionally, the paper discusses multiport converters for integrating
PV, energy storage, and grid systems and highlights emerging trends like ultra-fast and
wireless charging, grid-forming control, and smart grid integration, while Partial Power
Converters (PPC) or Partial Power Processing (PPP) are only mentioned in the future
directions section as a promising avenue for improving efficiency and reducing system cost.
Therefore, this review specifically addresses this gap by providing a focused and compre-
hensive review of PPC topologies, control methods, and their advantages for high-power
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EV fast charging applications. In ref. [28] authors provide a detailed review of various
charging topologies and methodologies for EV battery charging. It covers conventional
and advanced topologies, including unidirectional and bidirectional chargers and isolated
and non-isolated DC–DC converters like boost, buck, resonant, and interleaved convert-
ers. The paper also evaluates control strategies such as constant current/constant voltage
(CC/CV), power factor correction (PFC), and zero-voltage switching (ZVS) while exploring
emerging charging methods like wireless and inductive charging. Additionally, it compares
on-board and off-board charging architectures, discussing their challenges and trade-offs,
and proposes future research directions, including ultra-fast charging and integration with
renewables. However, the review centers on full power processing converters and does not
discuss Partial Power Converters, while concepts like interleaving and modular converters
are mentioned, which relate in principle to the goals of PPP (i.e., improved efficiency
modularity). This gap highlights the unique contribution of the presented work on PPC.

Existing review papers have extensively examined the applications of Partial Power
Converters (PPC) in photovoltaic (PV) systems, wind energy, and energy storage technolo-
gies, underscoring their role in improving efficiency and reliability. At the same time, the
review of the potential of Partial Power Converters, specifically for EV charging applica-
tions, remains underexplored. The rapidly growing adoption of electric vehicles (EVs)
presents unique challenges and opportunities for PPC applications, such as bidirectional
power flow and more efficient EV chargers, by reducing component stress and enhancing
efficiency [29]. Therefore, this review aims to provide a comprehensive analysis of the
applications of Partial Power Converters in electric vehicle (EV) charging systems, focusing
on their control methods and operational strategies. It seeks to offer insights into the current
state of research and highlight the advancements, challenges, and potential of PPCs in EV
charging applications while providing a roadmap for future developments.

Figure 2 illustrates the structured layout of the review, outlining its seven main sec-
tions. The structure of this paper is organized as follows: Section 2 provides a review
of the state-of-the-art EV charging infrastructure, highlighting advancements in AC and
DC system integration, as well as emerging trends in smart charging solutions. Section 3
introduces Partial Power Converters (PPC), explaining their fundamental principles, oper-
ational characteristics, and key applications in EV charging. Section 4 explores different
PPC topologies, analyzing their impact on efficiency, power management, and overall
system performance within charging infrastructures. Section 5 provides a detailed discus-
sion of control strategies for PPCs, focusing on methods that enhance system reliability,
dynamic response, and energy optimization. Section 6 examines the selection of converter
topologies and system architectures, offering insights into optimal design approaches for
high-performance EV charging stations. Finally, Section 7 summarizes the key findings,
discusses technological challenges, and outlines future research directions.
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2. State of the Art and Architecture of EV Charging Station
Current challenges in fast EV charging include charging speed, inefficient power

conversion, and the need for robust grid integration. Additionally, the wear and tear on
batteries from high charging currents, as well as the high cost of fast-charging infrastructure,
pose significant obstacles to widespread adoption. While new technologies enable charging
times as low as 10–15 min [30–32], such high-power demands strain local power grids,
especially during peak hours. Additionally, repeated exposure to high-voltage charging can
accelerate battery degradation. Advanced EV chargers with smart energy management can
help mitigate these issues and support more sustainable scaling. Also, with the increasing
global shift towards electric mobility, the demand for fast chargers that are not only efficient
but also compact and cost-effective has become increasingly urgent. Fast EV chargers must
deliver high power quickly without excessive energy losses, all while occupying minimal
physical space and remaining economically viable for large-scale deployment. Develop-
ing such solutions is essential to support widespread adoption and ensure a practical,
sustainable charging infrastructure.

This section provides a comprehensive overview of the state-of-the-art EV charging
technologies and the evolving architecture of modern charging stations. The discussion
begins by classifying various EV charging methods—such as conductive, inductive (wire-
less), and battery swapping—followed by a detailed breakdown of charging levels based
on power output and application scenarios. This section also explores the structural design
of EV charging systems, focusing on AC-connected and DC-connected configurations, their
respective advantages and limitations, and the key components involved in power con-
version. Explaining the emerging trends like the integration of renewable energy sources,
energy storage systems, and vehicle-to-grid (V2G) capabilities.

Figures 3 and 4 illustrate the architecture of off-board electric vehicle (EV) charging
systems. While Figure 3 presents a simplified block diagram, Figure 4 provides a more
detailed structure incorporating an LF isolation transformer, AC-DC conversion, and an
isolated DC-DC stage for enhanced safety and performance.
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The EV charging methods are divided into three main categories: conductive charging,
wireless charging, and battery swapping, as illustrated in Figure 5. Conductive charging
includes on-board AC charging—offering Level 1 (single-phase) and Level 2 (single or
three-phase)—and off-board DC charging, which supports Level 3 fast and ultra-fast
charging [33,34]. Battery swapping serves as a separate method where depleted batteries
are quickly replaced with fully charged ones [35]. Wireless charging is further classified into
inductive wireless charging, capacitive wireless charging, and resonant inductive wireless
charging [36,37].
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The EV chargers are generally categorized into three main types based on their power
levels: Level-1 (AC), Level-2 (AC), and a combined category for Level-3 (DC Fast and
Ultra-Fast DC) [38,39], as illustrated in Figure 6. Each is designed to meet specific charging
needs and infrastructure requirements, from residential to commercial and high-demand
public spaces.

• Level-1 charging is the slowest form of EV charging, typically used in residential
settings where overnight charging is sufficient. It operates on standard household
voltage (120 V or 230 V) and delivers about 1.92 kW, making it ideal for users with short
daily commutes or those who can afford longer charging times. It is most practical
for vehicles to remain plugged in overnight to recharge fully. However, its low power
output makes it unsuitable for long-distance travel [40,41].

• In contrast, Level-2 charging provides significantly faster speeds, with power levels up
to 20 kW, making it suitable for both residential installations and commercial locations
like malls and offices, using a higher input voltage of 208 V or 240 V. While it offers a
practical solution for frequent users, the limitations of on-board chargers mean it can
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still take several hours to fully recharge, making it ideal for settings where vehicles are
parked for extended periods [42,43].

• Level-3, or DC fast charging, represents a significant leap in charging speed and
efficiency, capable of delivering power between 50 kW and 300 kW, allowing EVs to
charge up to 80% in as little as 30 min by providing direct current (DC) to the battery
and bypassing the onboard charger [40,44,45], typically found in public charging
stations along highways, using connectors like Tesla Supercharger.

• Ultra-fast DC charging, capable of delivering 400 kW or more, enables a full charge
in just 10 min, reducing range anxiety for long trips. However, it presents challenges
in managing large power flows, developing infrastructure, and maintaining battery
health. Despite these issues, it is crucial to make electric vehicles competitive with
traditional vehicles in terms of refueling convenience. Each charging level serves
a vital role, offering solutions from slow, residential charging to fast charging for
long-distance travel [40,46].
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Each charging level, supports EV adoption by offering tailored solutions—from home
charging to high-speed options for long-distance travel—thereby providing convenient and
flexible choices to meet diverse user needs. An overview of charging station classifications
based on power level is presented in Table 1. The architecture of fast EV charging stations
is designed to balance rapid charging demands with grid constraints and renewable energy
integration. Key elements include battery energy storage systems (BESS) to stabilize grid
impact and support operations in weaker grid areas.

Table 1. Charging station classification based on charging power level.

Charger Type Charger Location Power Supply Power Level Charging Time

Level 1
(AC)

On-board (Residential
charging)

120/230 Vac; 12 A to
16 A

From 1.44 kW
to 1.92 kW

11–36 h for EVs
(16–50 kWh)

Level 2
(AC)

On-board
(Charging at home or

workplace)

208/240 Vac; 15 A to
80 A

From 3.1 kW
to 19.2 kW

2–6 h for EVs
(16–30 kWh)

Level 3
(DC Fast)

Off-board (Charging at
public places)

300–600 Vdc
(Maximum current

400 A)

From 50 kW to
350 kW

Less than 30 min for
EVs (20–50 kWh)

DC Ultra-Fast
Charging

Off-board
(Charging at public places)

800 Vdc and higher;
400 A and higher

400 kW and
higher

Approximately
10 min for EVs

(20–50 kWh)
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Generally, EV charging systems employ two primary architectures: AC-connected
and DC-connected systems [18,47]. However, in recent years, there has been a growing
trend toward the adoption of single-stage AC/DC EV chargers utilizing AC/DC con-
verters. Unlike traditional two-stage architectures that separately handle power factor
correction and DC conversion, single-stage EV chargers integrate both functions into a
unified topology [48–50]. Examples include single-stage isolated topologies such as the res-
onant converter, matrix converter, and Dual Active Bridge (DAB) with direct AC interface,
and non-isolated topologies such as interleaved boost and bridgeless PFC converters with
direct battery interfacing. The unified control strategy used in these topologies enables
simultaneous regulation of input current and output voltage, eliminating the need for
intermediate DC buses and reducing the complexity of the system. The primary advan-
tages of single-stage converters are reduced component count, minimized switching losses,
higher power density, and improved overall system efficiency. Additionally, single-stage
converters facilitate compact charger designs with lower thermal management require-
ments, making them suitable for onboard EV charging applications where space and weight
constraints are critical. However, these benefits come with challenges, such as increased
control complexity, higher sensitivity to input voltage variations, and reduced flexibility in
isolating faults between stages [51].

