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ABSTRACT Bidirectional converters (BDCs) are important in electric vehicles (EVs). This study investigated different
bidirectional power converters and their efficiencies, energy densities, and cost parameters. Control methods such as pulse
width modulation (PWM) and hysteresis control are also examined. Comparisons on how well they regulate the output voltage
and currentin converters are performed. This paperalso providesan overview of the types of BDCs used in EVs, including
flyback, forward, and push-pull converters. The efficiency, energy density, and cost of each converter are assessed to identify
the most appropriate model for EVs. The control methods including the advantages and disadvantages of PWM and hysteresis
controland how they influence converter performance are examined. Suggestions for applying bidirectional power converters
and control approaches in electric vehicles are also proposed. In summary, the paper consolidates the existing research,
findings,andcurrent gaps leadingto advancementsin the field and provide resourcesfor emergingmethodologies and concepts
for advanced electric mobility.

INDEX TERMS Energy storage, E-vehicle, bidirectional DC converters, DAB, multilevel converter, Z-source, PIWM Control,
Hysteresis Control, Sliding Mode Control, Dual-loop control, MPC, ANN.

NOMENCLATURE

BDC Bidirectional DC Converter PWM  Pulse Width Modulation
EV Electric Vehicle MPC  Multi-Port Control

SEPIC Single-ended primary-inductor converter SMC  Sliding Mode Control

ZVS  Zero Voltage Switching RL Resistance and Inductance
PI Proportional Integral PPO  Proximal Policy Optimization
PID Proportional Integral De TSBB Two-Switch Buck-Boost
DAB  Dual Active Bridge CcC Constant Current

FB Full Bridge Ccv Constant Voltage

ANN  Artificial Neural Network IM Induction Motor

CCM  Continuous Conduction Mode DAB  Dual Active Bridge

DCM  Discontinuous Conduction Mode SRM  Switched Reluctance Motor
RDS  Drain —to — Source Resistance MF Member Function

VSI Voltage Source Inverter TPS Triple Phase Shifted

Z\VS  Zero Voltage Switching PSR Primary Side Regulation
PFC Power Factor Correction ANN  Artificial Neural Network
PV Photovoltaic ADC  Analog to Digital Converter
MPPT Maximum Power Point Tracking MLI Multi-Level Inverter

QRF  Quasi Resonant Flyback ZVT  Zero Voltage Transition
SMPS  Switched Mode Power Supply BTB  Back-to-Back

THD  Total Harmonic Distortion
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1. INTRODUCTION

Bidirectional converters play a crucial role in
electricvehicles, facilitating the seamless power conversion
between motors and battery modules. As observed in
regenerative braking systems, these converters also enable
the battery to charge and discharge. This study examined
various model predictive control structures designed for
hydrogen fuel cells and other fuel-cell-based variable power
setups. Their suitability for vehicular applications was also
assessed based on cost-effectiveness, environmental
friendliness, the absence of emissions, and the ability to
handle substantial power loads. The different types of non-
isolated DC-DC converters [1] also identify the obstacles
faced by fuel cell technology and outline its potential uses.
Furthermore, italso provides acomprehensive categorization
of DC-DC converters.

Electric vehicles (EVs) frequently use diverse
Bidirectional DC Converters (BDCs), including buck-boost,
single-ended primary inductors, and boost converters. A
specific iteration of the DC Converter, namely the boost
converter, raises the voltage level froma lower input voltage
to a noticeably higher output voltage. This component finds
widespread application in EVs owing to its capacity to
efficiently transform the battery energy for electric motors.
Conventionally, the modulation of the pulse width (PWM)
governs the boost converter, enabling adept efficiency and
steadfast output voltage.

The buck-boost converter, categorized as a DC
converter, empowers meticulous adjustment of voltage
levels, offering versatility in achieving both voltage
amplification and reduction. It is a common fixturein EVs
because of its proficiency in converting battery energy for
electric motors and facilitating battery charging and
discharging. Typically, the PWM technique steers the control
of the buck-boost converter, facilitating high-efficiency
functionality and consistent output voltage.

Bidirectional
DC-DC Converter

7
\J Low vHigh

Control System

FIGURE 1. Structure of BDC

The structure of bidirectional power converters(BDCs) plays
a crucial role in the overall energy-management system of
electric vehicles. A bidirectional converter is a power
electronics device that cantransfer electrical energy between
two ports in both directions. It allows for efficient energy
flow from a source to a load and returning energy to the
source. A Bidirectional DC Converter is a device that
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efficiently converts electrical energy between two voltage
sources, Viow (lowvoltage) and Vwigh (high voltage), in either
a stepping up (boost) or stepping down (buck) mode. It
utilizes power electronic switches and a control system to
manage bidirectional energy flow, making it essential in
applications like energy storage, electric vehicles, and
renewable energy systemsas shownin Fig 1. This versatility
is crucial in applications like electric vehicles, renewable
energy systems, and battery storage, enabling energy
management, grid integration, and improved overall system
efficiency. Bidirectional converters play a pivotal role in
modern energy systems by facilitating bi-directional power
transfer and control. This extensive review and comparative
analysis examined various BDC types and evaluated their
efficiencies, energy densities, and cost metrics. In addition,
various control techniques, such as PWM and hysteresis
control, are reviewed to assess their effectiveness in
regulating the output voltage and current of the converter.
Thisstudy aimsto identifythe most suitable converter model
for EV usage by providing an overview of the BDC types
used in EVs and evaluating their performance. Furthermore,
it highlights the significance of control strategies. This
finding suggests areas for further research aimed at
enhancing the efficiency of BDCs in EVs (Fig. 2).

The SEPIC adjusts the voltage levels,
accommodating both the increases and decreases. This
converter finds frequent application in Electric Vehicles
(EVs) owing to its capacity to convert energy between the
battery and the electric motor effectively. This in tum
facilitates battery discharge and charging. Control of SEPIC
Converters commonly employs a pulse-width modulation
(PWM) technique, enabling the converter to operate
efficiently and produce a stable output voltage.

The development of control strategies for
bidirectional DC converters that encompass hysteresis,
sliding mode, and Proportional Integral (PI) approaches is
contingent on specific requirements of the EV system.
Hysteresis control, characterized by its simplicity and
robustness, is a fundamental approach that does not require
an intricate mathematical model of the converter.
Nonetheless, it falls short of the efficiency achieved by
alternative control methods, potentially leading to a
pronounced harmonic distortion.

On the other hand, Sliding Mode Control (SMC)
has emerged as a pivotal method owing to its resilience to
constraint variations and ability to deliver rapid transient
responses. However, implementing the method is intricate
and may result in a phenomenon known as chattering. Pl
control is a widely adopted technique that is easy to
implementand has favorable outcomes. However, it may not
possess the same level of robustness as other control
strategies that may require a precise mathematical
representation of the converter.

Bidirectional DC converters play an important role
in EV functioning. The selection of converter type and
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FIGURE 2. Block Diagram of E-Vehicle System

control methodology depends on the precise
requirements of the EV system. This study accurately
analyzed bidirectional DC converters from both the
topological and regulatory perspectives. The topologies were
neatly categorized into isolated and non-isolated types and
each was further divided into eight distinct classes. For
clarity, asummary of the tabulation has been provided. The
exploration of methodologies, such as single/dualtriple
phase shifts, contributes to optimizing the overall outcomes.
[1-4]. The most prevalent control paradigms, including PID,
Fuzzy logic, model predictive, Sliding Mode, and Digital
Control, were also analyzed.

The main contribution of this review paper lies in
its in-depth analysis and comparative study of various
converter topologies and control strategies, aimed at
identifying the most suitable converter topology and its
corresponding control strategies for the application in
electric vehicles (EVs). This extensive investigation offers
valuable insights into the selection of optimal bidirectional
power converter solutions and control approaches for EVs,
ultimately enhancing their performance, efficiency, range,
and cost-effectiveness.

2. Various categories of Bi-Directional DC
converters
2.1 BUCK-BOOST CONVERTER

A modified two-switch buck-boost (TSBB)

converter is proposed, which reduces the number of
components and semiconductors compared to conventional
TSBB, thereby reducing power loss. The source terminals of

metal oxide semiconductor field-effect transistors
(MOSFETSs) connected to the ground allow simpler gate
driver IC selection, as high-side gate signals are no longer
required [5], as shown in Fig.3. Vin can be adjusted to align
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it with Vout. The buck—boost converter can transform voltage
levels, whether surpassing or falling below the target output
voltage. Its operation involves the adaptation of the input
voltage to a DC level, and is subsequently employed to steer
a switching converter. This converter adjusts the voltage
upwards or downward, as required, to attain the intended
output voltage. Buck—boost converters are widely used in
scenarios where the input voltage displays notable variations
or when isolation between the inputand output is required.

To counteract the destabilizing effects stemming
from the active load ofthe DC-to-DC Buck-Boost Converter
(BBC), the Distributed Dual-Model Predictive Control
(DDMPC) scheme aims to achieve a rapid reference
convergence. Inthis strategy, the ((RL) algorithm scrutinizes
the system state and devises the optimal control policy. The
Proximal Policy Optimization (PPO) algorithm is harnessed
and juxtaposed with a proportional-integral (PI) controller
for comparison [6].

The Dual-Stage Buck-Boost Converter (DSBBC)
holds a prominent position as the preferred direct-
current/direct-current (dc/dc) converter for applications such
as photovoltaic systems, power factor correction, and low-
voltage portable devices. This preference arises from its
broad input-voltage compatibility and consistent output
voltage polarity. However, when configured in a constant-
current (CC) setup, the DSBBC encounters notable output
voltage oscillations during transitions between modes.
Employing an interleaved modulator (IM) technique with
uniform duty cycles can alleviate inductor ripple current,
although it can sustaina higher average inductor current.
However, the application of an interleaved modulator with
duty offset has demonstrated its potential to curtail
conventional inductor current, thereby augmenting the
overall efficiency of the converter [7]. The planned lossless
snubber cell for the BBC system offers soft switching aimed

1
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at all power switches in both power-flow directions. The
absence of a significant circulating current at various load
levels resolves the reverse-recovery problem typically
encountered in synchronous rectifiers.

The expression for the output voltage (Vout) of the
buck-boost converter ¢ is formulated as follows:

Vout = (1?_D) Vin (1)

Where:
e  Vou is the output voltage,
o D representsthe duty cycle (the proportion of time
the switch is ON during one switching cycle), and
e Vin denotes the input voltage.

A
71

Vout

)

FIGURE 3 Buck-Boost Converter

This allows high-frequency switching (60 kHz)
across all power switches, thereby enhancing the efficiency
and power density. This design eliminates the need for
auxiliary switches and is characterized by a straightforward
structure, high reliability, and a lack of complex auxiliary
circuitsordrivingalgorithms [8]. The Buck-Boost converter,
a versatile power electronic device, offers valuable insights
and possesses notable merits and demerits for applications in
electricvehicle (EV) systems. This enables efficient voltage
regulation, accommodates diverse inputvoltage ranges, and
facilitates bidirectional operations for energy management.
With a high-power conversion efficiency and compact form
factor, it is cost-effective while maintaining performance.
However, controlling the buck-boost converter can be
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complex, necessitating careful handling of load variations
and input voltage changes. Electromagnetic interference
poses a challenge and requires additional compliance.
Furthermore, the converter has limitations in its voltage
conversion range. Nonetheless, buck-boost converters
remain afavored choice owingto their versatility, efficiency,
and ability to handle diverse input voltages, contributing to
the progression and integration of EV systems.

2.2 CUK CONVERTER

The capacitive voltage divider within this converter
precisely handles the required voltage conversion. The Cuk
converter ingeniously combines the benefits of both Buck
and Boost converters, resultingin superior power conversion
efficiency that remains strongacross a wide range of input
and output voltage conditions. By strategically using
capacitors and inductors, the Cuk converter enhances the
power conversion efficiency and reduces the switching
losses. Owing to these exceptional qualities, the Cuk
converter has become a popular choice in various power
electronics applications, such as battery charging, solar
power systems, and electric vehicles, further solidifying its
reputation in the field.

The flow-graph modeling technique was utilized to
explorethe one-cycle control method, which is a nonlinear
approach that leadsto a comprehensive understanding of the
behaviors of both large and small signals in switching
converters. A systematic design method was formulated for
such control systems with a Cuk converter serving as an
example. Additionally, a description grounded in practical
insights is presented to clarify how one-cycle control
achieves immediate regulation without requiring an
infinitely high loop gain [9], as shown in Fig. 4.

The Cuk converteris a type of DC-DC converter
that can step up or step-down voltage levels. Its operation is
based on the Cuk topology, which incorporates a coupled
inductor. The Cuk converter'sexact equations forvoltageand
current relationships can be derived from circuit analysis.
Here's the general equation for the Cuk converter:

Vout = (1;_D) Vin (2)

Where:
e  Vout is the output voltage.
e Vinis the input voltage.
e Disthe duty cycle of the switching transistor
(ratio of on-time to total switching period).
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FIGURE 4 Cuk Converter

Cuk converters generate evenly spaced voltage levels,
which are suitable for driving a four-phase switched
reluctance motor (SRM) using a split capacitor converter.
The proposed PWM AC-DC converter functions in
Discontinuous Conduction Mode, yielding benefits such as
smaller size, reduced costs, and reduced reliance on sensor
components. An advanced voltage control loop was
employed to proficiently manage the DC-link voltage and
achieve power factor correction (PFC) at the AC mains. This
control methodology and its associated analysis and
discussion can be found in [11].

2.3 SEPIC CONVERTER

This DC-DC converter converts voltage levels
using inductors and capacitors. Specifically, SEPIC
transformsthe voltage from one level to another. The SEPIC
Converter constitutes a variation of the Conventional Buck
and Boost Operationand is accomplished with high and low
voltage levels, as required. SEPIC converters arewidely used
in applications that require a stable Vout, even when Vin
fluctuates. Furthermore, it is applicable in scenarios where
the source voltage exceeds the load voltage, or, conversely,
as exemplified in the circuit diagram presented in Fig. 5.

An innovative SEPIC was proposed to address the
shortcomings of the inadequate step-up ratio and voltage
stress often observed in traditional boost converters. This
solution employs a shared-boost inductor switch and
harnesses a SEPIC converterto enhance step-up capability.
The leakage inductor of the transformer eliminates the need

for a current snubber, thus alleviating the reverse recovery
issues. This valuable insight can be incorporated into a PhD
research survey [12]. The modified coupled-inductor SEPIC
converter provides a new approach for attaining a significant
voltage increasewithinthe range of 2—-10. By addingan extra
diode, a low-voltage MOSFET with a low RDS-ON can be
chosen, cutting costs and lessening switch-related losses. In
contrast to similar setups with comparable voltage gain
potential, this suggested design stands out for its simplicity
and requirement for fewer components. The expression for
the output voltage (Vout) of the SEPIC.