2.1. AC Connected Fast Charging System

In an AC-connected fast charging system, the grid supplies three-phase AC power,
typically operating within a voltage range of 250 V to 480 V line-to-line. Each charger
unit consists of two key components: an AC–DC rectifier and a DC–DC converter. The
AC–DC rectifier converts the grid’s AC power to DC, while the DC–DC converter adjusts
the rectified voltage to suit the specific charging needs of the EV battery. Due to this
multi-stage power conversion process, AC-connected systems generally have a greater
count of power processing stages, which increases both the system’s complexity and the
overall cost. Despite these drawbacks, AC-connected systems are widely adopted for fast
and ultra-fast charging stations due to the maturity of the power electronics and AC power
distribution technologies [52]. These systems benefit from a well-established infrastructure,
making them a popular choice in many fast-charging applications. However, the increased
number of power stages results in higher energy losses, which reduces overall efficiency
and impacts the system’s performance [50]. Figure 7 shows an AC-connected EV charging
setup, with an EV charger having its own rectifier and DC–DC converter, with a common
AC bus.
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2.2. DC Connected Fast Charging System

In contrast, DC-connected fast charging systems follow a more streamlined structure.
A central AC–DC rectifier is used to convert grid AC power into DC, which is then dis-
tributed via a DC bus. Unlike AC systems, where each charging unit requires its own
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AC–DC rectifier, DC bus systems centralize the rectification process. The DC bus connects
various elements, such as EVs, renewable energy sources (RES), and energy storage devices,
through DC–DC converters [53,54]. This configuration reduces the number of AC–DC
rectifiers needed, thereby enhancing efficiency and simplifying the control system. DC bus
systems offer significant flexibility by allowing the easy integration of PV sources and other
distributed energy resources, improving the overall system’s adaptability. Additionally,
DC bus configurations are more robust in avoiding abnormalities or disruptions from the
grid side, further enhancing their reliability. Figure 8 shows a DC-connected EV charging
station where AC grid power is converted to DC through a rectifier. Multiple DC–DC
converters then supply power to individual EVs via a common DC bus.
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However, while DC-connected systems are more efficient, the lack of well-established
protection guidelines, especially during vehicle-to-grid (V2G) operations, poses a critical
challenge. As V2G technology evolves, ensuring safe operation and avoiding system
failures will be increasingly important. One of the key advantages of DC bus systems is the
ability to use fewer AC–DC rectifiers, which directly translates into higher efficiency [55].
However, centralizing the rectification process requires more robust protection devices and
control mechanisms, particularly to manage sudden changes in load conditions or potential
failures.

The AC-connected fast charging system offers significant benefits due to its compat-
ibility with existing electrical infrastructure, making it a widely adopted choice for fast
charging stations. As outlined in Table 2, its modular design enables easier scalability,
allowing for the addition of more charging units as demand grows. However, a key draw-
back of this system is the use of separate AC–DC rectifiers in each unit, which increases
system complexity, overall cost, and energy losses due to the additional power conversion
stages. This results in lower overall system efficiency compared to DC-connected systems.
On the other hand, DC-connected fast charging systems, utilize a centralized rectifier and a
common DC bus, leading to improved efficiency and simplified control as the power conver-
sion is centralized. This configuration also offers better integration with renewable energy
sources, making it a more sustainable option. However, DC-connected systems face certain
challenges, such as the lack of established protection standards, particularly for Vehicle-
to-Grid (V2G) applications, which may impact their long-term viability. Moreover, these
systems require robust control mechanisms to efficiently manage the centralized operation
of multiple charging stations. Despite these challenges, DC-connected systems remain an
attractive option for high-performance, efficient, and scalable charging infrastructure [56].

AC-connected chargers cause higher grid disturbances and losses due to onboard
rectifiers, while DC-connected chargers improve stability by handling conversion externally,
reducing harmonics and transmission losses. In both AC and DC-connected systems,
the final power conversion stage is the DC–DC back-end converter, which adjusts the
rectified DC voltage to the appropriate level for the EV battery. This stage is crucial for
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providing constant current (CC) and constant voltage (CV) charging, ensuring safe and
efficient charging. A high-performing DC–DC converter is characterized by high efficiency,
high-frequency operation, power density, bidirectional power flow, and stable voltage
regulation. Additionally, it should support soft-switching techniques to reduce losses
and minimize voltage ripple, enhancing overall charging efficiency [46,56]. International
standards regulate leakage currents in EV chargers to protect users from electric shock.
Galvanic isolation, using either low or high-frequency transformers, minimizes leakage
currents. Low-frequency transformers require larger equipment and increase installation
costs, particularly in urban areas. High-frequency transformers are more cost-effective,
increasing power density, though their operation and bidirectional control can be more
complex. AC–DC rectifiers, used in both systems, convert grid AC voltage (250–480 V) to
a stable DC voltage (~800 V) but may inject harmonics that reduce power quality [52,57].
Power factor correction (PFC) techniques are used to mitigate this issue, ensuring low total
harmonic distortion (THD) and maintaining power quality.

Table 2. Comparison of AC and DC-Connected EV Charging System.

Criteria AC Connected
Charging System

DC Connected
Charging System

Conversion Stages Higher Lower
Efficiency of System Lower Higher

Energy Sources Integration Complex Easier
Load Side Impact High Less
Control System Complex Simple
Cost of System Higher Lower

3. Partial Power Converter (PPC)
Traditional power conversion systems commonly employ full power converters due

to their ability to offer precise voltage and current control, fast dynamic response, and
flexibility across a wide range of applications. These converters are well-suited where full
regulation is critical. However, processing the entire source power also leads to several
drawbacks, including increased component count, higher conduction and switching losses,
larger size, and more complex thermal management requirements [21]. To address these
limitations, the concept of Partial Power Converters (PPCs) has emerged as a modern and
efficient alternative. A modern concept of DC–DC converter is a Partial Power Converter
(PPC) that utilizes Partial Power Processing (PPP), initially introduced in the spacecraft
industry [58,59], with a primary focus on reducing the size of power converters connected
to photovoltaic (PV) panels. A Partial Power DC–DC Converter regulates only a small
portion of its total power, with the rest bypassing directly to the load. This method reduces
conduction, switching, and magnetic losses, significantly boosting overall efficiency. This
approach led to the development of more efficient converters with higher power density
while maintaining system robustness. Over time, this concept has been extended to various
renewable energy applications and EV fast charging. For DC applications, advanced
architectures have been devised to minimize the power processed by the converter, each
offering distinct advantages tailored to specific application characteristics.

In Figure 9a, the Full Power Processing converter processes 100% of the power, re-
sulting in certain losses [60]. Conversely, Figure 9b depicts the Partial Power Processing
concept, which aims to reduce the power processed by the converter. Essentially, a PPP-
based converter handles only a fraction of the power flow, thereby reducing losses and
overall size. This research focused on utilizing partial power converters for fast charging
of electric vehicles (EVs). In the realm of energy conversion systems, several studies have
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contributed to enhancing performance and efficiency, particularly in the domain of electric
vehicle (EV) charging infrastructure.
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Equations (1) and (2) detail how the converter’s efficiency impacts the system efficiency
differently depending on whether it is based on FPP or PPP.

ηsystem FPP
=

PL
PS

= ηconverter =
Pout

Pin
(1)

ηsystem PPP
= 1 − Kpr · (1 − ηconverter) (2)

where, ηsystem and ηconverter refer to the efficiencies of both the system and the converter,
respectively, and Kpr is the processed power ratio of the converter. A power converter
operating on the PPP principle transfers only a fraction of the total power from the source to
the load. Figure 9 compares the power flow between a converter utilizing the FPP approach
and one based on PPP.

Figure 10 shows a Full Power Processing (FPP) fast EV charger, where all power flows
through the power converter before reaching the EV battery. The blue color represents
the power flow, while the red highlights indicate power losses. In the realm of Partial
Power Converters (PPCs), the architectures shown in Figures 11 and 12 are referred to as
Input Parallel Output Series (IPOS) and Input Series Output Parallel (ISOP), respectively.
Figure 11 shows the IPOS configuration, also known as Type I PPC, connecting multiple
input sources in parallel to deliver power in series to the output, making it suitable for
applications requiring high voltage gain, such as electric vehicle charging. In contrast,
Figure 12 presents the ISOP architecture, also known as Type II PPC, connecting input
sources in series while delivering power in parallel, enhancing power density and efficiency.
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Applying Kirchhoff’s laws on architecture in Figure 11 leads to the derivation of
Equations (3) and (4). Additionally, the system’s efficiency is defined using Equation (5),
which is essential for assessing the converter’s performance.

VS + Vcon = VL (3)

IS = Icon + IL (4)

ηsystem =
VL · IL
VS · IS

(5)

The processed power ratio of the converter (Kpr) is defined as the ratio of the con-
verter’s processed power to the power provided by the source.

Kpr =
Pcon

PS
=

Vcon · IL
VS · IS

(6)

Using Equations (3) and (5), Equation (6) above can be rewritten as:

Kpr = ηsystem − IL
IS

(7)

The static voltage gain (GV) is the ratio of the load voltage to the source voltage,
indicating how much the input voltage is amplified or reduced at a steady state.

GV =
VL

VS
(8)

Employing Equation (5), Equation (8) above can be expressed as:

IL
IS

=
ηsystem

GV
(9)

Substituting Equation (9) into Equation (7), Kpr can be defined as in Equation (10).

Kpr = ηsystem −
ηsystem

GV
(10)
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Similarly, for architecture, Figure 12, Kpr can be defined as in Equation (11).

Kpr = ηsystem − GV (11)

Each PPC architecture has a distinct Kpr. Step-up architectures yield Kpr values greater
than 1, with the IPOS step-up having the lowest. In contrast, step-down architectures have
Kpr values less than 1, with ISOP step-down showing the lowest ratio.

Figure 13 compares the processed power ratio
(
Kpr

)
of FPC, ISOP, and IPOS architec-

tures as a function of voltage gain (GV) for an ideal system having ηsystem = 1. The FPC
maintains a constant Kpr of 1, indicating it processes 100% of the power. The ISOP shows a
decreasing trend, meaning it processes less power as GV increases, improving efficiency
at higher voltage gains. The IPOS starts with a negative Kpr at GV = 0 and gradually
increases, showing a different power processing behavior. This comparison highlights the
efficiency advantages of partial power converters over FPCs.
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4. Partial Power Converter Topologies
This section covers different Partial Power Converter (PPC) topologies used in EV

charging, including step-up (IPOS) and step-down (ISOP) converters, emphasizing their
efficiency improvements and loss reduction.

4.1. Partial Power Dual Active Bridge Converter Topologies

The Partial Power Dual Active Bridge (PP-DAB) converter enhances the traditional
DAB architecture by integrating a full-bridge design on both sides with a high-frequency
transformer, enabling efficient power transfer in applications like electric vehicle (EV)
charging. As illustrated in Figure 14, the PP-DAB can be implemented as Type I and
Type II PPC, each offering unique advantages. This design enables high efficiency, greater
power density, and bidirectional power flow by handling only a portion of the total power,
thereby minimizing losses and reducing component stress.
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Power transfer is managed through phase shift modulation techniques, such as Single-
Phase Shift (SPS), Dual-Phase Shift (DPS), and Triple-Phase Shift (TPS), which ensure Zero
Voltage Switching (ZVS). Although challenges related to reactive currents and transformer
losses remain, advancements in multi-level and three-phase configurations improve voltage
gain and reduce current ripple. Overall, the PP-DAB converter presents a promising solu-
tion for high-performance energy systems, enhancing efficiency and battery life in electric
vehicle applications. In this context, ref. [61] introduces a Partial Power Configuration
utilizing a DAB as a power interface for Hybrid Energy Storage Systems (HESS) in electric
vehicle (EV) powertrains. Traditional battery systems face issues such as high current
stress during transients, reduced battery lifespan, and limitations in regenerative braking.
The proposed PPC mitigates these challenges, enhancing power density and validating
its effectiveness through comprehensive efficiency analysis and transient dynamic results.
Ref. [62] presents a battery emulator designed for AC/DC microgrids and electric vehicle
powertrains. Conventional methods require multiple battery sets, increasing costs and
safety risks. The proposed emulator employs a partial power processing approach with an
input-parallel, output-series configuration and a DAB converter, achieving high efficiency
and reduced control effort while minimizing downtime during testing.

Furthermore, ref. [59] proposes a power delivery scheme for Extreme Fast Charging
(XFC) stations capable of charging multiple electric vehicles (EVs) simultaneously. This
system utilizes a cascaded H-bridge converter connected to the medium-voltage grid,
with dual-active-bridge solid-state transformers for galvanic isolation. The design allows
independent charging control for each EV, resulting in efficiency improvements of 0.6% at
full load and 1.6% at 50% load, validated through scaled-down tests. Ref. [63] addresses
the growth of electromobility and the autonomy challenges of heavy-duty electric vehicle
powertrains.

The study enhances an existing Bidirectional DAB Partial Power Converter topology
by exploring modulation strategies to optimize efficiency. Findings indicate that strate-
gic modulation can significantly improve efficiency, achieving a maximum of 99.41% at
6.526 kW. Advancements in DAB converter technology enhance efficiency and lower costs.
Building on this, ref. [64] introduces a novel PPC design specifically engineered for EV fast
charging, leveraging switching capacitors and interleaved power cells to enhance power
density and reduce costs utilizing the H-bridge topology.

In ref. [65] authors implement a fixed-frequency Dual Active Bridge Series Resonant
Converter (DAB-SRC) within a Partial Power Converter (PPC) architecture designed for
electric vehicle (EV) fast charging stations. The DAB-SRC architecture, shown in Figure 15,
is chosen due to its ability to provide soft-switching capabilities, specifically achieving Zero
Voltage Switching (ZVS) on the secondary side and reduced voltage stress on the primary
side, which minimizes switching losses and voltage overshoots. This resonant converter
operates with phase-shift modulation (PSM) and benefits from a reduced power processing
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ratio, as only the differential voltage between the DC bus and the EV battery is processed.
This significantly improves overall system efficiency, particularly during the early charging
phase when the voltage difference is largest. By integrating a series resonant network into
the DAB topology, the converter maintains high efficiency across varying load conditions,
making it a compelling choice for fast and efficient EV charging in a PPC framework.
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4.2. Partial Power Full-Bridge Converter Topologies

The Partial Power Phase-Shifted Full-Bridge (PSFB) converter, a variation of the DAB
family, is well-suited for EV charging stations due to its soft switching, simple PWM control,
scalability, and low EMI. Energy transfer is achieved by adjusting the phase on the input
side, enabling soft switching in one direction. However, challenges arise during load
operation, such as hard switching of secondary diodes and voltage spikes. To address
these issues, improvements like using transformer leakage inductance for energy storage,
turn-off snubbers, and center-tap clamp circuits enhance efficiency, resonant soft-switching,
and power density. Combining the PSFB with the LLC converter further mitigates these
limitations. Ref. [66] proposes a transformerless DC–DC Type I step-up partial power
converter (PPC) using a full-bridge topology for electric vehicle (EV) fast charging stations.
The design aims to increase power ratings, reduce charging times, and enhance efficiency
and reliability. By replacing the traditional isolation transformer with an impedance
network, the converter becomes more efficient, cost-effective, and simpler.

Validating the efficiency of such designs, ref. [67] validates a step-down Type II PPC
for EV fast chargers using a phase-shifted full-bridge topology. Processing only part of the
total power enhances efficiency, achieving 99.11% peak efficiency with a 7 kW demonstrator.
Ref. [57] proposes an XFC station architecture with partial power-rated DC–DC converters
and a full-bridge boost converter, improving efficiency and reducing redundant conversion.
It supports independent EV charging while integrating renewables to ease grid impact.
Scaled-down lab tests confirm its feasibility and cost-effectiveness. Expanding on this,
ref. [68] introduces a novel three-port series partial-power converter for electric vehicle
(EV) fast chargers, utilizing a full-bridge converter. The design handles a fraction of the
power delivered to the battery and supports both step-up and step-down voltage, enabling
compatibility with both legacy 400 V and modern 800 V EVs. Compared to existing partial
power converters, the proposed structure operates over a wider range. Simulation results
demonstrate its effectiveness, reaching a maximum efficiency of 98.65%.

The structural differences between Type I and Type II Partial Power Converters topolo-
gies are illustrated in Figures 16 and 17. Figure 16 focuses on Half Bridge Converter, while
Figure 17 focuses on Full Bridge Converter.
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Ref. [42] examines the increasing demand for EV charging and the role of extreme
fast charging (XFC) technology. It highlights the advantages of solid-state transformers
(SSTs) over traditional ones in XFC stations. Using a cascaded H-bridge (CHB) converter
and DAB-based SSTs, the proposed system enables simultaneous charging with reduced
conversion losses. The paper suggests using a PSFB-based EV charger, with experiments
indicating that a PPC handling 27% of the battery power increases efficiency by 0.6% at full
load and 1.6% at half load.

4.3. Partial Power Flyback Converter Topologies

The partial power Flyback converter has emerged as a promising solution for improv-
ing the efficiency and power density of power conversion systems. Unlike conventional
full-power converters, the partial power approach processes only a fraction of the total
power, allowing the remaining power to bypass the converter, thereby reducing losses and
stress on key components.

By boosting system efficiency and easing thermal management, this configuration
is well-suited for high-power applications, including renewable energy systems, electric
vehicles, and battery management. The Flyback topology, with its inherent simplicity
and ability to provide galvanic isolation, is particularly effective in wide input voltage
range scenarios. However, challenges such as managing voltage stress and optimizing the
transformer design remain critical to fully realizing the benefits of this approach. Ref. [69]
revisits the Partial Power Processing (PPP) concept, focusing on the design and perfor-
mance evaluation of a highly efficient 5-kW flyback converter-based battery charger. The
study analyzes different PPP architectures, specifically series and parallel configurations,
highlighting how the series configuration outperforms in efficiency, achieving over 99%
in power conversion. The structural implementations of the Flyback-based partial power
converters are depicted in Figure 18, where (a) illustrates the Type I and (b) the Type II
configurations.



Electronics 2025, 14, 1928 17 of 35

Electronics 2025, 14, x FOR PEER REVIEW 16 of 34 
 

 

4.3. Partial Power Flyback Converter Topologies 

The partial power Flyback converter has emerged as a promising solution for im-
proving the efficiency and power density of power conversion systems. Unlike conven-
tional full-power converters, the partial power approach processes only a fraction of the 
total power, allowing the remaining power to bypass the converter, thereby reducing 
losses and stress on key components. 

By boosting system efficiency and easing thermal management, this configuration is 
well-suited for high-power applications, including renewable energy systems, electric ve-
hicles, and battery management. The Flyback topology, with its inherent simplicity and 
ability to provide galvanic isolation, is particularly effective in wide input voltage range 
scenarios. However, challenges such as managing voltage stress and optimizing the trans-
former design remain critical to fully realizing the benefits of this approach. Ref. [69] re-
visits the Partial Power Processing (PPP) concept, focusing on the design and performance 
evaluation of a highly efficient 5-kW flyback converter-based battery charger. The study 
analyzes different PPP architectures, specifically series and parallel configurations, high-
lighting how the series configuration outperforms in efficiency, achieving over 99% in 
power conversion. The structural implementations of the Flyback-based partial power 
converters are depicted in Figure 18, where (a) illustrates the Type I and (b) the Type II 
configurations. 

  
(a) (b) 

Figure 18. Structure of: (a) Type I and (b) Type II Partial Power Flyback Converter. 

A bidirectional flyback converter was designed for use with a battery energy storage 
system (BESS) tied to a 700 V DC grid, demonstrating lower component stress and re-
duced filtering requirements due to partial power processing. The study presents a com-
prehensive analytical methodology, experimental validation, and design approach, veri-
fying the proposed series PPP flyback converter’s high efficiency, compactness, and suit-
ability for modern battery charging applications. In [70], the authors propose a high step-
up SEPIC-based partial-power converter that combines a Flyback circuit with a modified 
SEPIC configuration to achieve improved voltage gain over a wide input range. The ap-
proach reduces processed power, boosting efficiency and power density, with the Flyback 
converter handling voltage regulation and the SEPIC stage operating in a fixed state with 
zero-voltage soft switching. 

4.4. Partial Power Interleaved Converter Topologies 

A Partial Power Interleaved Converter (PPIC) improves efficiency and power density 
by processing only a portion of the total power, reducing stress on components. Its inter-
leaved design minimizes current ripple, distributes thermal load, and reduces EMI, mak-
ing it ideal for high-power applications like EV charging. By splitting power between the 
main path and converter, PPIC lowers losses and allows for smaller, more efficient 

Figure 18. Structure of: (a) Type I and (b) Type II Partial Power Flyback Converter.

A bidirectional flyback converter was designed for use with a battery energy stor-
age system (BESS) tied to a 700 V DC grid, demonstrating lower component stress and
reduced filtering requirements due to partial power processing. The study presents a
comprehensive analytical methodology, experimental validation, and design approach,
verifying the proposed series PPP flyback converter’s high efficiency, compactness, and
suitability for modern battery charging applications. In [70], the authors propose a high
step-up SEPIC-based partial-power converter that combines a Flyback circuit with a modi-
fied SEPIC configuration to achieve improved voltage gain over a wide input range. The
approach reduces processed power, boosting efficiency and power density, with the Flyback
converter handling voltage regulation and the SEPIC stage operating in a fixed state with
zero-voltage soft switching.

4.4. Partial Power Interleaved Converter Topologies

A Partial Power Interleaved Converter (PPIC) improves efficiency and power den-
sity by processing only a portion of the total power, reducing stress on components. Its
interleaved design minimizes current ripple, distributes thermal load, and reduces EMI,
making it ideal for high-power applications like EV charging. By splitting power between
the main path and converter, PPIC lowers losses and allows for smaller, more efficient
components [71]. The modular nature of interleaving also enables easier scaling, mak-
ing PPICs a compact, efficient solution for fast charging and renewable energy systems.
Ref. [57] introduces an interleaved partial power converter (PPC) specifically designed for
the DC–DC conversion stage in fast charging stations. By processing only a fraction of the
total power, this design significantly boosts efficiency, as validated by simulation results
showcasing a conversion efficiency increase from 95.1% to 98.3%.