Vout = (%) (Vin + 1]/1_1;) (3)

Where:
e Vout is the output voltage.
e Drepresents the duty cycle (the ratio of time the
switch is ON to the switching cycle time).
e Vin denotes input voltage.

The SEPIC converter is a highly adaptable DC-DC
converter that can perform both step-up and step-down
voltage conversions, making it a suitable option for
numerous applications in power management and energy
conversion systems. This streamlined design approach leads
to a more compact and lightweight converter that enhances
power density and ensures improved reliability in various
applications.
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FIGURE 5 SEPIC Converter
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In addition, the optimized topology enables
advanced energy conversion systems, allowing efficient
power resource utilization while maintaining cost-
effectiveness and performance. Specifically, the innovative
SEPIC achieves significant gains without the need for a
transformer or coupled inductor, reducing switch-voltage
stress and conduction losses. Its continuous input currentis
well suited for sustainable power sources suchas fuel cells.
Furthermore, the control system is straightforward,
permitting regulation in the CCM by maintaining equal
gating pulses for both switches. Therefore, an additional
clamping circuit was unnecessary. The SEPIC converter
demonstrates remarkable advantages, such as non-inverting
output, exceptional efficiency, and significant amplification.
The modified SEPIC with its maximum voltage gain
outperformed the conventional SEPIC and other single-
switch converters, making it ideal for harnessing renewable-
energy sources. The analysis of its voltage gain considers
both continuous and discontinuous conduction modes while
considering nonideal components [15].

2.4 ZETA CONVERTER

A Zeta Converter (Z-Source Inverter) is a power
electronic converter that combines inductors, capacitors, and
diodesfor voltage isolation. Its voltage source inverter (VSI)
topology enables various input voltages and quality output
voltages that are suitable for renewable energy systems,
electricvehicles,and industrial drives. The Z-source network
boosts the input voltage, filters the harmonic content, and
provides clean output voltage. Its high-power density,
efficiency, low cost, compact size, and bidirectional power
flow make it ideal for grid-tied inverters, electric vehicles,
and microgrids, as shown in Fig.6.
The expression for Zeta Converter,

Vout

D=—%_ (4)

Where:
e D istheduty cycle (the fraction of time the switch
is ON during one switching cycle)

A

e Vinis the input voltage

A comprehensive analysis and experimental
investigation were conducted on a two-switch Isolated Zeta
DC-DC converterto assess its steady-state performance. The
primary concern revolved around the high-voltage stress
experienced by the transistors, which was attributed to the
resonance between the leakage inductance of the transformer
and output capacitance. To mitigate this issue, an additional
transistor and two clamping diodes were introduced on the
primary side of the transformer to effectively reduce the
voltage stress to the level of the input DC voltage [16]. A
zeta-flyback converter with soft-switching capabilities is
proposed to achieve zero-voltage switching (ZVS).

This inventive design brought together the Zeta and
Flyback configurations, making use of shared power
components on the primary side of the transformer, partial
magnetizing flux reset,and power distribution for the output.
To achieve zero-voltage switching (ZVS) during switchturn-
on, a buck-boost-type active clamp circuit was integrated in
parallel with the primary side of the Isolated Transformer.
This circuit helpsrecycle energy from the leakage inductor
while maintaining the peak voltage stress on the switches
during the turn-off of the main switch. A new hybrid circuit,
founded on an active-quad-switched-inductor (AQSL), was
proposed, harmoniously blending Zetaand Boost converters.
Unlike traditional zeta circuits with intermittent input
currents, this hybrid zeta-boost converter ensures
uninterrupted input and output currents without depending
on high-frequency transformers or multiple diode and
capacitor stages. As a result, it yields a higher voltage gain
while reducing input source consumption [17-18]. For
Electric Vehicle (EV) applications, a Bridgeless Isolated
Power Factor Correction (PFC) Zeta-Luo converterfeaturing
an integrated power factor pre-regulator was previous
designs owing to the shared output inductors between the
PFC and Zeta-Luo conversions. Wide-range testing under
steady-state conditions, varying main voltages, and different
load scenarios validated satisfactory power factor-based
charging in Constant Current (CC) and Constant Voltage
(CV) modes [19].
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FIGURE 6 Zeta Converter
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A novel design based on the Zeta topology was
proposed to address the need for a transformerless buck—
boost converter. This converter preservesthe advantages of
Zeta, including its buck-boost capability, DC insulation, and
continuous output current. Moreover, it offers a higher
voltage gain while employing only a single switch, thereby
reducing the voltage stress and minimizing the on-state
resistance, thereby leading to lower losses [20]. In the
domain of solar photovoltaic (PV)-fed water-pumping
systems, a cost-efficient and effective Brushless DC Motor
Drive was introduced. The Zeta Converter was harnessed to
maximize power extraction from the solar array, eliminating
the need for phase-current sensors using a control algorithm.
A Variable Voltage Source Inverter (VSI) facilitates motor
speed control by adjusting the DC-link voltage, without
requiringadditional circuitry. The Zeta Converter, controlled
viaan Incremental Conductance MPPT algorithm, enabled a
soft start for the motor, ensuring smooth operation [21].
By conducting a careful analysis and employing creative
design strategies, several converters based on the zeta
topology have been suggested to tackle specific challenges
in power electronics. These challenges include decreasing
the voltage stress, increasing the efficiency, achieving
greater voltage gain, and enhancing the control capabilities.
component selection and the incorporation of novel features
are provided.

The study emphasizes that an extremely high
switching frequency is not obligatory; the "maximum
efficiency vs. magnetizing inductance" graph reaches its
extremes at 400pH. The circulating power losses were
scrutinized and observed to increase with input voltage.
Analysis of the short-circuit characteristics necessitates the
inclusion of a hybrid clamp in conjunction with multimode
control [25], as illustrated in Fig.7.

This study conveys information about the power-
supply architecture, Integrated Circuit design aspects, over-
power protection, and key comparison options. The
experimentsyielded findings including a peak efficiency of
87.1% at 620V and a rated load. The investigation delved
into Quasi-Resonant Flyback (QRF) losses sans load, their
reliance on input voltage, and the connection between the
switching frequency and load. Bode plots were used to
analyze the bandwidth, phase margin, and gain margin. A
comparison of the simulation and measurement results
indicated that Type-2 compensation can ensure stable
operation. The study determined that compensation and
regulated output selection influence the Quasi-Resonant
Flyback (QRF) converter efficiency at varying switching
frequencies [26].

Hybrid topology of forward and flyback conversion
with series and parallel connections on primary and
secondary sides, respectively. It is free from start-up issues
and high-voltage spikes on the switches. Controlled and
designed for soft-switchingand built-in flyback transformers
asfilter inductors, reducingthe currentripple voltage flyback
BDC [22]. The proposed flyback push—pull DC converter
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These improvements lay the groundwork for more effective
and dependable power conversion across various
applications ranging from electric vehicles to solar-powered
systems. This converter integratesa BOOST circuit for solar
panel energy optimization and three SEPIC/ZETA circuits
for efficient energy management between the photovoltaic
panels, battery, and supercapacitor [123]. It ensures stable
voltage and powerduringmodeswitching, demonstrating the
ability to manage multiple operating modes effectively. This
converter contributes to extended driving range and battery
life of SEVs by utilizing solar energy, thereby promoting
environmentally friendly operation.

2.5 FLYBACK CONVERTER

A flyback converter is a type of switched-mode
power supply (SMPS) that employs a single switch to
transfer energy to a load. This method achieved both voltage
isolation and conversion. An inductor is used to store energy
in a flyback bidirectional DC converter (BDC). It boasts a
high efficiency and operates at a specific frequency.
However, this solution requires an intricate design, owing to
the high-voltage stress exerted on the switch. A review of
active clamped flyback control Integrated Circuits
highlighted only two suitable vendors. Suggestions for
presents benefits compared to typical converters, including
reduced outputdiodes and consistent output features forboth
buck and boost modes under continuous conduction
conditions. [23].

The basic formula for the output voltage (Vou) of a
flyback converter is as follows:

Vout = (1?_[,) (%;) Vi (®)

Where:
e Vout is the output voltage,
e D represents the duty cycle (the ratio of time the
switch is ON to the switching cycle time),
e Nsis the numberofturns in the secondary winding
of the transformer,
e Npisthe number of turns in the primary winding of
the transformer, and Vin denotes the input voltage.
The active-clamp converter has several beneficial
qualities, including zero-voltage switching (ZVS), reduction
of reverse-recovery effects, a broad range of conversion, and
minimal fluctuation in the input current. Incorporating two
interconnected coilsenhances the power density in both the
flyback and forward modes, while the full-bridge inverter
and LC filter ensure that the load receivesa low-voltage
signal with minimal Total Harmonic Distortion (THD). This,
in turn, increases the overall efficiency and power density
across different input-voltage ranges [24]. The Primary-side
Regulation (PSR) Flyback Converter, widely used in low-
power applications, mainly functions in Discontinuous
Conduction Modulation (DCM).
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However, a shift to Continuous Conduction
Modulation (CCM) is necessary to increase output power.
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Unfortunately, CCM requires a costly Analog-to-Digital
Converter (ADC). To overcome this problem and uphold the
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FIGURE 7 Flyback Converter

output current control in both DCM and CCM modes, an
innovative Digital Peak Current Control method is
introduced. However, an inadvertent calculation error during
mode transition can lower the output current, straying from
the intended level. To counter this, a Hysteretic Multimode
Control strategy comprising two Pulse-Width Modulation
(PWM) modes and two pulse-frequency modulation (PFM)
modes was employed. This ensures precise current
regulation, eliminates calculation errors, and enhances
performance and stability under various conditions. Digital
control techniques decrease circuit complexity and elevate
the overall reliability of the converter [27].

2.6 FORWARD CONVERTER

The forward BDC converter operates both forward
and bidirectional. In forward mode, it increases the input
voltage, and in bidirectional mode, it reduces the higher DC
voltage, serving as both an up-and-down converter. It is
composed of two power switches, MOSFETs or IGBTS, and
two energy storage devices, such as inductors or capacitors.
Switching these parts and using control circuits changes the
converter mode and adjuststhe voltage [24]. Its advantages
include high efficiency, especially when operating in two
directions, and impressive power compactness, making it
suitable for small, portable applications such as battery
management, electric vehicles, and eco-friendly power
sources. However, challenges arise in managing complex
switchingand vulnerability to shiftsin input voltage and load
conditions, demanding careful timing and a particular design
for optimal performance, as shown in Fig. 8. The forward
converter is a type of DC-DC converter commonly used in
power electronics. Its operation involvesa transformerand a
diode bridge.
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A 2-SW Active Clamped Forward converter was
used to address the issue of high-voltage stress on the
switches in an Active Clamped Forward (ACF) converter.
This solution is particularly suitable for low-power to
medium-power applications. A clamping diode, in
conjunction with a gate signal thatturnsoff after a delay, was
employed to cap the voltage stress at the input level or reset
the capacitor voltage. This approach provides a simple and
effective solution for this problem. By combininga clamping
diode andaprecisely timedgate signal, the converter directly
controlsthe voltage stress, effectively managingthe potential
challenges. Using a gate signal that turns off after a delay,
alongwith a clamping diode, offers a practical and efficient
method to confine the voltage stress to the input level or reset
the capacitor voltage. This technique not only simplifies the
voltage stress management but also guarantees peak
converter performance. The integration of a clamping diode
and a delayed turn-off gate signal provides a direct and
dependable method for alleviating voltage stress,
demonstrating the viability and efficiency of this solution.
[28]. Newly introduced forward converter incorporates zero-
voltage switching (ZVS) and Resonant Capacitor resistance
(RC-R) pulse-width modulation (PWM), introducing a
simplified auxiliary circuit. This auxiliary circuit is
compatible with both single-switch and two-switch forward
converters, ensuring smooth switching of the main and
auxiliary MOSFETSs, regardless of variationsin the line and
load conditions. The output voltage equation for the forward
converter is as follows:

Voue = D (32) Vi (6)

Ny

Where:
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e  Vout is the output voltage.

e Vinis the input voltage.

e D is the duty cycle of the switching transistor (ratio of
on-time to total switching period).

e Ni is the number of primary windings turns on the
transformer.
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e Nz is the number of secondary windings turns on the
transformer.
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FIGURE 8 Forward Converter

Innovative converters provide additional flexibility
by allowing duty cyclesabove 0.5 that is suitable for diverse
applications with a wide input voltage range. In addition to
the aforementioned benefits, the proposed forward converter
with ZVS and RC-R PWM features an optimized auxiliary
circuit. This aids in the smooth switching of both the main
and auxiliary MOSFETs, while maintainingresilience to line
and load variations. The integration of the ZVS and RC-R
PWM techniques in the novel forward converter design
ensures the efficient and seamless switching of MOSFETS,
offering dependable performance across changing
conditions.

Through a refined auxiliary circuit, the newly
developed forward converter achieved gentle MOSFET
switching, ensuring reliability across different input
voltages. The increased versatility of converters, functioning
beyond 0.5, suits diverse industries with varying voltage
requirements. Without a magnetic element, the streamlined
auxiliary circuit enhances the power density compared with
existing Zero-Voltage Transition (ZVT) forward converters.
A comparison with ZVT forward converters evaluates the
planned converter performance and analyzes the operational
stability and various operating modes. [30].

These modes encompass an active switch, diode,
transformer, and balanced compensated demagnetization
voltage source. Different subcircuits harmonize
compensated demagnetization voltage sources, leadingto the
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development of diverse forward-switching cells. These
include the Resonant Capacitor-Diode (RCD), active-
clamping, lossless current—doubler (LCDD), Flyback-
Integrated, and Independent-Circuit configurations achieved
through topology derivation rules [31].

2.7 PUSH-PULL CONVERTER

The DC converter employs a pair of switching
transistors, with one set up in a Common-Emitter
arrangement (known as the 'pusher’) and the other in a
Common-Collector setup (known as the ‘puller’). This
arrangement increases the voltages and decreases the DC
input power. It is relatively straightforward to design and
adeptathandlinghigh powerloads. It has various advantages
over other DC-DC converters, such as a reduced ripple
voltage at the output owing to double sampling in each
switching cycle, improved efficiency stemming from the
complementary action of the two transistors, and elevated
current delivery to the load. This setup typically comprises
two switching transistors, a diode, a transformer, and a
control circuitry, making it versatile for applications in
power supplies for electronic devices, DC motor drives, and
renewable energy systems, as illustrated in Fig.9.
A two-stage structure emerges from the coexistence of the
current source and non-isolated DC converter through a
shared inductor arrangement. This eliminatesthe need for a
capacitor by using the same inductors as in the single-stage
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setup. Additionally, a high-frequencytransformer guarantees
the attainment of the rated output, even in challenging fuel-
cell output scenarios. Moreover, the switching frequency of
the push—pull converter is adjusted to double that of the buck
converter, effectively curtailing the current peaks [32].
Despite its simplicity and the absence of complex multi-
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resonant tuning, the converter configuration shows
exceptional stability in maintaining a consistent current
output over a broad voltage range during unrestricted
operation. This accomplishment is attributed to the use of
analytical methods that establish normalized connections,
forming the basis for overarching design principles [33].
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FIGURE 9 Push-Pull Converter

Within the domain of control strategies, an
enhancedapproach tailored for push-pull Dual Active Bridge
convertersis introduced. The aim is to broaden the zero-
voltage switching (ZVS) range and alleviate the effects of the
current stress. In contrast to conventional modulation
techniques that primarily manipulate power through
adjustments in the primary duty cycle and phase-shift angle,
the proposed modulation incorporates the duty cycle on the
secondary side in the pulse-width modulation (PWM). This
inventive approach, driven by modified PWM modulation,
provides a control law that directly reduces the root-mean-
square (RMS) current while simultaneously upholding an
extensive ZVS range [34].