Ref. [72] presents an interleaved single-ended primary inductor converter (SEPIC)
partial power converter for fast EV charging stations, which processes only a fraction of the
load’s power. Unlike traditional partial power converter architectures that require isolated
topologies, this design utilizes a non-isolated interleaved single-ended primary inductor
converter. The proposed converter demonstrated significant advantages when compared to
a conventional full-power converter. The findings conclude that the partial power architec-
ture not only reduces the power processed by the converter but also enhances the overall
efficiency, making it a compelling solution for fast-charging applications. Figure 19 illus-
trates a SEPIC-based Partial Power Converter (SEPIC-PPC), which combines the features
of a SEPIC converter with partial power processing. The input voltage VS supplies power
through the inductor L1 and switch S1, which transfers energy to the coupling capacitor
C1. This energy is then passed to the second stage comprising inductor L2, switch S2, and
output capacitor C2, which helps regulate the output voltage. A diode provides a path
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for current when the switches are off. The battery Vbatt is connected across the output to
handle part of the total power directly.
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4.5. Multi-Port Partial Power Converters

Ref. [73] proposes a three-port partial power processing converter (3P-PPPC) for
integrating battery storage systems (BSS) in fast charging stations (FCS). The design is
based on a triple active bridge (TAB) converter and aims to reduce system losses, size,
and cost by transferring less power from the BSS to the electric vehicle (EV) compared to
conventional full power processing converters (FPPC). This leads to lower power losses
and higher system efficiency. The paper investigates design trade-offs, dynamic behavior,
and limitations and compares the round-trip efficiency of the 3P-PPPC with FPPC solutions,
demonstrating its superiority. A prototype will also be built to validate the proposed
design.

Figure 20 illustrates the circuit of a proposed Three-Port Partial Power Converter (3P-
PPC) designed to manage energy flow between two input sources and a battery output. It
consists of three converter stages: two input stages connected to separate capacitors and one
output stage connected to a battery through a capacitor. Each input stage controls power
flow from its respective source using switches and coupled inductors, transferring energy
to the output stage via a high-frequency transformer. The output stage then regulates the
combined power and delivers it to the battery.
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4.6. Inductive Power Transfer (IPT) Based Converters

Ref. [74] proposes a hybrid inductive power transfer (IPT) system with PPP to improve
efficiency in CC-CV charging. The system is divided into main and auxiliary power
channels with different topologies. The majority of the power is transmitted through the
primary channel, while the auxiliary channel adjusts a small portion to maintain output,
reducing power loss and device stress in the DC–DC converter. The system achieves
CC and CV charging without relying on wireless communication between the primary
and secondary sides utilizing commonly used boost converter topology. A prototype
demonstrates 92.1% efficiency, a 2.1% improvement over traditional two-stage structures.

The inductive power transfer system, shown in Figure 21, uses a full-bridge inverter to
convert DC input into high-frequency AC, which energizes the primary coil of a transformer.
Through magnetic coupling, power is wirelessly transferred to the secondary coil, where it
is resonated, rectified, and regulated using a DC–DC converter. The final output is a stable
DC voltage suitable for charging a battery or powering a load.
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4.7. Cascaded Conversion Topologies

Ref. [75] outlines the specifications for a modular, fast EV charging converter, propos-
ing a 2-stage cascaded conversion approach with separate isolation and charging regulation
stages for optimal design. The regulation stage features PPP to enhance efficiency. Two
isolated topologies are introduced, using either 2 or 3 voltage levels and incorporating
SiC or Si devices based on voltage stress. The study optimizes the converter’s gain and
transformer turns ratio to reduce RMS currents and inductor peak energy.

The 2-level topology, shown in Figure 22, consists of two isolated LLC converters, each
connected to separate input capacitors. These converters operate independently to transfer
power to the output while maintaining electrical isolation. Their outputs are combined
and passed through output capacitors before entering a voltage balancer stage. This stage
includes four switching devices that help regulate voltage and balance energy flow. The
output from the voltage balancer is then processed by a partial power DC–DC converter,
which can be a buck, boost, or buck-boost converter, depending on the battery charging
requirements. Finally, an output capacitor smooths the voltage before delivering it to the
battery or load.
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4.8. Solid-State Transformer (SST) Based Converters

Ref. [76] introduces a multiport control strategy designed to facilitate partial power
processing (PPP) within medium voltage multiport current-source solid-state transformers
(SSTs). These SSTs allow the integration of low-voltage DC sources—like solar photovoltaic
systems, energy storage units, and electric vehicles—into smart grids, eliminating the need
for traditional bulky transformers. Figure 23 shows an isolated power transfer system where
a DC source is converted to AC, transferred through a transformer, and then converted
back to DC to charge a battery. It provides safe and efficient power transfer with electrical
isolation.
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4.9. Other Partial Power Converter Topologies
4.9.1. Modular Converters

Ref. [77] analyses the advantages of partial-power-processing (PPP) converters in fully
electric maritime applications, focusing on modularity and scalability. Series-connected
partial power converters are proposed, addressing overvoltage challenges in the event
of a module failure. A reliability analysis is conducted using independent component
failure probabilities, incorporating redundancy to enhance fault tolerance. Experimental
validation on a 3 kW prototype confirms the system’s robustness and efficiency across
various battery charging points, achieving a peak efficiency of 99.36%. These results
highlight the effectiveness of the proposed design in ensuring reliable and efficient EV
charging.

4.9.2. Partial Processing Zeta Converter

Ref. [78] reviews recent advancements in electric vehicle chargers and charging infras-
tructure, focusing on partial processing converters. As electric vehicles gain popularity due
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to their environmental benefits, challenges such as limited travel range, charging station
availability, and charging time persist. The active study aims to address these issues by
developing new topologies. Partial processing converters transfer a significant amount of
power directly to the load, while only a portion is managed for regulation. The paper illus-
trates various topologies utilizing these converters for EV charging and presents simulation
results for battery charging using an isolated partial processing Zeta converter.

4.9.3. Buck-Boost Converters

Ref. [79] compares buck-boost partial power converters (PPC) for the DC–DC conver-
sion stage of EV fast charging stations. The proposed DC–DC buck-boost structure enables
operation across a wide output voltage range, suitable for charging both 400 V and 800 V
batteries. By processing only a fraction of the total power, the PPC achieves high efficiency.
Two different buck-boost PPC topologies are evaluated: one using two-quadrant switches
for bipolar voltage and another employing an unfolding bridge to change voltage polarity.
Results indicate that the two-quadrant switch solution offers superior efficiency. The pro-
posed converter demonstrates high efficiency—up to 99%—for fast charging applications,
making it an attractive option for EV charging.

4.9.4. Resonant-Type Converters

Ref. [80] presents a bidirectional soft-switching resonant-type PPC designed for high-
efficiency, high-density battery chargers in energy storage systems, microgrids, and trans-
portation electrification. The converter uses an IPOS topology, where only a fraction of
power is processed to regulate the output voltage. To address the complexity of designing
tightly coupled DC transformers (DCXs), a decoupled design method is proposed, allowing
separate optimization of DCXs. The hardware design incorporates a two-direction flux
cancellation method and an interleaving winding structure to enhance efficiency and power
density. The design is validated with an 18 kW prototype operating at 500 kHz, achieving a
peak efficiency of 98.8% and 142 W/in3 power density.

Table 3 presents a comparative summary of the previously discussed Partial Power
Converter (PPC) topologies, outlining their key features, operational benefits, and typical
areas of application. This comparison helps to highlight the distinctions between each
topology and supports the selection of an appropriate configuration based on specific
system requirements.

In summary, Partial Power Converter (PPC) topologies offer a transformative solution
for electric vehicle (EV) fast-charging applications, addressing the demand for efficient,
high-power charging systems. Topologies like the Dual Active Bridge (DAB) and Phase-
Shifted Full-Bridge (PSFB) enable bidirectional power flow and Zero Voltage Switching
(ZVS), enhancing efficiency in EV powertrain and fast-charging applications. The incorpo-
ration of novel designs, including transformerless and resonant-type converters, further
increases power density and reduces electromagnetic interference (EMI), making these
systems more compact and cost-effective. The advancements in partial power processing
technology thus provide a scalable, reliable foundation for meeting the rapid charging
requirements in the evolving EV sector, promising significant benefits in efficiency and
performance for sustainable electric mobility.
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Table 3. Overview of Partial Power Converter Topologies.

PPC Topology Ref. No. Application Advancement

Dual Active Bridge
Converter
Topologies

[61]
EV powertrains, Hybrid
Energy Storage Systems

(HESS)

Mitigates high current stress enhances power
density, improves efficiency

[62] AC/DC microgrids, EV
powertrains

Achieves high efficiency, reduces control
effort, minimizes downtime

[59] Extreme Fast Charging (XFC)
stations

Improves efficiency by 0.6% at full load, 1.6% at
50% load

[63] Heavy-duty EV powertrains Strategic modulation improves efficiency to
99.41%

[64] EV fast charging Enhances power density, reduces costs

Full-Bridge
Converter
Topologies

[66] EV fast charging stations Increases power ratings, reduces charging
times, enhances reliability

[67] EV fast chargers Improves efficiency, processes 13.32% of total
power

[57] Extreme Fast Charging (XFC)
stations

Improves efficiency, integrates renewable
energy sources

[68] EV fast chargers Supports both 400 V and 800 V batteries,
reaches 98.65% efficiency

[42] Rapid charging stations Increases conversion efficiency from 95.1% to
98.3%

Flyback Converter
Topologies

[69] Battery energy storage system
(BESS) charging

99% efficiency in 5 kW charger with series
configuration, less stress and filtering

[70]
Renewable energy systems
with a wide input voltage

range

Enhanced voltage gain, better power density,
and soft switching

Interleaved
Converter
Topologies

[71] EV fast charging stations Enhances efficiency, reduces processed power

[72]
Medium-voltage multiport

current-source (CS) solid-state
transformers

Reduces DC-link current by 36%, improves
efficiency

Multi-Port
Converters [73] Electric maritime applications Increases efficiency, enhances modularity and

fault-tolerance

Inductive Power
Transfer Systems [74] EV fast charging Demonstrates 99% efficiency, suitable for fast

charging

Cascaded
Conversion
Topologies

[75] EV fast charging stations Achieves high efficiency across a wide
operating range

Solid-State
Transformer based

Converters
[76]

Constant current (CC) and
constant voltage (CV)

charging

Improves efficiency, reduces power loss and
device stress

Modular Converters [77] EV charging stations Achieves high efficiency in battery charging

Partial Processing
Zeta Converter [78] EV fast charging stations Optimizes gain and transformer turns ratio,

reduces RMS currents

Buck-Boost
Converters [79] High-efficiency, high-density

battery chargers
Achieves 98.8% efficiency and high power

density

Resonant-Type
Converters [80] High-efficiency bidirectional

battery charging
Ultra-high efficiency (98.8%) and power

density (142 W/in3)

However, despite their advantages, these converter topologies also present certain
limitations. DAB converters face stability issues due to LC filters, conduction and switch-
ing losses, back-flow power with Single Phase-Shift (SPS) modulation, and higher device



Electronics 2025, 14, 1928 23 of 35

stresses in single-phase designs [81]. Full-bridge converters suffer from poor regulation
and current sharing, a high component count, significant switching losses, large circulat-
ing currents, and a limited ZVS range [82]. Flyback converters encounter high voltage
stress, limited component availability, complex control for Constant Current (CC)/Constant
Voltage (CV) modes, power factor and harmonic challenges, and thermal management
issues [83]. Interleaved converters experience poor current sharing, voltage stress, high
switching losses, battery life reduction, and increased complexity and cost. Multi-port
converters face challenges like complex mode analysis, switching losses, high control com-
plexity, stability issues, and fault diagnosis concerns. Solid-State Transformer (SST)-based
converters are hindered by high complexity and cost, efficiency challenges, voltage bal-
ancing issues, EMI, and large component sizes. Modular converters deal with increased
harmonics, dependency on independent DC sources, circulating currents, thermal man-
agement difficulties, and larger footprints. Lastly, Zeta converters face drawbacks like
bulkiness, lower efficiency compared to SEPIC, high resource consumption, power quality
issues, and environmental dependency. Addressing these limitations through advanced
control strategies, optimized modulation techniques, and innovative component integra-
tion will be essential to further enhance the performance, reliability, and scalability of
PPC-based fast-charging solutions for EVs.