To counter the voltage spikes and reclaim the
energy stored in the leakage inductors, a sophisticated
integration of auxiliary switches, resonant inductors, and
clamping capacitors was executed on the transformer's
primary side. This novel integration, implemented within the
advanced active-clamp push-pull converter, leads to
substantial enhancements in converter efficiency.
Specifically, it addresses zero-voltage switching losses
linked to the main and auxiliary switches [35]. A switching
control strategy designed explicitly for a current feed push-
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pull converter featuring an active voltage doubler rectifier or
an active rectifier on the secondary side of the isolation
transformer is proposed.
The expression for the output voltage (Vout) of the
push-pull converter can be given as
Voue = 32 Vin = Vi =Vee)D ()
Let:
Vout is the output voltage,
N1 represents the number of turns in the primary
winding of the center-tapped transformer,
¢ N2 denotes the number of turns in each half of the
secondary winding of the center-tapped
transformer,
e D be the duty cycle (the ratio of time the switches
are ON to the switching cycle time),
e Vinrepresents the input voltage,
e Videnotesthe voltage drop across the diodes, and
e Ve represents the voltage drop across transistors
when switched ON.
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The push—pull converter employs a center-tapped
transformer and switchingtransistors to achieve both voltage
conversion and isolation. The duty cycle (D) manages the
ON time of the transistor, thereby influencing the output
voltage. The transformer turn ratio (2N2/N1) enables a
voltage step-up or step-down. The diode and transistor
voltage drops (Vi and Vce) were factored into for loss
consideration. This approach offers a key benefit by
facilitating soft switching and ensuring the seamless
operation of single- and dual-inductor push-pull converters,
regardless of the active rectifier type utilized [36].

To attain optimal performance, a pioneering design that
combines a push-pull circuit, an active voltage doubler
circuit,and abidirectional switch is proposed. This inventive
converter functionsintwo modes, effectivelyachieving zero-
voltage switching and remarkable efficiency even at high
frequencies. Importantly, it avoids the flow of an instant
reactive current. Notably, the converter achieves a high
conversion ratio without the need for a high-tumn-ratio
transformer [37]. These converters epitomize a synergistic
blend of innovative designsand advanced control strategies,
resulting in substantial advancements in efficiency, stability,
and power delivery. Consequently, they have emerged as
highly viable options for a wide array of applications in
power electronics

2.8 HALF-BRIDGE CONVERTER

An adaptable solution for altering the voltage levels
in a DC power source was introduced, which enabled
changes in energy direction. By comparing two switching
transistors, two diode, inductor, and capacitor, this converter
handles high power and facilitates bidirectional energy flow.
The control circuit for this converter is more complex owing
toitsbidirectional energy-flow capability. The Circuit shown
in Fig.10 incorporates a half-bridge capacitor—inductor—
inductor—capacitor—capacitor (CLLC) resonant circuit and
buck/boost circuit, leveraging synchronous pulse-width
modulation to achieve higher voltage gain. The CLLC
resonant circuit enables soft switching for MOSFETS, and
thorough simulations confirm the converter's ability to
achieve zero-voltage or zero-current switching [38].
Reducing the root-mean-square (RMS) current in a dual-
active-half-bridge (DAHB) converter involves adjusting the
duty ratio and phase shift control. This approach employs
mathematical optimization and simulations to determine the
optimal circuitconditions. Through the integrationof a 3D-
modulation strategy with closed-loop control, the converter
achieves its lowest RMS current, facilitating zero-voltage
switching. [39]. These approaches improve the efficiency of
EV applications by reducing power losses and optimizing
power transfer. Control strategies are devised to minimize
the RMS current while maintaining the power output with or
without a zero-voltage switching (ZVS) operation.
Validation  through simulations and experiments
demonstrated the potential for higher efficiency gains [40].
These strategies are particularly beneficial for EVs and for
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optimizing power conversion, utilization, and power flow
management.

A prominent advantage of the newly devised DC
converter for fuel-cell vehicles is its ability to achieve zero-
currentand zero-voltage switching. This was made possible
using a secondary modulation clamp that effectively
regulated the voltage. This converter boasts attributes such
asa compactdesign and reducedcost,which are attributedto
the utilization of low-voltage-rated components with
minimal on-state resistance. These factors contribute to
reduced conduction losses and heightened overall efficiency
[41]. These features make it highly suitable for EV
applications, improving power conversion and utilization in
fuel-cell vehicles. Designing a push-pull forward half-bridge
BDC with a variable input voltage requires careful
component selection and topology considerations to
minimize power lossand maximize efficiency. Optimization
methods include simulations, analytical equations, and
experimental testing. The inputvoltage range and load power
are essential for efficient operation withina specified range
of the converter [42]. This tailored approach ensures optimal
performance in EV applications by prioritizing the power
efficiency and precise control.

The mathematical equation for the output voltage
(Vout) of the half-bridge converter can be written as follows.
Vour = (Vm Vi1 =V = Veer = Viez — Vd) xD (8
Where:
e Vout is the output voltage.
e Vinis the input voltage.
e Vu and Vg are the voltage drops across the two
diodes.
o Ve and Vee2 are the voltage drops across the two
switching transistors (usually MOSFETS).
e Vyisthe voltage drop across the freewheeling diode
e D is the duty cycle of the switching signal,
representing the fraction of the switching period
during which the transistor is ON.

The latest DC converters have a wide range of
applications including low-power to high-power scenarios,
fuel-cell vehicles,and power generation. Its advanced design
has several benefits, such as a straightforward circuit layout
withoutany drawbacks to the total devicerating (TDR), soft-
switching capabilities without any additional devices, high
efficiency, and simple control [43]. This knowledge
highlights the versatility and advantages of DC converters in
various power applications, particularly in the field of
electric vehicle technology.
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FIGURE 10 Half-Bridge Converter

This highlights the converter's proficiency in
effectively managing diverse power levels and its unique
advantages for fuel-cell vehicles. However, it is essential to
consider specific requirements and constraints of each
application when selecting the most suitable converter
topology. The presented converters provide flexible and
efficient solutions for voltage conversion in EV vehicles,
enabling the precise control of power flow and bidirectional
energy transfer.

The integration of innovative circuit topologies,
resonant circuits, and optimized control strategies in these
converters leads to improved efficiency, reduced power
losses, and better performance in electric vehicle (EV)
environments. However, the complexity of the control circuit
and challenges associated with specialized modulation
techniques must be considered when comparing them with
other converter types. Nonetheless, these converters have
significant potential for advancing the power electronics in
EV vehicles.

2.9 FULL-BRIDGE CONVERTER

Voltage conversion was achieved using four
MOSFETs, allowing for voltage stepping-up or stepping-
down, and bidirectional energy flow. The converter
comprises four transistors, two diodes, an inductor, and a
capacitor, arranged in a full-bridge configuration, as shown
in Fig.11. It can handle higher voltage and power ratings as
well as higher frequency switching, making it suitable for
renewable energy systems. However, bidirectional energy
flow capability adds complexity to the control circuit. A
novel onboard battery charger design based on a full-bridge-
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inductor inductor converter (FB—LLC) with series-parallel
transformers was proposed for electric vehicles.

This design enables zero-voltage switching (ZVS)
for power switches and zero-current switching (ZCS) for
rectifier diodes, leading to improved efficiency [44]. A
modern controller was designed and evaluated for a zero-
voltage-switching PS-FB Converter. The controller aims to
regulate the output voltage and widen the input voltage
range, thereby enhancing overall performance [45].

Experimental validation of the design parameters,
including a wide output voltage range, high-power output,
and versatile switching frequency, was conducted using a
laboratory prototype [46]. A conversion ratio of
approximately nine is recommended to facilitate the battery
refill and depletion processes.

The mathematical equation for the output voltage (Vouw)
of the full-bridge converter is as follows:
Vout = (Vin - 2Vce - Vd) xD (9)
Where:
e Voutis the output voltage.
e Vi is the input voltage.
e Ve isthe voltage drop across each of the four
switching transistors (usually MOSFETS).
e Vg isthe voltage drop across the freewheeling
diode.
e Disthe duty cycle of the switching signal,
representing the fraction of the switching period
during which the transistors are ON.
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The converter incorporates active flyback and
passivecapacitor-diodesnubbers, providingsoft-start-upand
soft-switching capabilities to reduce voltage and current
spikes [47]. TPC (Total Phase Control) is a new method that
enables control of phase angle and duty cycle while
achieving ZVS and ZCS. This paper outlinesthe principles
and design considerations [48].

In addition, a PWM-based ISM Controller was
proposed for the PSFB Converter, which surpasses the
limitations of the linear compensator. The dynamic state-
space model was analyzed to assess its sliding motion,
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steady-state conditions, and indirect PWM control [49].
These converter design and control strategy advancements
offer benefits such as efficient voltage conversion and
bidirectional energy flow power delivery, and improved
system performance for electric vehicles. However,
bidirectional energy flow adds complexity to the control
circuit, potentially affecting the cost and size of the
converter. However, these innovations have advanced EV
technology by providing efficient and reliable power
electronics solutions.
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FIGURE 11 Full-Bridge Converter

2.10 DUAL-ACTIVE-BRIDGE CONVERTER

The DC-DC converter is efficient and adjustable
and can regulate the voltage and reverse energy flow. It has
two full-bridge circuits, each with four transistors, allowing
it to handle high powers and voltages. This makes them a
good option for use in renewable energy systems. Fig.12
shows the Conventional Dual Active Bridge Converter.
However, Bidirectional DC-DC converters have been
difficult to use in industrial settings owing to circulating
currentand ZVS issues (56). Researchers have achieved
success with high-power Bidirectional DC-DC Converters.

This converter could deliver 100 kW of power at
750V DC and 20 kHz. It uses SiC MOSFET dual modules
and Schottky barrier diodes, achieving 98.8% efficiency at
41 kW and a rated power of 98 %. [52] The BDC can he
connected in series or parallel by increasing the voltage or
current ratings. An innovative bi-directional switch using
silicon carbide (SiC) MOSFETs, designed for high-
temperature applications in motor drives. It utilizes Power
Overlay (POL) technology for enhanced integration,
reducing parasitic inductance and improving high-
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temperature characteristics [124]. This makes it suitable for
"solid-state  transformers” and “power electronic
transformers.” The dual active bridge (DAB) converter is
more complex owingto it bidirectional energy flow and two
parallel full-bridge circuits. Extensive investigations have
been conducted to address the challenges arising from
semiconducting switches and driver signals. These
investigations have provided valuable insights for accurately
predicting the DC Bias magnetizing current in DAB
converters and for developing calculation methods.

The Dual Active Bridge (DAB) converter is a
complex and versatile topology commonly used in
applications like DC microgrids and renewable energy
systems. The equations for the output voltage of a Dual
Active Bridge converter are more involved than those for
simpler converters like the half-bridge or full-bridge
converters. The DAB converter operates with multiple
switches and control schemes.

Below, I'll provide a simplified version of the
equations for theoutput voltage, butit'simportant to note that
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the actual analysis of a DAB converter can be quite complex

and may involve state-space modeling and control
algorithms.
Ns
Vout = Vin * D * N_p (10)
Where:

e  Vout is the output voltage.

e Vinisthe input voltage.

e Dis the duty cycle of the switching signal,
representing the fraction of the switching period
during which the transistors are ON.

e Npis number of turns in Primary winding

e Nsis number of turns in Secondary winding

Again, please note that this is a simplified
representation, and the actual analysis and control of a Dual
Active Bridge converter involve more complex mathematics,
including considerations for control strategies, phase-shift
angles, and additional factors specific to the application.
Design and analysis of DAB converters often require
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simulation software or specialized tools to obtain accurate
results. This understanding has beenactive in controlling the
selection of suitable semiconductor devices and optimizing
transformer designs, contributing to cost reduction and
compactness of the overall system [50]. In addition, a new
modulation scheme has been proposed for the (D3ABC)
Dual Three-Phase Active. Bridge Converter features two
three-phase ac ports, two dc ports, and an Isolated
Transformer. This modulation scheme addresses the
challenges arising from different line frequencies at AC
ports, such as low-frequency power pulsations, fluctuating
DC link voltages,and distorted phase currents. The proposed
modulation scheme enhances converter performance by
eliminating low-frequency power pulsations and increasing
the theoretical maximum transmittable power between the
primary and secondary sides. The effectiveness of the
proposed modulation scheme was verified using circuit
simulation results [51]. Furthermore, an MPC-based (Model
Predictive Control) approach utilizing Total Phase Shift
(TPS) modulation and a current stress-optimized scheme has
been proposedto enhance the dynamicperformance of DAB.
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FIGURE 12 Dual Active Bridge Converter

This paper comprehensively covers various
aspects, including historical research, significance of high-
frequency link power conversion systems (HFL PCSs),
control policies, soft-switching solutions, hardware design,
optimization, and typical application schemes. Design
recommendations and future trends for dual-active bridge-
isolated bidirectional DC-DC converters (DAB-IBDCs) are
also discussed [53-55]. These advancements in DC-DC
converter technologies offer significant advantages for
electric vehicles. These devices enable efficient voltage
conversion, bidirectional energy flow, improved power
delivery, and enhanced system performances. However, the
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complex control circuitry and challenges related to
circulating current and zero-voltage switching (ZVS) pose
limitations that require careful consideration during design
and implementation. Nonetheless, these innovations have
contributed to progress in EV technology, providing more
efficient and reliable power electronics solutions.

2.11 MULTI-LEVEL CONVERTER

A multilevel bidirectional DC converter offers a
distinctadvantage by utilizingmultiple voltage levelsinstead
of a single level, effectively reducing harmonic distortion in
the load voltage. These converters can function in the
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forward andbidirectional modes, servingas step-up andstep-
down converters. The implementation of multilevel
bidirectional DC converters involves multiple power
electronic switches [as metal-oxide-semiconductor field-
effect transistors (MOSFETS) or insulated-gate bipolar
transistors (e.g., inductors or capacitors)]. The converter can
change its operating mode and adjust its output voltage by
appropriately controlling these components.

The conventional dual-active bridge converter is
illustrated in Fig.13. One significantadvantage of multilevel
convertersistheircapacityto reduce waveformirregularities,
which leads to better voltage quality by producing smoother
sinusoidal voltage waveforms and minimizing the harmonic
content in Vout. The CF-MDAB converter, a multilevel
bidirectional DC converter family member, incorporates
favorable traits from DAB circuits, including gentle
switching and compact passive components. Another
prevalent type of inverter is the multilevel inverter (MLI),
which converts DC voltage to AC voltage at multiple levels.
Multi-level DC-DC converters are a class of power
converters designed to provide multiple voltage levels at the
output by combining several voltage sources or switches.
The specific equations for a multi-level DC-DC converter
can vary widely depending on the topology and control
strategy used. One common type of multi-level converter is
the Multi-Level Neutral Point Clamped (NPC) converter,
which has three voltage levels at the output.

A simplified equation for the output voltage (Vou)
of a three-level Neutral Point Clamped (NPC) converter can
be written as follows.

Vo = (2) (M + N) (11)
Where:
e Vout is the output voltage.
e Vinisthe DCinput voltage.
e M is the modulation index of the upper arm of the
converter.
e N is the modulation index of the lower arm of the
converter.

The modulation indices (M and N) typically range
from-1to 1, where -1 corresponds to full negative voltage, O
corresponds to zero voltage, and 1 corresponds to full
positive voltage. The sum of M and N should always be zero
in a three-level NPC converter to maintain the neutral point
at the desired voltage level.

The actual calculation of M and N, as well as the
control strategy used to generate the switchingsignals for the
converter, depends on the specific application, design
requirements, and control scheme. Multi-level converters
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can have more complex equations and control algorithms
when additional levels or features are involved. These
converters are often designed and analyzed using simulation
software or dedicated hardware control platforms.

The output voltage equations vary owing to their
distinct configurations and modulation methods for different
multilevel converters, such as cascaded H-bridge or diode-
clamped converters. It is important to acknowledge that
multi-level converters' intricacy might necessitate computer
simulations or specialized software for precise analysis and
design. Moreover, converter datasheets and relevant research
articles can offer specific formulas for specific applications.
These qualities contribute to the impressive efficiency and
compactness. Additionally, the current feed-multilevel dual
active bridge (CF-MDAB) converter is purpose-built for
breaker less MVDC systems to ensure seamless operation
during DC faults. The direct-current control capabilities at
the input and output suit these applications. Recent studies
have successfully integrated battery energy storage into
MVDC grids usinga CF-MDAB converter, showcasing its
adeptness in managing operations and fault currents. This
converter provides an efficient solution for high-power-
density MVDC systems, particularly forenduring DC faults.
Itis crucial for EV chargingto minimize energy losses during
charging, owing to its high efficiency and power density.
Soft switching of the converter reduces switching losses and
improves overall efficiency. These compact passive
components enable lightweight and space-efficient EV
chargers.

The CF-MDAB converter's battery energy storage
integration aligns with the trend of using EVs as energy
reservoirs, enabling a two-way energy flow. However,
similar to other multilevel converters, the drawback lies in
the control complexity. Advanced algorithmsand hardware
add system intricacy and cost. In addition, the limited
multilevel converter availability for EV chargers might
hinder accessibility and procurement. Nonetheless, CF-
MDAB's benefits of CF-MDAB —efficiency, density, and
fault ride-through— make it a promising solution for
dependable EV charginginfrastructure [58]. In the contextof
electric vehicle chargers, multilevel converters provide
severalbenefits. They improve the power quality by reducing
harmonics and producing smoother output waveforms.
Furthermore, their remarkable efficiency curtails energy
wastage during the charging. Multilevel converters play a
role in shrinking the charger dimensions and weight owing
to their enhanced power density, thereby enabling compact
solutions. Another strength is their adaptability to diverse
voltage levels, which ensures harmony with the various EV
battery systems.
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FIGURE 13 Multi-Level Converter
These convertersare easily scalable, with different multilevel converters may trigger electromagnetic

power requirements and charger configurations. However,
the use of multilevel converters in electric vehicle (EV)
chargers is problematic. One key challenge is intricate
control, demanding advanced algorithms and hardware,
elevating system intricacy and costs. Implementing these
converters can be more expensive than traditional options,
thereby influencing overall charger expenses. They may also
be sensitive to input voltage changes, thus demanding
additional voltage regulation mechanisms for steady
operation. Additionally, increased switching frequencies in
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interference, thereby requiring additional electromagnetic
compatibility (EMC) steps. Finally, it is noteworthy that the
market availability of multilevel converters, particularly for
EV chargers, might be limited compared with widely
accepted converter technologies.

2.12 THREE-LEVEL NPC CONVERTER

An electronic device bidirectionally converts DC
power while maintaining a constant neutral-point voltage.
The Three Level — Neural Point Clamped Converter(3L-

1
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NPC) has three voltage levels: high, low, and neutral as
shown in fig.14. Power semiconductor devices are regulated
by a converter control algorithm using a pulse-width
modulation (PWM) scheme to control switching. The Three-
Level NPC Converter has several advantages over other DC-
DC converters. It can manage high-power levels efficiently,
reducing voltage-related issues and the impact on switching
devices.

A Three-Level Neutral Point Clamped (NPC)
converter is a type of multi-level DC-DC converter
commonly used in medium-voltage power conversion
applications. It provides three voltage levels at the output.

The voltage across the load in a three-level NPC
converter can be expressed as follows:

2
Vout = gvin(Dl - DZ) (12)

e  Vout is the output voltage.

e Vinisthe DCinput voltage.

e D isthe duty cycle of the upper switching devices.
e D isthe duty cycle of the lower switching devices.

In athree-level NPC converter, the upper and lower
switchingdevicesworktogether to createthree voltage levels

across the load: -Vac/2, 0, and +Vqc/2. The duty cycles Di and
D. determine how the voltage levels are distributed.
Typically, the duty cycles D1 and D2 are controlled based on
the desired output voltage and the modulation strategy used.
The sum of D1 and D2 should always be less than orequal to
1. This equation provides a simplified representation of the
output voltage of a three-level NPC converter. In practical
applications, control algorithms and modulation techniques
are employed to generate the appropriate switching signals
for the upper and lower switching devicesto achieve the
desired output voltage and maintain proper operation. The
"neutral-point-clamping" mechanism reduces total harmonic
distortion of the input current, improving power quality. It
maintains a constant neutral-point voltage level and uses a
three-level voltage structure for efficient power distribution.
This converter has great potential for high-power
bidirectional DC-DC conversion applications. It has several
benefits compared to other converters, such as fewer
components, higher efficiency, and simpler circuit design
[57]. The systemusesacascaded approach and proportional-
resonantcompensator to regulate a new active neutral-point
clamped (ANPC) five-level converter [60].
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FIGURE 14 Three-Level Neural Point Clamped Conver

This study introduces HSVM, a new technique with neutral-
point balancing and direct-current control of the inverter
input. This enables Z-NPC-MLI in solar grid-connected
operations to produce high-quality voltage and current
waveforms, making it suitable for grid-connected inverter
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systems [81]. Simulations and experiments showed that the
proposed method reduces harmonics and improves grid
power quality. It is also efficient and cost effective.

The proposed system, which utilizes hysteresis current
control Space Vector Pulse Width Modulation (HSVM) and
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neutral point balancing control, presents several advantages
over alternative approaches, such as higher efficiency, cost-
effectiveness, and improved power quality [106]. Precise
voltage regulation and optimal current flow of the system
make it a reliable solution for grid-linked solar activities.
Simulation and experimental evaluations of the system
demonstrated its ability to effectively suppress harmonics,
leading to improved grid power quality and reliable
operation. With its cost-efficient design and impressive
performance in active filtering, the proposed system holds
great promise for widespread adoption in diverse
applications that require high-power quality and efficient
grid-connected operations.

2.13 CASCADED H-BRIDGE CONVERTER

It was composed of multiple H-bridge cells
connected in series. It uses a series of power semiconductor
devices to switch between high- and low-voltage levels to
achieve bidirectional power flow. The CHB converter offers
high efficiency, power density, and reduced input—current
harmonic distortion. It was composed of multiple series-
connected H-bridge cells. Power semiconductor devices
enable bidirectional power flow and converter circuits, as
shown in Fig.15.

CHB converters are particularly suitable for
renewable energy systems and electric vehicles,

(E

k(B4

demonstrating their advantages for various applications.
[91]. Multilevel cascaded H-bridge converters offer a
promising solution for large-scale photovoltaic power plants
by facilitating direct connections to medium-voltage
distribution networks without high-power transformers.
However, the stochastic variability of the environmental
factors results in power imbalances among the three phases,
resulting in unanticipated problems. To mitigate these
concerns, this study introduces three innovative zero-
sequence injection methodsto complement the traditional
method. [92]. A novel approach was devised to design and
control a 6.6-kV back-to-back (BTB) setup incorporating
bidirectional isolated DC/DC converters and modular
multilevel cascade pulse-width modulation (PWM)
converters. This system effectively reduces harmonic
distortions using a cascade connection of multiple converter
cells per phase and the implementation of low-voltage steps.
This mitigates electromagnetic interference emissions [93].

A Cascaded H-Bridge DC-DC converter is a multi-
level converter topology that combines multiple H-Bridge
cellsin series to achieve a high number of voltage levels at
the output. The output voltage equation for a Cascaded H-
Bridge DC-DC converter can be quite complex and depends
on the number of H-Bridge cells and their modulation
strategies.
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FIGURE 15 Cascaded H-bridge Converter

The output voltage equation for a two-level
Cascaded H-Bridge converter can be written as follows.

Vowe = () [(Dy = D)+ (Ds = D) + ] (13)

2

Where:
e Voutis the output voltage.
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e Vi isthe DC input voltage.
e Di,D2, D3, Dy, ... arethe duty cycles of the individual H-
Bridge cells in the cascaded structure.

In a Cascaded H-Bridge converter, each H-Bridge
cell can provide two voltage levels: +Vqc/2 and -Vgc/2. The
duty cycles (D1, D2, D3, Dy, ...) determine how these voltage
levels are combined to create the desired output voltage. The

1
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actual control and modulation strategy for a Cascaded H-
Bridge converter can be more complex, especially in
configurations with more than two H-Bridge cells. Pulse-
width modulation (PWM) techniques and control algorithms
are typically employed to achieve multi-level output
voltages. The number of H-Bridge cells in the cascaded
structure and the specific modulation scheme used will
determine the complexity of the equations and control
algorithms required for accurate voltage control. Simulation
software and control platforms are often used to implement
and analyze Cascaded H-Bridge converters for practical
designs and analysis.

Integratingbidirectional isolated DC/DC converters
and modular multilevel cascade PWM convertersin a 6.6-kV
back-to-back (BTB) configuration demonstrates remarkable
advancements in the regulation and functionality of power
conversion systems. By adopting a cascade connection
approachand incorporating low-voltage steps, the developed
system shows notable improvements in harmonic
suppression and reduction of electromagnetic interference,
ensuring optimal performance and compatibility with
stringentemission standards. The innovative combination of
bidirectional isolated DC/DC converters and modular
multilevel cascade PWM converters paves the way for
enhanced power quality and electromagnetic compatibility in
high-voltage applications, making them promising solutions
for various industrial and grid-connected systems. A novel
approach was proposed to address grid currentimbalances in
large-scale solar power systems by utilizing interconnected
H-bridge multilevel converters.

The method usesacommonDC bus created by low-
voltage-side ports, enabling independent operation of each
inverter and equal load sharing. An innovative H-bridge
multilevel boost inverter was designed specifically for
electricand hybrid vehicles, which offers a groundbreaking
solution that eliminates the need for large inductors. The
fault-tolerant technique improves the performance and
reliability of cascaded H-bridge converters [96].

The cascaded H-bridge DC converter combines
multiple modules to achieve precise voltage control and high
efficiency. It offers enhanced voltage resolution and
improved fault tolerance but introduces complexity and a
larger physical footprint. The converter reduces harmonic
distortions, accommaodates different voltage levels, and
facilitates modular maintenance. However, it requires a
careful circuit layout and presents challenges during load
variations and electromagnetic interference. Commercial
adoption may be limited because of its specialized natureand
compatibility requirements. In conclusion, the converter
provides benefits such as voltage control and efficiency but
requires consideration of its complexities and limitations.
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2.14 MULTI-PORT DAB CONVERTER

Two bridge circuits were used for the galvanic
isolation and high-frequency power conversion. The
converter has multiple ports that can be configured for
various applications such as renewable energy, battery
storage,and EV charging. It operates by switchingthe power
between the input and output sides at a high frequency foran
efficient transfer with reduced losses. Bidirectional switches
enable energy flowin both directions, providing flexibility in
controllingpower flowand energy storage. Thisisa versatile
and efficientdevice forimproving DC-based power systems.
Modular multilevel converter and cascaded H-bridge-based
DC transformer structure for low-voltage DC distribution
networks. The circuit is illustrated in Fig.16.

The transformer utilizes different carrier-phase-
shift pulse-width modulation control methods to produce
equal and unequal five-level voltage waveforms and quasi-
square-wave modulation for easy insulation design.
Extended-phase-shift control is used for a 3-port DC
Converter with the proposed voltage equalizationstrategy for
grouped capacitors [88]. A multi-port DC-DC converteris a
complex convertertopology that typically includes multiple
input and output ports, allowing energy to flow between
severalsourcesand loads. The equations fora multi-port DC-
DC converter can be highly dependent on the specific
configuration and control strategy used. There isn'ta single
standard equation that applies to all multi-port converters.
However, | can provide a simplified representation of a dual-
input, dual-output multi-port DC-DC converter as an
example:

Let's consider a dual-input, dual-output converter
withtwo inputvoltage sources (Vac1 and Vaez) and two output
voltage ports (Vour and Vourz). The equations for such a
converter are as follow.

1. Output Voltage at Port 1 (Vyy):

Vourr = (Vdcl Ve = Vo= Veer = Veer — Vd) XDy (4
2. Output Voltage at Port 2 (Vy):
Voutz = (Vdcz —Vis = Via=Viezs = Vees — Vd) XD,  (15)

Where:

e Vouu and Vourz are the output voltages at ports 1 and
2, respectively.

e Vya and Vac2 are the input voltages from sources
Vin.

e Vu, Vi, Vi, and Vu are voltage drops across diodes
in the converter.

e Veer, Vee2, Vees, and Vees are voltage drops across
switching transistors.

e Vg represents the voltage drop across any
freewheeling diodes (if used).
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e Di and D; are the duty cycles of the switching
signals controlling the converter.

The actual equations for a multi-portconverter can
become significantly more complex as you add more ports,
incorporate bidirectional power flow, and use different
control strategies. Additionally, you may need to consider
factors such as inductance, capacitance, and control logic
specific to your converter configuration. In practice,
designingand analyzing multi-port DC-DC converters often
involves simulation software, modeling, and control
algorithms tailored to the specific requirements of the
application. A multiport dual-active-bridge (DAB) converter
is a versatile power conversion device tailored for EV
chargers that delivers numerous advantages, addresses
specific needs, and offersavenues for future enhancement.