5. Control Methods for Partial Power Converters
In this section, the control strategies for the previously discussed Partial Power DC–

DC converter topologies are reviewed. While these converters can be controlled using
various methods across multiple applications, our focus here is limited to control techniques
specific to EV chargers. Key control objectives involve maintaining stable battery voltage
and effectively overseeing the charging and discharging operations.

5.1. Control of Partial Power Dual Active Bridge Converter

Dynamic control strategies are essential for ensuring high efficiency and smooth
operation in Dual Active Bridge (DAB) converters. Typical control methods involve small-
signal modeling and discrete-time averaging, especially when using multi-phase shift
modulation to accurately reflect the system’s dynamic behavior. These control strategies
are generally classified into three categories: power calculation-based control, direct control
of inductor current, and load current feedforward techniques. Power computation-based
control relies on a mathematical model of power flow between the two bridges of the DAB
converter [84]. Active power transfer Po for Single Phase Shift (SPS) modulation can be
expressed as:

Po =
VinVo D(1−D)Ts

2nL (12)

where D is the phase shift ratio, L is the equivalent inductance, n is the transformer ratio,
and Vin, Vo are the input and output voltages, respectively. A direct power control strategy
can be implemented using a PI controller, where the control input D is regulated to maintain
the desired output voltage. This approach proves advantageous in environments with
significant input and output voltage fluctuations, providing robust voltage regulation.

• Direct inductance current control involves sensing the inductor current and using
modulation schemes such as asymmetric double-side modulation. This approach is
particularly effective in applications requiring a fast transient response, as the phase
shift ratio D can vary dynamically, allowing the DAB converter to adapt quickly to
load changes. The fast response time makes it suitable for scenarios with sudden
load disturbances. Load current feed-forward control enhances the output transient
response by directly accounting for load variations, eliminating the need for an inner
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current loop and simplifying the control system while maintaining high performance
under varying load conditions [85].

• DPS and TPS modulation extend the ZVS range in DAB converters but lead to large
turn-off currents. A combination of SPS, DPS, and TPS helps maintain ZVS across
varying voltages while minimizing turn-off losses. Dead band adjustments further
extend ZVS from 200 V to 450 V. Before connecting to an EV battery, the output
capacitor must be pre-charged under no-load conditions by gradually increasing the
reference voltage to match the battery voltage, preventing inrush currents. During
pre-charging, the primary voltage appears as a narrow pulse, while the secondary
resembles a square waveform, protecting switches from high leakage currents. After
pre-charging, the DAB converter transitions through CC, CP, and CV charging modes,
managed by PI controllers for smooth operation [86].

The control system in ref. [87] focuses on a new method called Additional Phase Shift
(APS) Control. This approach provides more flexibility compared to the traditional Single
Phase Shift (SPS) Control. By adding a phase shift between two low-voltage full-bridge
units, the APS control extends the Zero Voltage Switching (ZVS) operation region and
reduces the Root Mean Square (RMS) current of the inductor. This ultimately improves the
efficiency of the converter, particularly in light-load conditions. The key advantage of APS
control is that it allows the converter to operate more efficiently by adjusting the phase
shifts between the full-bridge modules. Additionally, the Global Optimal Equation (GOE)
helps calculate the optimal phase shift angles for improved performance. Simulations
and experimental tests have shown that this control method can increase the converter’s
efficiency and reduce losses compared to the conventional SPS control system.

The control system in ref. [63] focuses on comparing modulation strategies to improve
efficiency. The study analyzes Single Phase Shift (SPS), Extended Phase Shift (EPS), Dual
Phase Shift (DPS), and Triple Phase Shift (TPS). SPS, though simple, generates high reactive
currents. EPS, DPS, and TPS add internal phase shifts to reduce reactive power and RMS
current, enhancing performance. The study found that SPS achieved the highest efficiency,
99.41% at 6.526 kW, making it ideal for high-power applications. EPS and DPS reduced
losses at lower power levels but are more complex to implement.

Ref. [67] employs a cascade control system, as illustrated in Figure 24, for the Type
II Partial Power Converter (PPC) used in the EV fast charger. This system consists of an
inner current control loop, which regulates the charging current by adjusting the phase
shift (φ) based on the reference from the Battery Management System (BMS), and an outer
voltage control loop, which controls the battery voltage during the charging process. In
Constant Current (CC) mode, the inner loop ensures the correct current is supplied, while
in Constant Voltage (CV) mode, the outer loop takes priority to maintain the voltage. By
modulating the phase shift between the converter legs, the system efficiently controls
the power transfer to the battery, optimizing the charging process. The control system
regulates the output voltage of the converter using phase-shift modulation. The voltage
gain is controlled by adjusting the phase shift between the legs of the full-bridge converter.
This phase shift (ϕ) determines the amount of power processed by the converter. The
relationship between the output voltage Vo, the input voltage Vd, and the phase shift is
captured by the following control equation, which also incorporates the transformer turn
ratio n. Equation (11) ensures efficient power conversion by allowing dynamic control of
the output voltage during the electric vehicle charging process.

Gv =
Vo

Vd
=

nϕ

π + nϕ
(13)
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The control system used in ref. [65] is based on a fixed frequency dual active bridge
series resonant converter (DAB-SRC). The modulation strategy employed is a conventional
phase-shift modulation (PSM), which adjusts the phase difference between primary and
secondary AC voltages. The phase shift (ϕ) controls the power transfer between the input
and output, ensuring zero voltage switching (ZVS) for the secondary side semiconductors
to minimize switching losses and improve efficiency. The system is designed to maintain
efficient operation throughout the electric vehicle charging process by processing only a
portion of the total power, reducing size, cost, and losses. The primary control equation is
shown in Equation (12).

Ppu =
8 · M · sin(ϕ)

π2 · Q ·
(

F − 1
F

) (14)

This equation describes the transferred active power Ppu, where M is the voltage
gain, Q is the quality factor, F is the normalized frequency, and ϕ is the phase shift. In
ref. [88], the authors present a high-efficiency DAB converter for electric vehicle charging
that leverages Partial Power Processing (PPP) to reduce the power handled by the converter,
which in turn minimizes size, cost, and losses. The Extended Phase-Shift (EPS) control
method is employed to ensure Zero Voltage Switching (ZVS) across the full load range,
allowing for soft switching even at light loads. The EPS control also mitigates current
stress and optimizes power flow, improving system efficiency. Experimental results from a
1 kW prototype showed an 80% reduction in the input voltage and power processed by the
converter compared to full-power converters, resulting in a peak efficiency of 98.4%.

5.2. Control of Partial Power Phase-Shifted Full-Bridge Converter

The control system of a Phase-Shifted Full-Bridge converter operates similarly to
that of a DAB converter. A common technique used for controlling the PSFB converter
is Single-Phase Shift (SPS) modulation. In this system, output power and voltage are
adjusted by slightly altering the phase shift angle. During constant current (CC) mode, the
battery voltage increases as the phase shift angle decreases. Once the voltage hits a specific
threshold, the system shifts to constant voltage (CV) mode, where the output voltage is
regulated by gradually adjusting the phase shift angle. During both constant current (CC)
and CV modes, soft switching is maintained through single-phase shift PWM (SPS-PWM),
ensuring efficient performance [89].

However, at light loads, achieving soft switching becomes challenging, and the duty
cycle reduces, leading to significant circulating and switching losses. A unified control
method is often used to address this. It involves phase shift control for heavy loads, PWM
switching control for light loads, and burst mode for no-load conditions. This approach
reduces circulating and switching losses, enhancing efficiency, especially under light loads.
Hybrid control methods have been proposed to improve efficiency in both heavy and light
load conditions. These methods often decrease the transformer’s turns ratio, which reduces
circulating current using only phase shift control. Unbalanced PWM can also enhance
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stability, particularly when dealing with higher battery voltages. Additionally, adaptive
dead time control is combined with these techniques to further minimize losses.

While Proportional-Integral (PI) controllers are commonly used in PSFB converters
due to their simplicity, Model Predictive Control (MPC) has gained popularity for handling
multiple physical constraints and optimizing the system. MPC techniques transform
nonlinear constraints, such as peak inductor current, into dynamic linear constraints,
enabling precise tracking of battery voltage while meeting system requirements. Studies
show that MPC offers better performance than traditional PI controllers, particularly in
disturbance rejection and error minimization [90].

For systems with multiple connected PSFB converters, a common duty ratio control
ensures a balanced sharing of voltage and current among converters, minimizing circulating
losses and power imbalances. This control uses a small signal average model and a
steady-state DC model, with a Type II compensator employed as the voltage and current
controller. In ref. [59], The proposed control system regulates battery charging. The control
system’s main goal is to control the output inductor current, ensuring that the charging
rate is consistent and efficient. A proportional-integral (PI) controller is implemented to
manage the output filter inductor current, ensuring smooth current regulation during the
charging process. A key control equation for the effective duty cycle of the PSFB converter,
considering leakage inductance, is given by:

De f f , i = Di − ∆Di (15)

∆Di = 4nLlk
Vin,iTs

I f ,i
(16)

This control equation is essential for ensuring the stability and efficiency of the PSFB
converter in the PPCU, enabling smooth and precise charging of electric vehicles.

5.3. Control of Partial Power Flyback Converter

A control system for a partial power flyback converter regulates the output by adjust-
ing the switch duty cycle using feedback from the output voltage or current. It ensures
stable, efficient operation, often using pulse-width modulation (PWM) to maintain desired
output levels. In ref. [69] the control system for the Partial Power Flyback Converter (PPFC)
is designed to manage bidirectional power flow between a battery energy storage system
(BESS) and a DC grid with high efficiency. Using a Proportional-Integral (PI) controller,
the system adjusts the duty cycle to regulate the power delivered during both charging
(grid to battery) and discharging (battery to grid). Key control equations, such as those
governing the primary and secondary currents and the voltage conversion ratio, ensure
optimal power delivery while minimizing losses. The system processes only a fraction of
the total power (partial power processing), achieving over 99% efficiency [69,91].

In conclusion, control methods for Partial Power Converters (PPCs) in electric vehicle
(EV) charging applications are essential for achieving efficient, reliable, and flexible power
management. The different converter topologies, such as Dual Active Bridge (DAB), Phase-
Shifted Full-Bridge (PSFB), and Flyback converters, each employ distinct control strategies
tailored to enhance performance in various EV charging scenarios. Techniques like phase
shift modulation, Proportional-Integral (PI) control, Model Predictive Control (MPC), and
adaptive modulation approaches allow for precise regulation of battery voltage and efficient
power transfer while also addressing challenges like Zero Voltage Switching (ZVS), reactive
current reduction, and transient response management. These control strategies not only
ensure seamless charging and discharging processes but also optimize power efficiency,
reduce component stress, and support advanced functionalities such as Vehicle-to-Grid
(V2G) and Grid-to-Vehicle (G2V) transitions. As EV adoption grows, these control methods
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provide a robust foundation for high-performance charging solutions, enabling faster, safer,
and more sustainable electric mobility [92].

5.4. Control of Multi-Port Partial Power Converter

In ref. [73] control system of the Three-Port Partial Power Processing Converter (3P-
PPPC) is designed to regulate bidirectional power flow between the PV source, storage
battery, and EV battery. It uses two phase shift angles—φ13 and φ23—as control variables,
making the system a two-input, two-output configuration where the outputs are the powers
storage and EV load. The power transfer equations are nonlinear and depend on the port
voltages and inductances. A simplified expression for power between two ports is:

P =
ViVj

2π f Lij
ϕij

(
1 −

ϕij

π

)
(17)

where, Vi and Vj are the voltages at ports i and j, f is the switching frequency, Lij is the
coupling inductance between the ports and ϕij is the phase shift angle used for control. To
control the dynamic behavior, the nonlinear system is linearized around an operating point,
resulting in a small-signal model:∼

PS2
∼
PL

 =

[
G11 G12

G21 G22

][∼
ϕ13∼
ϕ23

]
(18)

where
∼
PS2 and

∼
PL represents output powers; G11, G12, G21 and G22 is the gain matrix; and

∼
ϕ13 and

∼
ϕ23 are control phase shifts. To decouple the control of both power outputs, a

decoupling matrix is derived from the inverse of the gain matrix, allowing φ13 and φ23

to be independently adjusted. A lookup table (LUT) is used for practical and efficient
implementation. This LUT is precomputed using power equations and port parameters,
mapping input conditions to optimal phase shifts [93]. The control loop includes PI
controllers for each port current.

GC(s) =
KC(τs + 1)

τs
(19)

Equation (17) represents a PI controller transfer function, where GC(s) is the controller
output, KC is the proportional gain, and τ is the time constant. A low-pass filter is used
to suppress output current ripples due to minimal battery-side inductance. The system
operates mainly in constant current (CC) mode for fast charging, with a switch to constant
voltage (CV) mode based on the battery’s state of charge. This ensures dynamic, decoupled,
and stable power control across all three ports.

5.5. Control of Buck-Boost Partial Power Converter

The proposed buck-boost partial power converter (PPC) for EV fast charging in ref. [79]
uses a control system to efficiently manage constant-current (CC) and constant-voltage
(CV) charging profiles. As shown in Figure 25, classical PI controllers regulate battery
voltage and current. The controllers are tuned with gains: Kpi = 0.22 and Kii = 2469 for
the current loop, and Kpv = 4.12 and Kiv = 8064 for the voltage loop, ensuring stable
reference tracking.
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The charging process begins with the CC mode using port 1, during which the current
is maintained at a fixed level until the battery reaches its threshold state of charge—80%
in this case. Here, the PI current controller adjusts the modulation index m to control the
converter’s duty cycle based on the error between the reference and measured current, as
described by Equations (20) and (21) for boost and buck modes.

Vpc_boost = mNVin (20)

Vpc_buck = −mNVin (21)

where N is the transformer turns ratio and Vin is the DC-link input voltage. When the
battery state of charge reaches the set threshold, the system switches to the CV mode, by
connecting to port 2. The voltage controller then maintains Vbat at the reference Vre f by
adjusting the modulation index based on the voltage error. The output voltage Vo is defined
by Equations (22) and (23).

Vo_boost = (1 + mN)Vin (22)

Vo_buck = (1 − mN)Vin (23)

The battery’s state of charge (SOC) is modeled using Equation (24), incorporating open-
circuit voltage and internal resistance. Here, E is the battery voltage, it the accumulated
current, and E0, K, Q, A, and B are battery-specific parameters.

E = E0 − K
Q

it − 0.1Q
+ Ae−Bit (24)

This model ensures accurate simulation and control response during charging. Sim-
ulation results for 400 V and 800 V batteries confirm the control system’s efficiency and
smooth CC–CV transitions.

6. Architecture and Converter Topology Selection
A proposed method for power delivery to a specific EV battery can be based on Partial

Power Processing (PPP) using an appropriate Partial Power Converter (PPC) strategy.
Given the voltage requirements, either a step-up or step-down architecture can be selected.
The ISOP step-down architecture, which exhibits a lower Kpr curve and can be considered
the most suitable choice for most fast EV charging applications. Once the PPC architecture
is selected, the next step would be to choose a converter topology. Since the ISOP step-
down architecture requires isolation and the application involves high power levels, a Dual
Active Bridge (DAB) converter could be a good choice for it. To ensure simplicity, phase
shift modulation (PSM) can be used to control the power flow between the source and
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the load. The circuit parameters can be defined primarily by the input/output voltage
and the maximum power the converter must process. The main difference between the
systems would lie in these factors. As a result, the PPC would process less power and
require lower-rated devices, leading to increased efficiency and reduced overall system
cost.

6.1. Comparison Parameters

To compare the designed Partial Power Converter (PPC) with a conventional converter
or other possible PPC designs, the following parameters can be considered: processed
active power, component stress factor (CSF), and the efficiency of both the system and
the converter. These factors can help evaluate the impact of various design aspects on the
converter’s performance.

6.1.1. Processed Active Power

A proposed method for comparing the processed power ratio of different converters
can be based on the ratio derived from the relevant equation. In this context, the Dual
Active Bridge-Full Power Converter (DAB-FPC) can process 100% of the power flowing
from the source to the battery, regardless of the charging point. In contrast, the DAB-Partial
Power Converter (DAB-PPC) processes a maximum of 60% of the source power. This value
may change throughout the charging period [94].

6.1.2. Semiconductor Stress Analysis

When evaluating the performance of different power converters, an important fac-
tor to consider is the Component Stress Factor (CSF), which measures the stress on the
components within the converter. This parameter helps in assessing how the converter
operates [95]. The CSF for semiconductors can be expressed as:

SCSFi =
Wi

∑
j

Wj
· V2

max · I2
rms

P2
S

(25)

where, ∑
j

Wj represents the total number of components, Wj is the quantity of the specific

component, Vmax is the maximum voltage the semiconductor can withstand in a steady-
state, and PS is the power source.

By using this approach, the SCSF for both FPC and PPC can be compared. From the lit-
erature, it is found that due to the reduced power processed by the PPC, the semiconductors
inside it experience less stress throughout the entire charging process.

6.1.3. Efficiency

An appropriate method for evaluating system and converter efficiency involves calcu-
lating both terms, wherein a Full Power Converter (FPC) is the same. In a Partial Power
Converter (PPC), they are influenced by the Kpr value. While the application may not need
step-up and step-down functions, all architectures can achieve this. For instance, an IPOS
step-up architecture can be adapted for step-down applications by inverting the output
voltage and managing the power flow accordingly. This behavior can be applied to other
architectures, where adding extra switches enables both buck and boost capabilities [19].

7. Conclusions and Future Directions
This paper presents an in-depth review of Partial Power Converter (PPC) topologies

and control methods specifically for fast electric vehicle (EV) charging applications. PPCs
are increasingly recognized as a promising solution due to their ability to process only
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a portion of the total power, leading to improved efficiency, reduced losses, and smaller,
lighter components. By reviewing existing PPC topologies such as the Dual Active Bridge,
Phase-Shifted Full-Bridge, Flyback, and Interleaved topologies, this paper has outlined
how these converters can be utilized in fast EV charging stations to achieve significant
performance improvements over traditional full-power converters. Selecting appropriate
Partial Power Converter (PPC) architectures depends on the application’s voltage gain
requirements, isolation needs, and thermal performance. IPOS step-up is ideal for boost
applications (G V > 1), while ISOP step-down suits buck needs (G V < 1). For high-
power systems, DAB-PPCs offer efficiency and thermal advantages, particularly in EV fast
charging. Without a doubt, PPC offers significant advantages over FPP; however, in isolated
converters, maintaining effective isolation can pose a challenge. Control methods tailored to
PPCs, including phase-shift modulation and power computation-based control, have been
explored, showcasing their potential to regulate power flow effectively and ensure reliable,
fast charging under varying load conditions. Although this review focused on explaining
the operational principles and advantages of each PPC topology, it has become evident that
PPCs offer a promising avenue for the future of EV charging infrastructure, particularly in
improving power density, minimizing losses, and fast EV charging applications.

Future work could explore the experimental validation of PPCs in real-world EV
charging scenarios to further demonstrate their advantages. Additionally, improving fault
tolerance, fault detection, converter isolation and control methods, as well as exploring new
technologies such as wide-bandgap semiconductors, may lead to even higher efficiency
and performance. Furthermore, optimizing PPC solutions for multi-domain applications,
such as vehicle-to-grid systems and hybrid energy storage systems, could expand their
versatility. Finally, developing robust standards, protection mechanisms, and fault-tolerant
designs for large-scale deployment of PPC-based EV fast-charging stations would be a key
step toward widespread adoption.
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PPC Partial Power Converter
EV Electric Vehicle
AC Alternating Current
DC Direct Current
PPP Partial Power Processing
FPP Full Power Processing
FPPC Full Power Processing Converter
DPC Differential Power Converters
ESS Energy Storage Systems
MPC Multiport Power Converters
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PV Photovoltaic
BESS Battery Energy Storage System
CSS Combined Charging System
IPOS Input-Parallel-Output-Series
ISOP Input-Series-Output-Parallel
DAB Dual Active Bridge
HESS Hybrid Energy Storage System
XFC Extreme Fast Charging
SST Solid-State Transformer
PSFB Phase-Shifted Full-Bridge
EMI Electromagnetic Interference
LLC Inductor-Inductor-Capacitor
ZVS Zero Voltage Switching
ZCS Zero Current Switching
CC Constant Current
CV Constant Voltage
SPS Single Phase-Shift
MPC Model Predictive Control
PWM Pulse Width Modulation
PI Proportional-Integral
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[CrossRef]
3. Sbordone, D.; Bertini, I.; Di Pietra, B.; Falvo, M.C.; Genovese, A.; Martirano, L. EV fast charging stations and energy storage

technologies: A real implementation in the smart micro grid paradigm. Electr. Power Syst. Res. 2015, 120, 96–108. [CrossRef]
4. Hawkins, T.R.; Gausen, O.M.; Strømman, A.H. Environmental impacts of hybrid and electric vehicles—A review. Int. J. Life Cycle

Assess. 2012, 17, 997–1014. [CrossRef]
5. Sanguesa, J.A.; Torres-Sanz, V.; Garrido, P.; Martinez, F.J.; Marquez-Barja, J.M. A review on electric vehicles: Technologies and

challenges. Smart Cities 2021, 4, 372–404. [CrossRef]
6. Sun, X.; Li, Z.; Wang, X.; Li, C. Technology development of electric vehicles: A review. Energies 2019, 13, 90. [CrossRef]
7. IEA. Global EV Outlook. 2024. Available online: https://www.iea.org/reports/global-ev-outlook-2024 (accessed on 18 January

2025).
8. Rivera, S.; Kouro, S.; Vazquez, S.; Goetz, S.M.; Lizana, R.; Romero-Cadaval, E. Electric vehicle charging infrastructure: From grid

to battery. IEEE Ind. Electron. Mag. 2021, 15, 37–51. [CrossRef]
9. Krishna, G. Understanding and identifying barriers to electric vehicle adoption through thematic analysis. Transp. Res. Interdiscip.