This satisfies the increasing demand for efficient
EV charging through multiple ports for simultaneous
charging, improving convenience, and reducing time.
Bidirectional power flow enables V2G and V2H
applications, allowing EV batteries to supply power during
peak demands or emergencies. In addition, the converter
boasts high power density, facilitating a compact and
lightweight charger design. This satisfies the increasing
demand for efficient EV charging through multiple ports for
simultaneous charging, improving convenience, and
reducing time. Bidirectional power flow enables V2G and
V2H applications, allowing EV batteries to supply power
during peak demands or emergencies. In addition, the
converter boasts high power density, facilitatinga compact
and lightweight charger design. This ensures high efficiency,
minimizes energy losses, and enhances the power quality by
reducing harmonics and voltage fluctuations. However,
several challenges remain. Multiport operation of the
converter requires sophisticated control algorithms and
hardware  implementation, necessitating  advanced

VOLUME XX, 2023

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

techniques. Coordinating multiple ports and managing
power-sharing require careful consideration. Cost is another
concern owingto the increased number of components and
control systems; however, integration and cost-reduction
strategies can address this issue. Future improvements can
focus on optimizing power management algorithms,
enhancing chargingefficiency,and advancing fault detection
and diagnostic techniques to improve reliability and safety.
Beyond EV charging, the multiport DAB converter has
broader applicability in renewable energy systems such as
solar and wind power integration, enabling efficient power
conversionand grid integration. This presents opportunities
for broader adoption across diverse energy applications. A
multiport DAB converter offers substantial benefits in terms
of simultaneous charging, bidirectional power flow, power
density, and power quality. Advancing control algorithms,
mitigating cost challenges, and exploring new applications
will unlock their full potential for EV charging and
renewable energy systems. A novel multiport converter
(MPC) with an induction heating capability for electric
vehicles (EVs) can reduce the system cost by eliminating the
need for external heaters. MPC integrates a DAB and an
interleaved PWM converter to manage multiple rechargeable
batteries. Through a thorough operational analysis, it was
discovered that the output power of the induction heating
inverter can be autonomously adjusted using phase-shift
controltechniques [89]. MPC,amultiport converter based on
supercapacitors, has been specifically developed to
safeguard hybrid energy storage systems against sustainable
energy sources (RES) and various loads. The proposed MPC
architecture was configured to be highly efficient, reducing
losses and switches, thus making it an economical solution
[90].
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FIGURE 16 Multiport DAB Bidirectional DC Converter
3. OVERVIEW: TYPES OF BIDIRECTIONAL DC BDC fora given application based on the desired outcomes
CONVERTER and requirements.
A comprehensive overview of various Bidirectional
3.1 COMPARISON OF OVERALL BDC DC Converters (BDCs) based on parameters such as the

voltage range, efficiency, number of switches, diodes, and

Figure 17 shows the performance of various capacitors. The chart also includes a formulafor calculating
Bidirectional DC Converters (BDCs) in a visual format. the duty cycle, enabling a comparative analysis of the
They show their efficiency variation corresponding to the convertersand the selection of the most appropriate BDC for
load range with different topologies allowing easy specific applications. The visual representation of the chart
comparison. The chart helps in selecting the most suitable allows for quick identification of high-efficiency converters
and those suitable for low-to medium-voltage ranges. The
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outcome chartservesasavaluable tool for understandingthe
strengths and weaknesses of each converter type, facilitating
decision-making for optimal BDC selection. It providesa
concise and informative summary, helping researchers and
practitioners to choose the most suitable BDC for their
specific needsforelectricvehicle (EV) systems. These charts
provide information on their characteristics, performance,
and efficiency, whichranges from 90%to 95%. EV system
designers can use this information to select converters, such
as full bridge, dual active bridge, or multilevel converters,
which enable fast charging, high-power handling, and
bidirectional power flow. The charts also highlight the
complexityand cost-effectiveness of certain converters, such
asthe Multiport DAB Converter. Overall, these resources are
valuable for making informed decisions regarding converter
selection, optimizing charging infrastructure, and ensuring
sustainable transportation.

The comprehensive study in Table 1 providesan
extensive overview of various bidirectional DC converters,

offering a comprehensive panorama of diverse converters
distinguished by their unique voltage range, efficiency
characteristics, and constituent components, such as
switches, diodes, capacitors, and governing duty-cycle
formulas. The best fitting converter for a specific application
depends on the demands at hand, and the study thoroughly
examines notable converters like Buck-Boost, Cuk, SEPIC,
Zeta, Flyback, Forward, Push-Pull, Half Bridge, Full Bridge,
DAB, Multi-Level, 3L-NPC, Cascaded H-Bridge, and
Multiport DAB converters. These converters serve as
versatile workhorses, suitable for a wide range of DC-DC
power supplies, battery chargers, LED drivers, AC-DC
power supplies, motor drives, lighting systems, renewable
energy systems, HVDC systems, and various industrial
applications. One of their shared attributes is a high
efficiency rating, consistently surpassing 90% to 95%,
making them an ideal choice for managing electrical energy
efficiently. To enhance the understanding of each converter
type, this paperincludes detailed citations and references.

Comparison of Overall BDC Converter
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TABLE 1. Performance Metrics of Various Bidirectional DC Converters

Parameter g{f;:%i ;:?;:%en Voltage Exact No of No of No qf C[:);ctl); Features &
Diodes | Switches Range | Efficiency | Switches | Diodes | Capacitors Formula Application
Vin + Vout | Vin - Vout DC-DC
Buck- Low to High Vout/Vin sm?p?g;l?ers
Boost medium | efficiency 2 2 1to?2 =1/(1- ’
Converter voltage | (>90%) D) battery
chargers, and
LED drivers
Vin + Vout | Vin - Vout DC-DC
High Vout/Vin power
Cog\l/“efrter vglc;z:\gl:]e efficiency 2 2 2 =-D/(1- | suppliesand
(>90%) D) battery
chargers
Vin + Vout | Vin - Vout . DC-DC
SEPIC Low o I.-“.gh Vout/Vin power
medium | efficiency 2 2 2 _ .
Converter voltage | (>90%) =1+D suppl|e§ and
LED drivers
et Vin + Vout | Vin - Vout LOW to ngh Vout/NVin ?)(g\'lv[;?
Converter Tglci;ur: efilg(l)%;lcy 2 2 102 - E/(l— supplies and
ge | (>90%) ) LED drivers
Vin + Vout Vout AC-DC
Low to High ' power
ci%iﬁir medium | efficiency | 1to2 1to?2 1to?2 \:/Ol\l:;mg supplies and
voltage | (>90%) low-power
applications
F Vin Vour Low to High Vout/Vin AC-DC
orward . o _ power
high efficiency | 1to?2 1to?2 1to?2 =1/(1- :
Converter voltage | (>90%) D) supplies and
motor drives
(1- Vin + Vout It Power
Duty Low to High supplies,
E%?T;lglr Cycle) medium | efficiency 2 2 1 dgﬁiﬂgs motor drives,
Vout voltage | (>95%) load and lighting
systems
Vin Vin It Power
Half Low to High depends supplies,
Bridge medium | efficiency 2 4 1 orF: the motor drives,
Converter voltage | (>95%) load and lighting
systems
Vin Vin It Power
Full Low to High depends supplies,
Bridge medium | efficiency 4 8 2 P th motor drives,
Converter voltage | (>95%) Olr;ade and lighting
systems
Vin + Vout | Vin + Vout Low -
high High Depends Renewable
DAB voltage | efficienc 4 8 2 on the energy
Converter andg (>95% Y load systems and
0) od motor drives
Current
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Depends | Depends Based | Based on | Basedon | Renewable
Multi- on the on the High High Based on t_hg tht_a _ tht_e _ energy
Level topology | topology | voltage efficiency on t_hg: specific | specific | specific systems,
Converter and no. | and no. and (>95%) specific | Level Level Level motor drives,
of of levels. | power Level HVDC
levels. systems, etc.
Vin + Vout | Vin + Vout Based on Industrial
3L- Medium High the applications,
NPC voltage efficiency 2N 3(N-1) 3(N-1) specific renewable
Converter 9 (>95%) Level energy
systems
Depends | Depends Basedon | Renewable
Cascaded t(())notlt;e ton tlhe Hl'tgh High th?f. entergy
H-Bridge pology | topology | voltage efficiency | N(N-1) 2N+2 2N+2 Specitic SYsStems,
e e and no. | and no. and (>95%) Level motor drives,
of of levels. | power HVDC
levels. systems, etc.
Depends | Depends Basedon | Renewable
Multiport on the on the Low to High th? . energy
oA | 1900100/ P00 g | iy | ov || oo [T | s
Converter of ' of Ievelé. voltage | (>95%) HVDC '
levels. systems, etc.

In Table 1, the various DC-DC converter topologies exhibit
high efficiency, typically above 90%, making them suitable
for a wide range of applications. The number of switches,
diodes, and capacitors varies based on the specific converter
topology, with control strategies often based on duty cycle
modulation. These converters find applications in diverse
fields, including power supplies, motor drives, LED drivers,
and renewable energy systems. The Buck-Boost, Cuk,
SEPIC, and Zeta converters operate efficiently with lowto
medium voltage ranges, making them ideal for DC-DC
power supplies and battery chargers. Flyback and Forward
converters, suitable for low to high voltage applications,
excel in AC-DC power supplies and motor drives.

Push-Pull, Half Bridge, and Full Bridge converters,
known for their high efficiency, serve power supplies, motor
drives, and lighting systems effectively. Dual-Active Bridge
(DAB) and Multi-Level converters cater to high voltage and
power requirements, benefiting renewable energy systems
and motor drives. The 3-Level NPC and Cascaded H-Bridge
converters offer robust solutions for industrial applications
and renewable energy systems. Overall, the comprehensive
review underscores the efficiency and versatility of various
converter topologies while highlighting their suitability fora
wide array of practical applications, enabling enhanced
energy management and power conversion in today's diverse
technological landscape.
4. Revolutionizing EV Charging

The integration of BDC technology, combined with
advanced control strategies, is transforming the EV charging
landscape and revolutionizing the industry. This
groundbreaking method ensures faster, more reliable, and
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more efficient charging for electric vehicles, thereby
contributing to sustainable transportation demands. By
optimizing the charging infrastructure through the BDC
technology, the growing EV charging needs can be
effectively met. Intelligent power management and seamless
integration with smart grids further enhances the charging
process, thereby advancing a greener and more efficient
future. Selecting suitable BDCs for EV chargers involves
evaluating factors such as the power rating, voltage levels,
efficiency, and cost. Full-bridge converters and dual-active
bridge converters arecommon choices, offeringbidirectional
operation and high-power handling. The choice of BDCs
depends on application-specific requirements, necessitating
a comprehensive analysis of converter topologies to
determine optimal solutions. EV chargingtopologies include
AC, DC, and wireless tailored for diverse settings. AC
chargers, which are prevalent in homes, convert AC power
into DC power for battery charging. DC chargers, found in
commercial areas, directly power batteries and offer higher
outputs. Wireless inductive charging, which wirelessly
transfers energy, has emerged. The distinction between EV
chargers for cars and bikes lies in their power output and
charging capabilities, particularly for DC fast charging
needs.

4.1 Top Recommended DC Converters for EV
Charger Applications

Based on the survey, Table 2 shows that DAB and
full-bridge convertersare highly suitable for electric vehicle
charging owing to their high efficiency and reliability. The
half-bridge converter also shows good outcomes but is less

1
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efficient than DAB and full-bridge converters. Multiport
converters are versatile but have limitations in terms of
complexity and cost-effectiveness.

Each converter type has its own advantages and

making them suitable for various applications. Multilevel
and Cascaded H-Bridge converters offer benefits such as
handling higher power levels, reducing harmonic content in
motor drives,and compatibility with modern grid integration
disadvantages, making it difficult to determine the most techniques. The converter choice depends on the specific
effective. However, converters such as buck-boost and full- application requirements and a thorough analysis of trade-
bridge convertershaveawide voltage range andare efficient, offs.

TABLE 2. Comparison Chart for BDC Converters Suitable for Electric Vehicle Charge

Criteria Full Bridge Converter Dual Active Bridge Converter Multi-port DAB Converter
Topology FB DAB N - DAB

Voltage Range Wide range Wide range Wide range

Efficiency High efficiency High efficiency High efficiency

Power Handling High power levels High power levels Highest power levels

Bidirectional Both Direction Both Direction
Operation
Suitability for Maximum power appsnecessitate | Maximum power appsnecessitate | Maximum power apps necessitate
Electric Vehicle dependable and smooth dependable and smooth dependable and smooth

Chargers performance. performance. performance.

Higher cost compared to full

bridge converter

Both Direction

Cost Moderate cost Extremely High Cost

5. TYPES OF CONTROL TECHNIQUES USED IN
BDC CONVERTERS

Several control techniques are commonly used in
bidirectional DC-DC converters,

5.1 HYSTERESIS CONTROL

Hysteresis control, a prominent method employed
in BDCs, allows the accurate regulation of the output
voltage or current without requiring a complex scientific
model of the converter. Hysteresis control is a valuable
method for effectively regulating bidirectional DC-DC
converters, commonly used in applications like battery
energy storage systems and electric vehicles. This control
approach begins with an initialization phase where initial
parametersand a hysteresisband (H) are set. The output,
whether it's voltage or current, is continuously measured
and compared to a desired reference value. If the output
falls within the hysteresis band, no immediate action is
taken to prevent rapid, continuous switching. However, if
the output goes below the lower band limit, the converter
isturnedon,and its performance is closely monitored until
it risesabove the lower boundary. Conversely, if the output
exceeds the upper limit, the converteris turned off and
monitored until it falls below the upper limit. This process
repeats to maintain the output within the desired range,
offering stability while reducing excessive switching.
Hysteresis control provides a practical means to balance
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output precision and switching frequency, serving the
specific needs of various applications. The process flow of
hysteresis control is shown in Fig.18.

Hysteresis control, that is commonly used in
BDCs, offers several benefits owingto its simplicity and
effectiveness. This method does not require a feedback
loop, thereby simplifying the control circuit. Hysteresis
control can work with other techniques, such as PWM or
pulse-frequency modulation, to improve regulation.
However, the widthof the hysteresis band affects the ripple
and the response. A narrow band reduces the ripple, but
slows the response, whereas a wide band has the opposite
effect. For steady-state operation, hysteresis control is
good; however, for fast changes, advanced methods such
as Pl or PID should be used.