Perspect. 2021, 10, 100364. [CrossRef]
10. Saw, L.H.; Ye, Y.; Tay, A.A. Integration issues of lithium-ion battery into electric vehicles battery pack. J. Clean. Prod. 2016, 113,

1032–1045. [CrossRef]
11. TODOF PLUG-IN. Overcoming Barriers to Deployment of Plug-in Electric Vehicles. Available online: https://nap.

nationalacademies.org/catalog/21725/overcoming-barriers-to-deployment-of-plug-in-electric-vehicles (accessed on 14 Decem-
ber 2024).

12. Farahani, H.F.; Rabiee, A.; Khalili, M. Plug-in electric vehicles as a harmonic compensator into microgrids. J. Clean. Prod. 2017,
159, 388–396. [CrossRef]

13. Dharmakeerthi, C.; Mithulananthan, N.; Saha, T.K. Overview of the impacts of plug-in electric vehicles on the power grid.
In Proceedings of the 2011 IEEE PES Innovative Smart Grid Technologies, Piscataway, NJ, USA, 5–7 December 2011; IEEE:
Piscataway, NJ, USA, 2011; pp. 1–8.

14. Srdic, S.; Lukic, S. Toward extreme fast charging: Challenges and opportunities in directly connecting to medium-voltage line.
IEEE Electrif. Mag. 2019, 7, 22–31. [CrossRef]

15. Collin, R.; Miao, Y.; Yokochi, A.; Enjeti, P.; Von Jouanne, A. Advanced electric vehicle fast-charging technologies. Energies 2019, 12,
1839. [CrossRef]

https://www.iea.org/data-and-statistics/data-tools/greenhouse-gas-emissions-from-energy-data-explorer
https://www.iea.org/data-and-statistics/data-tools/greenhouse-gas-emissions-from-energy-data-explorer
https://doi.org/10.1007/s12046-020-01556-2
https://doi.org/10.1016/j.epsr.2014.07.033
https://doi.org/10.1007/s11367-012-0440-9
https://doi.org/10.3390/smartcities4010022
https://doi.org/10.3390/en13010090
https://www.iea.org/reports/global-ev-outlook-2024
https://doi.org/10.1109/MIE.2020.3039039
https://doi.org/10.1016/j.trip.2021.100364
https://doi.org/10.1016/j.jclepro.2015.11.011
https://nap.nationalacademies.org/catalog/21725/overcoming-barriers-to-deployment-of-plug-in-electric-vehicles
https://nap.nationalacademies.org/catalog/21725/overcoming-barriers-to-deployment-of-plug-in-electric-vehicles
https://doi.org/10.1016/j.jclepro.2017.05.027
https://doi.org/10.1109/MELE.2018.2889547
https://doi.org/10.3390/en12101839


Electronics 2025, 14, 1928 32 of 35

16. Morrissey, P.; Weldon, P.; O’Mahony, M. Future standard and fast charging infrastructure planning: An analysis of electric vehicle
charging behaviour. Energy Policy 2016, 89, 257–270. [CrossRef]

17. Tu, H.; Feng, H.; Srdic, S.; Lukic, S. Extreme fast charging of electric vehicles: A technology overview. IEEE Trans. Transp. Electrif.
2019, 5, 861–878. [CrossRef]

18. Acharige, S.S.; Haque, M.E.; Arif, M.T.; Hosseinzadeh, N.; Hasan, K.N.; Oo, A.M.T. Review of electric vehicle charging
technologies, standards, architectures, and converter configurations. IEEE Access 2023, 11, 41218–41255. [CrossRef]

19. Anzola, J.; Aizpuru, I.; Romero, A.A.; Loiti, A.A.; Lopez-Erauskin, R.; Artal-Sevil, J.S.; Bernal, C. Review of architectures based on
partial power processing for dc-dc applications. IEEE Access 2020, 8, 103405–103418. [CrossRef]

20. Anzola, J. Partial Power Converters for DC-DC Applications. 2023. Available online: https://ebiltegia.mondragon.edu/
bitstream/handle/20.500.11984/6141/AnzolaGarciaJon_tesis.pdf?sequence=1&isAllowed=y (accessed on 27 January 2025).

21. Santos, N.G.F.D.; Zientarski, J.R.R.; da Silva Martins, M.L. A review of series-connected partial power converters for DC–DC
applications. IEEE J. Emerg. Sel. Top. Power Electron. 2021, 10, 7825–7838. [CrossRef]

22. Kwon, Y.D.; Freijedo, F.; Wijekoon, T.; Liserre, M. Partial power processing DC/DC MPPT Converters in Solar PV applications:
Overview of Architectures. In Proceedings of the 2022 IEEE 13th International Symposium on Power Electronics for Distributed
Generation Systems (PEDG), Kiel, Germany, 26–29 June 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 1–6.

23. Zientarski, J.R.R.; da Silva Martins, M.L.; Pinheiro, J.R.; Hey, H.L. Evaluation of power processing in series-connected partial-
power converters. IEEE J. Emerg. Sel. Top. Power Electron. 2018, 7, 343–352. [CrossRef]

24. Gsous, O.; Rizk, R.; Barbón, A.; Georgious, R. Review of DC-DC Partial Power Converter Configurations and Topologies. Energies
2024, 17, 1496. [CrossRef]

25. Verbytskyi, I.; Lukianov, M.; Nassereddine, K.; Pakhaliuk, B.; Husev, O.; Strzelecki, R.M. Power Converter Solutions for Industrial
PV Applications—A Review. Energies 2022, 15, 3295. [CrossRef]

26. Harrison, S.; Soltoswski, B.; Pepiciello, A.; Henao, A.C.; Farag, A.Y.; Beza, M.; Xu, L.; Egea-Àlvarez, A.; Cheah-Mañé, M.;
Gomis-Bellmunt, O. Review of multiport power converters for distribution network applications. Renew. Sustain. Energy Rev.
2024, 203, 114742. [CrossRef]

27. Safayatullah, M.; Elrais, M.T.; Ghosh, S.; Rezaii, R.; Batarseh, I. A comprehensive review of power converter topologies and
control methods for electric vehicle fast charging applications. IEEE Access 2022, 10, 40753–40793. [CrossRef]

28. Khalid, M.; Ahmad, F.; Panigrahi, B.K.; Al-Fagih, L. A comprehensive review on advanced charging topologies and methodologies
for electric vehicle battery. J. Energy Storage 2022, 53, 105084. [CrossRef]

29. Arif, S.M.; Lie, T.T.; Seet, B.C.; Ayyadi, S.; Jensen, K. Review of electric vehicle technologies, charging methods, standards and
optimization techniques. Electronics 2021, 10, 1910. [CrossRef]

30. Mastoi, M.S.; Zhuang, S.; Munir, H.M.; Haris, M.; Hassan, M.; Usman, M.; Bukhari, S.S.H.; Ro, J.S. An in-depth analysis of electric
vehicle charging station infrastructure, policy implications, and future trends. Energy Rep. 2022, 8, 11504–11529. [CrossRef]

31. Zentani, A.; Almaktoof, A.; Kahn, M.T. A comprehensive review of developments in electric vehicles fast charging technology.
Appl. Sci. 2024, 14, 4728. [CrossRef]

32. Suvvala, J.; Dhananjayulu, C.; Kotb, H.; Elrashidi, A. Integration of renewable energy sources using multiport converters for
ultra-fast charging stations for electric vehicles: An overview. Heliyon 2024, 10, e35782. [CrossRef]

33. Shahed, M.T.; Rashid, A.H.-U. Battery charging technologies and standards for electric vehicles: A state-of-the-art review,
challenges, and future research prospects. Energy Rep. 2024, 11, 5978–5998. [CrossRef]

34. Dimitriadou, K.; Rigogiannis, N.; Fountoukidis, S.; Kotarela, F.; Kyritsis, A.; Papanikolaou, N. Current trends in electric vehicle
charging infrastructure; opportunities and challenges in wireless charging integration. Energies 2023, 16, 2057. [CrossRef]

35. Zhang, Y.; Wang, X.; Zhi, B. Strategic investment in electric vehicle charging service: Fast charging or battery swapping. Int. J.
Prod. Econ. 2024, 268, 109136. [CrossRef]

36. Amir, M.; Saifi, I.A.; Waseem, M.; Tariq, M. A critical review of compensation converters for capacitive power transfer in wireless
electric vehicle charging circuit topologies. Green Energy Intell. Transp. 2025, 4, 100196. [CrossRef]

37. Rahulkumar, J.; Narayanamoorthi, R.; Vishnuram, P.; Balaji, C.; Gono, T.; Dockal, T.; Gono, R.; Krejci, P. A review on resonant
inductive coupling pad design for wireless electric vehicle charging application. Energy Rep. 2023, 10, 2047–2079.

38. Khalid, M.R.; Khan, I.A.; Hameed, S.; Asghar, M.S.J.; Ro, J.-S. A comprehensive review on structural topologies, power levels,
energy storage systems, and standards for electric vehicle charging stations and their impacts on grid. IEEE Access 2021, 9,
128069–128094. [CrossRef]

39. Sun, B.; Huang, Z.; Tan, X.; Tsang, D.H. Optimal scheduling for electric vehicle charging with discrete charging levels in
distribution grid. IEEE Trans. Smart Grid 2016, 9, 624–634. [CrossRef]

40. Berrehil El Kattel, M.; Mayer, R.; Ely, F.; de Jesus Cardoso Filho, B. Comprehensive review of battery charger structures of EVs
and HEVs for levels 1–3. Int. J. Circuit Theory Appl. 2023, 51, 3514–3542. [CrossRef]

https://doi.org/10.1016/j.enpol.2015.12.001
https://doi.org/10.1109/TTE.2019.2958709
https://doi.org/10.1109/ACCESS.2023.3267164
https://doi.org/10.1109/ACCESS.2020.2999062
https://ebiltegia.mondragon.edu/bitstream/handle/20.500.11984/6141/AnzolaGarciaJon_tesis.pdf?sequence=1&isAllowed=y
https://ebiltegia.mondragon.edu/bitstream/handle/20.500.11984/6141/AnzolaGarciaJon_tesis.pdf?sequence=1&isAllowed=y
https://doi.org/10.1109/JESTPE.2021.3082869
https://doi.org/10.1109/JESTPE.2018.2869370
https://doi.org/10.3390/en17061496
https://doi.org/10.3390/en15093295
https://doi.org/10.1016/j.rser.2024.114742
https://doi.org/10.1109/ACCESS.2022.3166935
https://doi.org/10.1016/j.est.2022.105084
https://doi.org/10.3390/electronics10161910
https://doi.org/10.1016/j.egyr.2022.09.011
https://doi.org/10.3390/app14114728
https://doi.org/10.1016/j.heliyon.2024.e35782
https://doi.org/10.1016/j.egyr.2024.05.062
https://doi.org/10.3390/en16042057
https://doi.org/10.1016/j.ijpe.2023.109136
https://doi.org/10.1016/j.geits.2024.100196
https://doi.org/10.1109/ACCESS.2021.3112189
https://doi.org/10.1109/TSG.2016.2558585
https://doi.org/10.1002/cta.3579


Electronics 2025, 14, 1928 33 of 35

41. Sears, J.; Roberts, D.; Glitman, K. A comparison of electric vehicle Level 1 and Level 2 charging efficiency. In Proceedings of the
2014 IEEE Conference on Technologies for Sustainability (SusTech), Portland, OR, USA, 24–26 July 2014; IEEE: Piscataway, NJ,
USA, 2014; pp. 255–258.

42. Khan, S.; Shariff, S.; Ahmad, A.; Alam, M.S. A comprehensive review on level 2 charging system for electric vehicles. Smart Sci.
2018, 6, 271–293. [CrossRef]

43. Khan, S.; Alam, M.S.; Asghar, M.J.; Khan, M.A.; Abbas, A. Recent development in level 2 charging system for xEV: A review.
In Proceedings of the 2018 International Conference on Computational and Characterization Techniques in Engineering and
Sciences (CCTES), Lucknow, India, 14–15 September 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 83–88.

44. Falvo, M.C.; Sbordone, D.; Bayram, I.S.; Devetsikiotis, M. EV charging stations and modes: International standards. In Proceedings
of the 2014 International Symposium on Power Electronics, Electrical Drives, Automation and Motion, Ischia, Italy, 18–20 June
2014; IEEE: Piscataway, NJ, USA, 2014; pp. 1134–1139.

45. Chon, S.; Bhardwaj, M.; Nene, H. Maximizing Power for Level 3 EV Charging Stations; Texas Instruments Incorporated: Dallas, TX,
USA, 2018; pp. 1–33.

46. ElMenshawy, M.; Massoud, A. Modular isolated dc-dc converters for ultra-fast ev chargers: A generalized modeling and control
approach. Energies 2020, 13, 2540. [CrossRef]

47. Veneri, O.; Ferraro, L.; Capasso, C.; Iannuzzi, D. Charging infrastructures for EV: Overview of technologies and issues. In
Proceedings of the 2012 Electrical Systems for Aircraft, Railway and Ship Propulsion, Bologna, Italy, 16–18 October 2012; IEEE:
Piscataway, NJ, USA, 2012; pp. 1–6.

48. Purushothaman, D.; Narayanamoorthi, R.; Elrashidi, A.; Kotb, H. A comprehensive review on single-stage WPT converter
topologies and power factor correction methodologies in EV charging. IEEE Access 2023, 11, 135529–135555. [CrossRef]

49. Patel, N.; Lopes, L.A.; Rathore, A.K.; Khadkikar, V. High-efficiency single-stage single-phase bidirectional pfc converter for
plug-in ev charger. IEEE Trans. Transp. Electrif. 2023, 10, 5636–5649. [CrossRef]

50. Zinchenko, D.; Blinov, A.; Chub, A.; Vinnikov, D.; Verbytskyi, I.; Bayhan, S. High-efficiency single-stage on-board charger for
electrical vehicles. IEEE Trans. Veh. Technol. 2021, 70, 12581–12592. [CrossRef]

51. Pho, B.B.; Manh, T.N.; Do, T.A.; Vu, P. Three-Phase Single-Stage AC-DC Converter of EV Charging System with Reduced Device
Count. In Proceedings of the International Conference on Intelligent Systems and Networks, Hanoi, Vietnam, 19 March 2024;
Springer: Cham, Switzerland, 2024; pp. 285–294.

52. Muttaqi, K.M.; Isac, E.; Mandal, A.; Sutanto, D.; Akter, S. Fast and random charging of electric vehicles and its impacts:
State-of-the-art technologies and case studies. Electr. Power Syst. Res. 2024, 226, 109899. [CrossRef]

53. Zayed, O.; Elezab, A.; Abuelnaga, A.; Narimani, M. A Dual-Active Bridge Converter With a Wide Output Voltage Range (200–1000
V) for Ultrafast DC-Connected EV Charging Stations. IEEE Trans. Transp. Electrif. 2022, 9, 3731–3741. [CrossRef]

54. Chakraborty, S.; Vu, H.-N.; Hasan, M.M.; Tran, D.-D.; Baghdadi, M.E.; Hegazy, O. DC-DC converter topologies for electric
vehicles, plug-in hybrid electric vehicles and fast charging stations: State of the art and future trends. Energies 2019, 12, 1569.
[CrossRef]

55. Yahaya, A.A.; Edpuganti, A.; Khadkikar, V.; Zeineldin, H. A Novel Simultaneous AC and DC Charging Scheme for Electric
Vehicles. IEEE Trans. Energy Convers. 2024, 39, 1534–1546. [CrossRef]

56. Rajendran, G.; Vaithilingam, C.A.; Misron, N.; Naidu, K.; Ahmed, M.R. A comprehensive review on system architecture and
international standards for electric vehicle charging stations. J. Energy Storage 2021, 42, 103099. [CrossRef]

57. Iyer, V.M.; Gulur, S.; Gohil, G.; Bhattacharya, S. Extreme fast charging station architecture for electric vehicles with partial power
processing. In Proceedings of the 2018 IEEE Applied Power Electronics Conference and Exposition (APEC), San Antonio, TX,
USA, 4–8 March 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 659–665.

58. Button, R.M. An advanced photovoltaic array regulator module. In Proceedings of the IECEC 96. Proceedings of the 31st
Intersociety Energy Conversion Engineering Conference, Washington, DC, USA, 11–16 August 1996; IEEE: Piscataway, NJ, USA,
1996; Volume 1, pp. 519–524.

59. Iyer, V.M.; Gulur, S.; Gohil, G.; Bhattacharya, S. An approach towards extreme fast charging station power delivery for electric
vehicles with partial power processing. IEEE Trans. Ind. Electron. 2019, 67, 8076–8087. [CrossRef]

60. Zientarski, J.R.R.; Pinheiro, J.R.; da Silva Martins, M.L.; Hey, H.L. Understanding the partial power processing concept: A
case-study of buck-boost dc/dc series regulator. In Proceedings of the 2015 IEEE 13th Brazilian Power Electronics Conference and
1st Southern Power Electronics Conference (COBEP/SPEC), Fortaleza, Brazil, 29 November–2 December 2015; IEEE: Piscataway,
NJ, USA, 2015; pp. 1–6.

61. Ferreira, H.J.; Kouro, S.; Rojas, C.A.; Muller, N.; Rivera, S. Bidirectional partial power dc-dc configuration for hess interface in ev
powertrains. In Proceedings of the 2021 22nd IEEE International Conference on Industrial Technology (ICIT), Valencia, Spain,
10–12 March 2021; IEEE: Piscataway, NJ, USA, 2021; Volume 1, pp. 327–332.

https://doi.org/10.1080/23080477.2017.1419054
https://doi.org/10.3390/en13102540
https://doi.org/10.1109/ACCESS.2023.3338164
https://doi.org/10.1109/TTE.2023.3324358
https://doi.org/10.1109/TVT.2021.3118392
https://doi.org/10.1016/j.epsr.2023.109899
https://doi.org/10.1109/TTE.2022.3232560
https://doi.org/10.3390/en12081569
https://doi.org/10.1109/TEC.2024.3381280
https://doi.org/10.1016/j.est.2021.103099
https://doi.org/10.1109/TIE.2019.2945264


Electronics 2025, 14, 1928 34 of 35

62. Mishra, S.; Tamballa, S.; Pallantala, M.; Raju, S.; Mohan, N. Cascaded dual-active bridge cell based partial power converter
for battery emulation. In Proceedings of the 2019 20th Workshop on Control and Modeling for Power Electronics (COMPEL),
Toronto, ON, Canada, 16–19 June 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 1–7.

63. Beckmann, C.S.; Rojas, C.A.; Renaudineau, H.; Kouro, S.; Young, H.; Opazo, R.; Rivera, S. Comparison of modulation strategies
for a dual active bridge partial power DC-DC converter in EV powertrains. In Proceedings of the IECON 2022–48th Annual
Conference of the IEEE Industrial Electronics Society, Brussels, Belgium, 17–20 October 2022; IEEE: Piscataway, NJ, USA, 2022;
pp. 1–6.

64. Rivera, S.; Pesantez, D.; Kouro, S.; Lehn, P.W. Pseudo-partial-power converter without high frequency transformer for electric
vehicle fast charging stations. In Proceedings of the 2018 IEEE Energy Conversion Congress and Exposition (ECCE), Portland,
OR, USA, 23–27 September 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 1208–1213.

65. Anzola, J.; Artal-Sevil, J.S.; Aizpuru, I.; Arruti, A.; Lopez, R.; Alacano, A.; Bernal-Ruiz, C. Resonant dual active bridge partial
power converter for electric vehicle fast charging stations. In Proceedings of the 2021 IEEE Vehicle Power and Propulsion
Conference (VPPC), Gijon, Spain, 25–28 October 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 1–6.

66. Pesantez, D.; Renaudineau, H.; Rivera, S.; Peralta, A.; Alcaide, A.M.; Kouro, S. Transformerless partial power converter topology
for electric vehicle fast charge. IET Power Electron. 2024, 17, 970–982. [CrossRef]

67. Rivera, S.; Rojas, J.; Kouro, S.; Lehn, P.W.; Lizana, R.; Renaudineau, H.; Dragičević, T. Partial-power converter topology of type II
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