In Class E DC Converters, MPL hysteresis
control generates load power by selecting nearby input
powers. This reduces the transition and conduction losses,
thus boosting efficiency. A nonlinear strategy that controls
the output capacitor current ensures a quick reaction to
changes, although it is influenced by switching frequency
factors. Hysteresis is robust but causes losses and
distortion. Combining it with PWM and predictive control
improves efficiency and accuracy. PWM adapts frequency
for efficiency, whereas the predictive control refines
voltage regulation. Incorporating these refines of BDC
converters enhances efficiency and precision.
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Introducing a unified controller design
methodology that enables the derivation of switching laws
for both clock-driven and event-driven control of
stationary converters. The computation of the switching
planes is performed systematically, ensuring the desired
loop propertiesare inthe vicinity of anominal set point for
a wide range of switching converters. This approach
provides a robust framework for controller design that
accommodates various converter topologies and operating
conditions [85-88].

Start

- Set initial conditions and parameters
- Define hysteresis band (H)

Y
- Continuously measure output
Y
parameter
A
Is Output Below
2 1 P 2
- Compare measured Hysteresis Band?
output to reference value No
Is Qutput within
Hysteresis Band? Yes
Is Output Above Yes
Hysteresis Band?
No l
Y
A
Turn Off
Turn On Converter i
Y
Monitor
‘ Monitor Output Output

FIGURE 18 Flow Chart of Hysteresis Control

The focus is on enhancing efficiency and battery
life in fast-switching applications by adopting hysteresis
current control in DC-DC buck converters. The paper
conducts a mathematical modeling and performance
analysis of a buck converter with this control scheme,
evaluating its performance under varying duty ratios and
load/supply transients. The results demonstrate that the
hysteresis current control method outperforms fixed and
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variable frequency control techniques, providing superior
dynamic performance and reduced voltage ripples [117].

5.2 SLIDING MODE CONTROL

This is an advanced control technique that can
regulate the output voltage or current in BDC’s. The SMC
adjusts the switching pattern of the converter such that the
output voltage or current of the converter follows a
reference value, regardless of changes in the load or input
voltage. The controller generated a control signal designed
to drive the error to zero by utilizing a sliding surface to
track the reference voltage. The two types of sliding-mode
control are discontinuous sliding-mode control (DSMC)
and continuous sliding-mode control (CSMC), as shown in
Fig.19.

Sliding- Mode Controller

—

[Dismntinuous SMC ] [Ccmtimmus SMC ]

(DSMC) (CSMC)

Hierarchical
SMC Constant Frequency
Double Integral SMC

Fuzzy Sliding
Mode Control

FIGURE 19 Classification of Sliding-mode control

The DSMC uses a discontinuous control signal,
whereas the CSMC uses a continuous one. The SMC
provides good regulation outcomes and is relatively
insensitive to changesin load or input voltage. However, it
requires careful design of the sliding-mode controller and
appropriate selection of control parameters such as the
sliding surface, initial conditions, and switching function.
Owing to the potential impact of measurement noise and
variations in system parameters, sliding-mode control may
require adjustment of the control parameters to maintain
stability [64]. Calculation of the surfaces for ideal line
regulation, ideal load regulation, and hysteretic current
control canbe achieved by combiningthe errorsin thefour
state variables of the converter. This can be computed
using a generic switching surface that assists in
determining the equilibrium point of the control surface.
Thisapproach enables the precise control and regulation of
the converter, ensuring optimal performance in terms of
line regulation, load regulation, and current control. Three
papers presented innovative control methods for regulating
the voltage and power flow in various types of DC-DC
converters. The proposed methodologies employ cutting-
edge approaches, including the hierarchical sliding-mode
control theory, F-SMC, and constant-frequency DI-SMC
[82], to address the complex challenges in power flow
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regulation for renewable energy and motor drive
applications. Through simulations and experimental
validation [83], these control methods demonstrated
exceptional feasibility and effectiveness in ensuring precise
regulation while eliminating any remaining steady-state
errors. Moreover, the proposed controllers exhibit
remarkable robustness across a broad operating range,
making them highly suitable for diverse practical
applications [84].

Start

Controlled Variable

Controller input

Setpoint

Error - Sliding surface

Derivative of error Derivative of sliding surface

Switching surface

Model based control law (SMC)
Controller output

FIGURE 20 Flow Chart of Sliding Mode Control

Controller parameter

Sliding mode control is an effective control strategy
employed in BDC (buck-boost) converters used for EVs.
This control method aims to tolerate the load voltage within
a chosen range by creating a sliding surface that guides
system dynamics. The sliding mode control algorithm
dynamically adjusts the duty cycle of the power switches in
the converter and continuously monitors the variance
between the desired andactual output voltages. The objective
was to guide the system state towards the sliding surface,
ensuring a stable output voltage. One of the notable benefits
of sliding mode control is its capacity to deliver reliable
performance, even in the face of uncertainties and
disturbances within the system. Real-time adaptation
enhanced the robustness and stability of the control process.

VOLUME XX, 2023

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

The Sliding Mode Control process begins by setting the
desired voltage and configuring system parameters like the
switching frequency. This ensures the system operates at a
pre-determined, high frequency for faster response and
smoother control. Continuously, the voltage error is
calculated as the difference between reference voltage and
the actual voltage. Based on this error voltage, a specific
algorithm within the reduced state controller generates a
control signal. This control signal is then applied to the
systemthrough actuators, like MOSFETSs in buck converters,
to adjust its behavior and drive error voltage towards zero.
Finally, the actual voltage is constantly measured to update
the error voltage calculation and maintain the control loop.
This process iterates continuously until the desired voltage
error is achieved, ensuring accurate and efficient control of
the system. The process flow shown in Fig.20. It ensures
rapid responses, precise tracking, and accurate management
of the output voltage. However, sliding-mode control can
lead to chattering of high-frequency switching, causing extra
losses and electromagnetic interference. Tackling requires
careful parameter tuning and design. Overall, sliding mode
control is potent for BDC converters in EVs, offering
robustness and accuracy. Addressing the chattering and loss
requires careful implementation.

5.3 PI CONTROLLER

The Proportional-Integral (PI) controller combines
proportional and integral control actions, offering a more
efficient solution by addressing the disadvantages of each.
Proportional controllers show output proportionality to the
error signal, while integral controllers respond to the integral
of the error signal. Combining both in a Pl controller
provides stability by reducing steady-state error. The PI
controller's mathematical representation involves the sum of
proportional and integral terms, contributing to the reduction
of system instability associated with integral controllers. The
controller's transfer function, expressed in Laplace
transforms, demonstrates its effectiveness in significantly
reducing steady-state error without compromising system
stability. The ubiquitous use of proportional-integral (PI)
control methodology exemplifies an advanced control
technique embraced within bidirectional DC-DC converters,
enabling the precise regulation of the output voltage or
current. Employing a PI controller, this method dynamically
modulates the converter's switching pattern by evaluating the
discrepancy among the prevailing voltage level and the
desired reference voltage and the block diagramiillustratedin
Fig.21. The proposed control scheme excels in managing the
nonlinear dynamics and unique characteristics of boost
converters, thereby ensuringastable and precise control. The
complexities of the CCM operation are effectively managed
by combining cascade Pl control and MRAC properties. The
MATLAB/Simulink simulations validated the accuracy and
robustness of the control system, showinga rapid response,
minimal overshoot, and precise tracking. This validated the
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practical efficacy of the proposed method. Cascade control
and MRAC techniques offer a promising solution for
enhancing and boosting converter system performance and
stability [74-77]. In a DC-DC converter with a modified Pl
controller for electric vehicle (EV) battery charging. The
system aims to achieve stable output voltage, high current

density, and minimal overshoot for lithium-ion batteries,
reducing charging time and improving converter lifespan.
The proposed converter demonstrates effectiveness in
minimizing power loss, maintaininga power factor of around
90%, and low total harmonic distortion, making it suitable
for high-density load currents in EV applications[125].

Proportional Term Output

Error
Reference ‘m e(t) Proportional
> Gain (k)
o :
Actual :
¥(0)

»| Integral Gain (k;)

»,
>

kp* E(t) +

K * | e(t) dt

Integral term

FIGURE 21 Block Diagram for Pl Controller

5.4 FUZZY LOGIC CONTROL

In DC converters, fuzzy logic control is used to
regulate the duty cycle of the converter by assessing input
variables, such as the current voltage level and reference
voltage. This was accomplished by using fuzzy logic. A
flowchart illustrating this method is shown in Fig. 22. To
determine the proper course of control for DC converters, the
controller consults a predefined set of rulesproduced through
the application of specialized knowledge and practical
experience. Fuzzy logic controllers (FLCs) are useful tools
for managing uncertain and nonlinear dynamics in complex
systems such as those that utilize renewable or variable
sources of electricity. Additionally, FLCs are neither
complicated nor economical.

Processinginformationusingfuzzy setsisoneof the
ways in which FLC helps improve decision-making. Owing
to its ability to properly manage uncertainties and
fluctuations in the input data, this results in decisions that are
both more exact and adaptable. The FLC is a potent
instrument that can be used for both decision making and
control. In fuzzy logic control, imprecise terminology and
membership degrees are used to analyze and assess data,
which allows it to overcome the restrictions of traditional
logic control of the precise mathematical models associated
with a degree of membership that corresponds to a
membership function (MF) that maps the elements of the
universe to numerical values between 0 and 1. The selection
and number of MFs employed significantly impact controller
output, memory utilization, and computational efficiency.

As the membership degree value approached unity,
the affiliationofthe element with the fuzzy setincreased. The
construction of the fuzzy set and its associated MF is based
on expert insights, and the common MF shapes include
Trapezoidal, Gaussian, and bell shapes. This control method
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employs fuzzy logic, which is a mathematical approach to
represent the uncertainty of human reasoning.

This paper describes a new method for controlling
BDCs that uses a set of fuzzy rules to determine the duty
cycle ofthe converterbased on current—voltage and reference
voltage levels. This method, called fuzzy-logic control, is
used in systems that use fuzzy logic, which is a way of
thinking about math that allows the representation of
uncertain or vague information. Using fuzzy logic control in
BDCs, it is possible to control the power flows between
different sources, such as when a renewable energy source
interacts with a grid. In a Bidirectional DC-DC converter
(BDC), the fuzzy logic controller uses input variables, such
as power flow and voltage level, to determine the correct
controlaction. A set of fuzzy rules was used to process these
input variablesand determine the output control action. The
system designer uses his or her knowledge and experience to
develop these fuzzy rules, allowing the designer to tweak
themto achieve the best converter performance. One of the
best ways to use fuzzy-logic control in BDCs is to handle the
complicated interactions of uncertain and nonlinear system
dynamics. Therefore, they can be used to control systemsthat
use renewable energy sources, that can change significantly
and are difficultto predict. In addition, fuzzy logic control is
easy and inexpensive to implement, making ita good choice
forcontrollingBDCs, which isalso beneficial for the budget.
A Bidirectional DC-DC converter (BDC) uses a fuzzy logic
controller to determine the control action based on input
variables such as the power flow and voltage level. The
output control action was basedonaset of fuzzyrules applied
to these variables. The system designer uses his or her
knowledge and experience to create these fuzzy rules, which
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gives the designer the freedom to work best for the
performance of the converter.

Define input variables
(e.g., current voltage level, reference voltage)

l

Define fuzzy sets & membership
functions for each input variable

Y
Determine fuzzy rules based on
expert knowledge and
experience

Y

Evaluate degree of membership for
each input variable in each fuzzy set

l

Apply fuzzy rules to determine
appropriate control action

l

Defuzzy output to obtain
crisp value

Y
Use Crisp value to determine
converter's duty cycle

h 4
Repeat the cycle, updating
fuzzy sets and rules as
necessary to optimize performance

FIGURE 22 Process Flow Chart for Fuzzy Logic Control

One of the benefits of using fuzzy logic control in
BDC:s is that it can address the complicated and uncertain
behavior of the system. Therefore, it can be used to control
systems that use renewable energy sources, which can
change significantly and are difficultto predict. Fuzzy logic
controlis also easy and inexpensive to set up, which makes
ita good choice for controlling BDCs, which is also good for
your budget.

5.5 MODEL PREDICTIVE CONTROL

The control method uses a mathematical model to
predictfuture behavior. It can be used to control BDCs, such
as those between renewable energy sourcesand the grid, by
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predicting the future state of the system based on the current
control action and current state of the system. MPC can
handle constraints on the system, such as voltage and power
limits, multiple inputs and outputs, and multiple objectives,
such as maximizing the power flow while minimizing losses.
It is a powerful tool for controlling BDC because it can
handle system constraints and systems with multiple
objectives. The viability of the suggested regulating method
for battery applications and Model Predictive Control was
demonstrated through simulation results. A mode-activation
control method was proposed as an optimal approach to
govern and regulate the various operating modes of the
battery, including the charge, discharge, and idle modes. As
the converters are constructed, each of the three categories
functionsindependently [66]. Neural networks simplify and
implement predictive controllers in power electronics in a
cost-effective manner, and the resulting process flow chart is
used to visualize and better understand the control of BDCs,
as shown in Fig.23. A wide analysis was conducted on the
neural network architecture, illuminating the details of the
training and validation procedures [68]. Model predictive
control (MPC) and current stress-enhanced scheme (TPS)
modulation were used to achieve a swift dynamic response
and sustain the required load voltage level while satisfying
the minimum current stress constraint. The current stress-
optimized TPS scheme was employed to sustain the required
load voltage level while minimizing the current stress on the
system [72]. We considered a BDC with only the tabulated
parameters when designing the controller when operating in
boost mode. In this case, Model Predictive Control (MPC) is
utilizedto functioninboost mode, butthe same approachcan
also be used to operate in buck mode [67]. The dynamic and
outputequationsthat relate the output, input, and states of the
converter are examined. Model predictive control (MPC)
strategies were used to optimize the control of the converter
by solvingan optimization problem at each samplingtime.
The tuning parameters for the MPC were calculated using
tuning rules from previous studies. The essential parameters
encompassed in this context are sample time, prediction
horizon, control horizon, move suppression coefficients,
weighted factors for the controlled variable, and weight
factor for the process variable. The sampletime was carefully
chosen to balance the computational load and dynamic
behavior tracking. Ensure that the prediction horizon is
sufficiently long to ensure nominal stability and that the
control horizon is sufficiently long to show the effects of
control actions clearly. Employ weighted factors for the
controlled variable to accomplish a delicate degree of
precision in regulating particular measured variables of the
converter or establish a prioritized hierarchy for controller
intervention across multiple output channels.

Compute disturbance estimation by deducting the
current measured value of the process variable from the
anticipated value of the process variable at the current
sampling instance.
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FIGURE 23 Flow Chart for Precise Model Predictive Control of
BDC’s

We present a constant disturbance estimation
throughout the prediction horizon and incorporate it into the
future projected output terms to augment the efficacy of the
algorithm. The intended output trajectory is determined by
subjecting the set point to a first-order filtering mechanism.
The output trajectory was corrected by adding estimates of
the disturbance to account for unmolded effects. A
decentralized model predictive control (DMPC) algorithm
for systems with multiple independentactuatorsandacentral
plant, relevant for modular and highly dynamic systems. It
divides the centralized controller's objective function into
local objectives for each agent, ensuring the same
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performance as a centralized controller. Analytical proof of
optimality and stability in unconstrained operation is
provided, along with a region of attraction analysis for
control input-constrained operation. Numerical studies
involving a battery emulator system compare DMPC
performance with the global optimum [120]. The study
focuses on applying a Model Predictive Control (MPC)
algorithmto regulate marine diesel engine speed, considering
model mismatch and external disturbances. They address
steady-state error by converting the nonlinear model to
incremental form and introduce a discrete disturbance
observer for feedback correction. Two controller variations,
DONMPC and DOLMMPC, are proposed. Experimental
verification shows that both models outperform the
traditional PID controller. The DOLMMPC controller, with
reduced online computation, is particularly suitable for
practical engineering, meeting microprocessor
computational limits [121].

5.6 NEURAL NETWORK CONTROL

This control method employs artificial neural
networksto learn the behavior of the converter and optimize
the control inputs based on the system constraints and
outcome criteria. Neural Network (NN) control is a technique
for controlling systems that utilizes artificial neural networks
inspired by the structure and function of the human brain. By
utilizing Neural Network (NN) control in Bidirectional DC-
DC converters (BDCs), it is possible to effectively manage
the power flowbetween diverse sources, including renewable
energy and the grid. In NN control, a neural network is
trained to recognize the complex relationship between the
system inputs, such as power and voltage levels, and the
desired output, which is the optimal control action. This
process can be illustrated in Fig.24. The training process
utilizes a vast dataset containing numerous input-output
pairs,enablingthe neural network to acquire precise learning,
and forecasting abilities. Following the training, an NN can
be employed to predict the control actionfor a given set of
inputs. A neural network-predicted control action was sed to
regulate the system. Neural network control can be
implemented in BDCs by using feedforward, recurrent, or
combined neural networks. The feedforward neural network
output is directly based on the input. Recurrent neural
networks store past inputs and outputs, and can process time-
series data. Neural network control in BDCs is advantageous
as it can manage the nonlinear dynamics and uncertainty.
Neural networks can learn complex input-output
relationships. (73).

NN control is suitable for BDC regulation owing to
its capability to manage nonlinear behaviors and
uncertainties, and its proficiency in multi-input and multi-
output systems. NNs can be feed-forward, recurrent, or a
combination of both.
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A model-free adaptive method using an Artificial
Neural Network (ANN) for real-timeweight adjustments was
developed for the Single-phase DAB technology. This
approach combines a Proportional Integral controller with an
ANN controller to improve the stability and offset
disturbancesfromload and source fluctuations. The proposed
Acrtificial Neural Network-Proportional-Integral (ANN-PI)
controller exhibits a simplified design while maintaining the
robustness of the alternative nonlinear control methods.
Implementation occurred on the Tl Launchpad platform,
incorporating a 50 Watts laboratory-scale dual active bridge
(DAB) test bench. This suggests that the ANN-PI controller
provides an uncomplicated framework while retaining
resilience, similar to the alternative nonlinear control
techniques. The controller utilizesthe Tl Launchpad platform
to effectively integrate into a laboratory-scale DAB test

Input Layer

Membership

Layer

‘Wavelet Layer l—

A

A

bench with a 50 Watts power rating [62]. The RWFNN
controller usesa dual input system, including tracking error
'e' and its derivative 'e”'. The Membership Layer processes
the input signals, whereas the Wavelet Layer processes
signals based onthese characteristics. The rule and recurrent
layers play crucial roles in the functionality of the controller,
with the output from the Rule Layer multiplied by the
wavelet and recurrent signals. [109]. The fuzzy logic system
consists of five layers, each of which performs distinct
functions to extract valuable insights from input data. The
input layer collects subjective language phrases, whereas the
membership layer links the input terms to fuzzy sets using
membership functions. The wavelet layer analyzes the output
using wavelet transforms, capturing significant features and
minimizing noise. The rule layer interprets the wavelet
results using"if-then" regulations to derive final conclusions.

A 4
Rule layer

FIGURE 25 Process Flow Chart for Neural Network Controller

Finally, the output layer aggregates with the rule layer,
resulting in a definitive outcome. The typical mechanism of
this layer for producing precise outputs involves
defuzzification, which transforms the fuzzy output into a
crisp value that can be applied for decision-making purposes.
The process flow of the neural network controller is shown
in Fig.25.

The key aspectof the study is the integration of an
Adaptive-Neuro Fuzzy Inference System (ANFIS) for
enhanced battery performance during charge and discharge
cycles. The system aims to improve the stability and
efficiency of EV charging/discharging while reducing the
load demand on the conventional AC grid [122]. Fuzzy logic
controllers offer several advantages over traditional
controllers, including robustness to input and system
dynamics, flexibility in describing input variables, and
efficiency in nonlinear systems, such as DC converters. The
wavelet layer reduces the noise sensitivity, resulting in more
stable and accurate control. Defuzzification in the output
layer converts the fuzzy output into crisp values, thereby
improving energy efficiency and cost savings.
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5.7 SPACE VECTOR MODULATION CONTROL
SVM is a sophisticated control technique used in
BDCs to manage power exchange betweentwo DC voltage
sources effectively. SVM involvesbreakingdown the desired
output voltage into three perpendicular vectors called spatial
vectors. Spatial vectors play a vital role in governing the
converter switching, enabling precise power control. BDCs
are electronic devices that facilitate bidirectional power
transfer between DC sources. authors were proposed for EV
charging, energy storage, and microgrid management. The
SVM technique empowers the power control in BDCs by
segmenting the output voltage into spatial vectors. This
ensures efficient power regulation and minimal distortion.
The SVM algorithmwas integrated within the BDC control
loops to compute the desired spatial vectors by adjusting the
converter switches for smooth power flow. SVM, an
advanced strategy, was explored for grid-connected
Photovoltaic systems using Z-NPC-MLI. SVM overcomes
challenges such as shoot-through and harmonic reduction
and improves the performance of the grid-connected inverter.
The study introduced SVM as a solution to current-
controller-based SVPWM, enhancingthe voltage and current
waveforms for superior grid connections [81]. Despite the
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unbalanced input voltage conditions, the converter maintains
a superior input current quality and a perfect sinusoidal
output voltage [103].

This paper introduces a creative control approach
for a compact DC capacitor in a diode rectifier AC/DC
converter to a DC/AC converter. This converter uses AC
power, converts it to DC, and returns it to AC. A voltage
sensor measures the DC voltage, which is filtered using a
low-pass filter (LPF) to remove oscillations. An RC network
forms the LPF. The LPF output was directed to an SVPWM
controller to compute the modulation index. This index
determines the output voltage amplitude adjustment, which
is calculated by using the input DC voltage. However, as the
DC voltage changes, the space-vector amplitude fluctuates.
A novel SVPWM [103] strategy incorporating a changing
modulation index was proposed to address this. This strategy
effectively accounts for the dynamic nature of the DC
voltage, ensuring that the amplitudes of the space vectors
consistently generate sinusoidal output voltages, as shown in
the process flowchart in Fig. 26.

Additionally, this paper introduces a distinctive
approach for controlling the neutral-point voltage in a three-
phase x 3 L-NPC converterusingstraightforward phase duty-
ratio expressions in d-g-0 coordinates. This modulation
technique facilitates voltage balance across all output levels
and power factors, minimizing the distortion at the switching
frequency [104]. These control strategies have notable
advantages for EVs. They enhance the power conversion

efficiency and optimize EV grid integration and battery
charge/discharge.

These strategies elevate EV charging and ensure
reliability by utilizing advanced modulation and voltage
controls. However, compared to other methods, they
introduce complexity owing to the time-varying modulation
indexes. Determiningand adjustingtheseindices considering
DC voltage dynamics, poses computational and real-time
challenges. Further researchis crucial to address this issue by
optimizing EV control. Scalability, robustness, and
adaptability to diverse conditionsare vital in real-world EV
charging along with cost-effectiveness.

Modulation reduces the transformer current per
switching period, enhancing the efficiency, as supported by
experiments [105]. The proposed method is an enhanced
SVM and VBC technique to address the voltage imbalances
in the T-type 5 L-NNPP converter. This method effectively
balances the capacitor voltages and has been validated
through simulations and experiments [106].

AC Power

¢_/
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FIGURE 26 Block Diagram of AC — DC Conversion with SVPWM Controller

5.8 DIRECT TORQUE CONTROL

DTC isa control technique used in BDCs to regulate
the torque and speed in AC motor drives. It allows
bidirectional power flow control and ensures smooth
transitions between the operating states. DTC compares the
actual and reference values using a lookup table to optimize
the switching pattern of the converter and minimize the
errors. The converter control algorithm selects switching
patterns for the motor and generator drives, ensuring torque,
speed, power generation, and voltage regulation. DTC has
several advantages over other control methods, such as high
dynamic outcome, fast response, and high efficiency.
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DTC is a reliable and cost-effective solution as it
does not require position or speed sensors. It compares the
actual values with the reference values and selects switching
patterns to reduce errors. The converter provides a high
dynamic performance, fast response, and efficiency. A 10-
horsepower motor drive system was used to evaluate the
performance of the frame-angle-based direct-torque
controller by focusing on voltage components [97].
Comparison of DTC techniques for DFI DC Generators,
focusing on decreasing torque oscillations caused by
nonlinear diode rectifiers and regulating the DC bus voltage
and stator frequency [98]. The 5D-DTC method for six-phase
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induction machines uses hysteresis regulators and clustering
to suppressthe currentand address harmonics [99]. Lookup
Table-based Model Predictive Direct Torque Control (LUT-
MPDTC) enhances the performance of a synchronous
generator witha Vienna rectifier by reducing torque and flux
ripples and minimizing computational problems compared
with traditional DTC. [100]. As a novel approach based on
current minimization, this study aims to determine the
optimum values of the reference flux linkage in a vehicle
control strategy, thereby improving its drivetrain efficiency.
Experimental validation has confirmed the effectiveness and
superiority of this method over other approaches [101].
Direct torque control (DTC) is a control strategy for
BDC converters in EVs that provides precise torque control
by directly adjusting the switching states and duty cycle.

5.9 DYNAMIC EVOLUTION CONTROLLER

DTC eliminates the need for traditional modulation
techniques, making it a fast and effective method for
achieving high dynamic performance and accurate control.
However,thismay resultinahigher switchingfrequencyand
associated losses, requiring careful parameter selection and
controltuning to optimize performance and minimize torque
ripples. Overall, DTC is a powerful technique for BDC
converters that enables precise torque control and high
performance, with careful consideration of the switching
frequency and control parameters.

Desired
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r Error
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FIGURE 27 Block Diagram of Dynamic Evolution Controller

A dynamicevolution controlleris a type of control
system thatutilizesa dynamic evolution algorithm to control
the behavior of a system. The basic structure of the dynamic
evolution controller is shown in Fig.27.

Dynamic evolution controllers (DECs) are essential
in modern engineering applications. They take system inputs
such as state or outcome measurements, and the evolution
algorithm adjusts the control inputs in response to system
behavior changes. State error function and optimization
techniques enable the evolution algorithm to adjust the
controlinputsinreal time. The outputofthe controller is used
to control the system, which must be precise and responsive.
The feedback mechanism allows the controller to receive
information regarding the behavior of the system, which is
used to adjust the control inputs accordingly. This crucial
component enables the controller to respond to changes in
system behavior and ensure stability and control. The
evaluation function, which is a mathematical function,
evaluates the outcome of the controller and provides
feedback to the evolutionary algorithm. This function is
essential because itensuresthe effectiveness of the controller
in controlling the behavior of the system.

The overall effectiveness of the dynamic evolution
controller depends on factors such as the accuracy of the
input measurements, the evolution algorithm design, and the
real-time response capability of the controller. The key to
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managing complex systems is effective control of their
dynamic evolution. The components of the controller,
including the inputs, evolution algorithm, outputs, feedback,
and evaluation, are crucial for maintaining system stability.
The dynamic evolution controller adapts inputs based on
system changes to achieve the desired outcomes depending
on the accuracy, algorithm, and real-time response. This
approach was used to establish a converter system controller
for an FC electric car with an ultracapacitor energy storage
through a Bidirectional DC-DC converter [65].

5.10 PHASE SHIFT CONTROL

Phase-shift control in DC Converters adjusts the
phase relationship between the input voltage and inductor
currentto regulate the output voltage. This process involves
three main steps. Single-phase shift (SPS) control involves
aligning the phase shift between the input voltage and the
inductor current. This approach maintains a constant
switching frequency and duty cycle, simplifying the
implementation but restricting output voltage control. The
proposed setup adopts a cascaded method that incorporates a
proportional-resonant compensator for the 5-level converter
(5LC) and a single-phase shift approach for the dual active
half-bridge converter (DAHBC). The comparative analysis
demonstrated the superiority of the proposed topology over
existing topologies in terms of higher efficiency, diminished

1



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3360267

IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

switch stress, balanced power losses, and enhanced power
quality across the operation modes [60]. A dual-phase shift
(DPS) involves adding two distinct phase changes to the
input voltage to enhance output voltage control. It boosts
efficiency and regulation. Electric vehicle (EV) charging
gainsefficiency by applyinga Variable Switching Frequency
(VSF) and phase shifts.

This optimizes power delivery and reduces losses.
Adjusting the switching frequency and phase shifts
dynamically during charging reduces power losses and
enhances energy transfer efficiency [59]. It doubles the
output voltage ripple frequency and enables precise power-
flow regulation.

Start
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l
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4
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two sets with a time delay b/w them

v
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duration (T, Time). then turned off

r

After a short time delay, the second set of switches
is turned on for the same duration

A

Time delay results in a phase shift between the two output voltage
waveforms, effectively doubling the output voltage ripple frequency

r

Control circuit adjust time to delay between the two sets of switches to
regulate power flow between voltage sources

4
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End

FIGURE 28 Process Flow Chart Dual Phase Shift Control

The process flow of the dual-phase shift control
strategy is illustrated in Fig.28. Three-phase shift control
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(TPS) is a versatile method for varying the output voltage of
DC-DC converters. The SPS and DPS methods provide
intermediate outcomes, whereas triple-phase-shifted (TPS)
modulation offers advanced features, such as precise voltage
regulation, improved efficiencies, and superior transient
response. TPS modulation also eliminates dual-DC side flow
back currents in isolated dual-active bridge (DAB)
converters [61] [62] [63]. Furthermore, research has focused
on developing mathematical models and closed-loop control
configurations for DAB converters driven by cooperative
triple-phase-shifted modulation (CTPS), and analyzing the
impact of scattered resistive elements on the converter
performance. These studies have led to optimized control
strategies and improved transient behavior. In summary,
phase-shift control techniques vary in complexity and
performance, with TPS being the most advanced option [69]
[70][71].

Theregulationofthe power flowand output voltage
in convertersinvolvesdiversetechnigues. One such approach
is the single-phase shift (SPS), which maintainsa set phase
shift between the input voltage and the inductor current.
Although simple, the SPS lacks precision. Dual-phase shift
(DPS) enhances the output voltage control and efficiency by
usingtwo switch sets with a time delay. For most controls,
the three-phase shift (TPS) employs three-phase shifts in the
input voltage, finely adjusting the outputvoltage. The TPS,
although intricate, offers superior control and efficiency.
These techniques are vital in bidirectional converters for
EVs, ensuring effective power flow and voltage control
between the battery and grid. The choice of technique
depends on the control requirements, efficiency goals, and
the converter difficulty. The adaptive super-twisting sliding
mode control (ASTSMC) approach for improving the
efficiency of a dual active bridge (DAB) converter using
extended phase shift (EPS) modulation. It introduces an
online optimization method to generate phase shiftratios and
optimizes backflow power and inductor current stress
simultaneously. Furthermore, a variable gain-based STSMC
scheme is proposed to enhance converter performance under
various disturbances, demonstrated through simulation and
experiments, outperforming conventional STSMC methods
[118]. The integration of Dual Active Bridge (DAB)
converters and Partial Power Converters (PPCs) to optimize
efficiency. The study identifies a high-frequency DAB-based
PPC configuration for efficiency enhancementand employs
an extended-phase-shift-based control strategy to achieve
zero-voltage switching (ZVS) and minimize current stress.
The research also addresses non-ideal factors like output
capacitors and utilizes magnetizing inductors to expand the
ZVS range. Experimental results, using a 1 kW, 500 kHz
prototype with GaN devices, validatethe theoretical analysis,
confirming the feasibility and effectiveness of the proposed
approach for high-frequency power converters [119].
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TABLE 3. Suitability and Efficiency of BDC’s for E-Vehicles

Bidirectional DC- Efficiency | Tentative
DC Converter (% of Cost Reason Why Individual Bidirectional Topologies are Suitable/Not Suitable for E-
Configuration maximum) | Range Vehicle?
Buck-Boost 80 Low Limited power handling capability; may not meet high-power EV requirements.
Converter
Low Typically used in low-voltage applications and may not provide the power levels required
Cuk Converter 90
for EVs.
Low Primarily used for low to medium power; may not scale up to the power range of 30 kW -
SEPIC Converter 85
440 KW.
Low Primarily designed for low to medium voltage ranges, making it unsuitable for high-
Zeta Converter 95 voltage EVs.
Low Typically used in low-power applications and may not meet the high-power demands of
Flyback Converter 70 EVs.
Medium Limited power handling capability; may not meet high-power EV requirements.
Forward Converter 75
Medium Generally used for lower power levels; may not provide the required power output for
Push-pull Converter 80 high-power EVs.
Half Bridge Medium Suitable for medium to high-power applications, making it a potential choice for high-
Converter 9 power EVs.
Full Bridge Medium Suitable for high-power applications, making it a viable option for high-power EVs.
Converter 95
Dual Active Bridge o Mod_erate Designed for high-power applications and can be suitable for high-power EVs.
Converter High
Multi-Level High Offers scalability and high-power handling, making it suitable for high-power EV
Converter 90 applications.
High Suitable for medium to high-power applications, potentially meeting the requirements of
3-level Neutral Point 95 high-power EVs.
Clamped Converter
Cascaded H-Bridge High Suitable for high-power applications, making it a viable option for high-power EVs.
95
Converter
Multi-Port DAB 95 Very High Suitable for high-power applications, offering versatility for high-power EVs.
Converter

6. SURVEY REVIEW OUTCOMES

6.1 Suitability and Efficiency of BDC’s for Electric
Vehicles

Table 4 assesses the suitability of wvarious
bidirectional DC-DC converter configurations for electric
vehicles (EVs) based on their efficiency, tentative cost range,
and key characteristics. Notably, converters like the Buck-
Boost, Cuk, SEPIC, Zeta, Flyback, Forward, and Push-Pull
converters exhibit limited power handling capabilities,
making them unsuitable for high-power EV applications. In
contrast, converters such as the Half Bridge and Full Bridge
offer medium-power handling capacities, potentially meeting
the demands of medium-power EVs. Furthermore, the Dual
Active Bridge Converter, Multi-Level Converter, 3-Level
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NPC Converter, Cascaded H-Bridge Converter, and Multi-
Port DAB Converter demonstrate suitability for high-power
EVs, given theirrobust power handling capabilities and high
efficiency. Efficiency and cost considerationsplay a role in
determining suitability, with converters like the Flyback
displaying lower efficiency and cost-effectiveness, making
them less suitable for high-power EVs. Conversely, the
Multi-Port DAB Converter, while exhibiting higher costs,
justifies its suitability through its exceptional efficiency and
versatility for high-power EV applications.

In summary, the choice of a bidirectional DC-DC
converter for an EV depends on power requirements,
efficiency targets, and budget constraints, with certain
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converters offering more favorable attributes for high-power
EVs than others.
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FIGURE 29 Control Strategy & BDC Converter’s VS. Efficiency Chart

6.2. Control Strategy and BDC Converter vs
Efficiency Chart

Figure 29 servesas a pivotal visualization in our
research, illustrating the intricate interplay between outcome
efficiency and control method efficiency across various
bidirectional DC converters. We examined 14 converters, as
highlighted in our comprehensive analysis, encompassing
converters ranging from the Buck-Boost and Cuk to the Dual
Active Bridge and Multi-Port DAB. The plotted data in the
figure encompasses the efficiency metrics derived from both
MATLAB Simulation Resultsand Literature Survey aspects.
This holistic approach allowed us to comprehensively
evaluate each converter-control method combination in terms
of outcome quality and energy efficiency.

Forinstance, the figure highlights that converter like
the Buck-Boost and Cuk, while achieving reasonable control
method efficiency, may struggle to deliver high outcome
efficiency, particularly in high-power applications.
Conversely, converters like the Multi-Port DAB exhibit
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remarkable outcome efficiency coupled with commendable
control method efficiency, showcasing their potential for
achieving optimal performance in terms of both energy

efficiency and outcome quality. In essence, this figure
empowers academics and practitioners with invaluable
insights into the intricate tradeoffs and synergies between
converter types and control methods, ultimately aiding in the
selection of the most promising combinations to enhance the
performance and energy efficiency of bidirectional DC
converters for electric vehicle applications. Table 4
highlightstheextensiverangeof bidirectional DC converters,
where control techniques vary in complexity andap plication.
Through extensive formal research and practical
experimentation, the nuanced strengths and limitations of
each control strategy have been identified. For instance,
hysteresis control, despite its simplicity, faces challenges in
high-power scenarios due to issues such as switching losses

1
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and harmonic distortion. Similarly, sliding-mode control,
known for its robustness and precision, may introduce
undesired chattering and elevated switching frequencies. Pl
controllers, admired for their straightforwardness and
effectiveness, may occasionally fall short of delivering a
desired dynamic response and accuracy. Meanwhile, fuzzy
logic control excels in managing uncertainties, but it
struggles with computational complexities and a surfeit of
rules. Model predictive control impresses with its tracking
prowess and dynamic response capabilities; however, its
substantial computational requirement may render it less
suitable for high-speed applications.

Furthermore, a plethora of alternative techniques
such as neural network control, space vector modulation,
direct torque control, dynamic evolution control, and phase
shift control offer bespoke advantages and limitations. These
techniques serve as versatile tools carefully adapted to
specific converter types and application requirements. This
comprehensive overview catersto the discerning needs of
both researchers and practitioners, providing them with
invaluable insightsto select the optimal control strategy for
their bidirectional DC converters. The plotted data in the
figure encompasses the efficiency metrics derived from both
MATLAB Simulation Resultsand Literature Survey aspects.

TABLE 4. Comparison Table for Control Technique and BDC for EV Charger

Control

. Bidirectional DC Converters Comparison
Techniques
Hysteresis Basic Converters, Push-pull, Half Bridge, Full Bridge, Dual Easy to implement, but may cause high switching losses
y Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, and harmonic distortion. May not be suitable for high-
Control - L .
Multi-port DAB power applications due to poor dynamic outcome.
Sliding:mode Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, It offers robust outcome and good tracking accuracy,
C ntrgl Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, | but can result in chattering and high switching
Sl Multi-port DAB frequency.
Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, | Simple and effective, but may not provide optimal
PI Controller Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, | outcomes in terms of dynamic response and tracking
Multi-port DAB accuracy.
Fuzzv Logic Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, | It offers good outcome in the presence of uncertainties
Cont)r/ol 9 Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, | and nonlinearities, but may require many rules and high

Multi-port DAB

computational complexity.

Model Predictive
Control

Basic Converters, SEPIC, Zeta, Flyback, Forward, Push-pull,
Half Bridge, Full Bridge, Dual Active Bridge, Multi-Level, 3L
NPC, Cascaded H-Bridge, Multi-port DAB

Provides good tracking accuracy and dynamic response,
butrequires a high computationaleffortand may not be
suitable for high-speed applications due to its sampling
time.

Neural Network
Control

Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge,
Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge,
Multi-port DAB

Offers good outcome in the presence of uncertainties
and nonlinearities, but may require a large number of
training samples and high computational complexity.

Space Vector
Modulation
Control

Half Bridge, Full Bridge, Dual Active Bridge

Provides excellent harmonic outcomes and low
switching losses, but requires high computational
complexity and may not be suitable for high-speed
applications due to its sampling time.

Direct Torque
Control

3L NPC, Cascaded H-Bridge

Provides excellent outcomes in torque control and
dynamic response, but may require high computational
complexity and may not be suitable for low-speed
applications.

Provides good tracking accuracy and robustness in the

Dynamic Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, LY :
Evolution Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge presgnce'of uncertainties and dlsturbgnces, but may
. ' ' ' ' | require high computational complexity and tuning

Control Multi-port DAB

effort.

Provides good harmonic outcomes and low switching
Phase Shift push-pull losses, but may require precise control of the phase shift
Control P and may not be suitable for high-power applications due

to its limited scalability.
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TABLE 5. Summary of Bidirectional DC Converter’s

Converter Type

Summary

Advantages

Disadvantages

Buck-Boost Converter

- Voltage Stress: Vin- Voltage Range: Low
to medium voltage- Efficiency: High
efficiency (>90%)- No. of Switches: 2-
No. of Diodes: 2- No. of Capacitors: 1 to
2- Duty Cycle Formula: Vout/Vin = 1/(1-
D)- Features & Application: DC-DC
power supplies, battery chargers, LED
drivers

- Wide input voltage range-
Simplicity and versatility in voltage
regulation- High efficiency-
Compact design- Suitable for
portable and low-power applications

- Limited voltage range adaptation-
Voltage stress on diodes and switches-
Output current ripple

Cuk Converter

- Voltage Stress: Vin- Voltage Range: Low
voltage- Efficiency: High efficiency
(>90%)- No. of Switches: 2- No. of

Diodes: 2- No. of Capacitors: 2- Duty
Cycle Formula: Vout/Vin = -D/(1-D)-
Features & Application: DC-DC power
supplies, battery chargers

- Inverting output capability-
Voltage step-up and step-down
capability- High efficiency- Low

output ripple- Suitable for battery-
powered devices

- Complex control and design- Voltage
stress on diodes and switches- High
output ripple voltage

SEPIC Converter

- Voltage Stress: Vin- Voltage Range: Low
to medium voltage- Efficiency: High
efficiency (>90%)- No. of Switches: 2-
No. of Diodes: 2- No. of Capacitors: 2-
Duty Cycle Formula: Vout/Vin = 1+D-
Features & Application: DC-DC power
supplies, LED drivers

- Non-inverting output capability-
Voltage step-up and step-down
capability- High efficiency- Input
and output isolation- Low output
ripple voltage

- Complex control and design- Voltage
stress on diodes and switches- High
output ripple voltage

Zeta Converter

- Voltage Stress: Vin- Voltage Range: Low
to medium voltage- Efficiency: High
efficiency (>90%)- No. of Switches: 2-
No. of Diodes: 2- No. of Capacitors: 1 to
2- Duty Cycle Formula: Vout/Vin = 1/(1-
D)- Features & Application: DC-DC
power supplies, LED drivers

- Voltage step-down capability-
High efficiency- Low output ripple
voltage- Compact design- Suitable

for low-power applications

- Limited voltage range adaptation-
Complex control and design- Voltage
stress on diodes and switches

Flyback Converter

- Voltage Stress: Vout & Vin- Voltage
Range: Low to medium voltage-
Efficiency: High efficiency (>90%)- No.
of Switches: 1 to 2- No. of Diodes: 1 to 2-
No. of Capacitors: 1 to 2- Duty Cycle
Formula: Vout/Vin = Np/Ns- Features &
Application: AC-DC power supplies, low-
power applications

- Isolated output capability- Voltage
step-up and step-down capability-
Suitable for multiple output designs-
High efficiency- Wide input voltage
range

- Complex transformer design- Output
current and voltage ripple- Limited
power handling capability

Forward Converter

- Voltage Stress: Vout & Vin- Voltage
Range: Low to high voltage- Efficiency:
High efficiency (>90%)- No. of Switches:

1 to 2- No. of Diodes: 1 to 2- No. of
Capacitors: 1 to 2- Duty Cycle Formula:
Vout/Vin = 1/(1-D)- Features &

Application: AC-DC power supplies,

motor drives

- Voltage step-up and step-down
capability- High efficiency- Low
output ripple voltage- Suitable for
high-power applications- Wide input
voltage range

- Complex control and design- Voltage
stress on diodes and switches- Limited
output voltage regulation range

Push-Pull Converter

- Voltage Stress: Vin- Voltage Range: Low
to medium voltage- Efficiency: High
efficiency (>95%)- No. of Switches: 2-
No. of Diodes: 2- No. of Capacitors: 1-
Duty Cycle Formula: It depends on the
load- Features & Application: Power
supplies, motor drives, lighting systems

- High efficiency- Reduced output
voltage ripple- Simple control-
Suitable for medium-power
applications- Low electromagnetic
interference (EMI)

- Limited output voltage range-
Complex transformer design (for high
power)- Limited voltage step-up
capability

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

9



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3360267

IEEE Access

Multidisciplinary  Rapid Review : Open Access Journal

- Voltage Stress: Vin- Voltage Range: Low

to medium voltage- Efficiency: High - High efficiency- Suitable for - Limited output volt )
efficiency (>95%)- No. of Switches: 2- medium to high-power applications- imited output voltage range-
. : ) L Complex transformer design (for high
Half Bridge Converter No. of Diodes: 4- No. of Capacitors: 1- Low EMI- Reduced output voltage "
. - power)- Higher component count and
Duty Cycle Formula: It depends on the ripple- Improved thermal
load- Features & Application: Power management B!
supplies, motor drives, lighting systems
- Voltage Stress: Vout & Vin- Voltage
Range: Low to medium voltage-
Efficiency: High efficiency (>95%)- No. - High efficiency- Suitable for high- - Limited output voltage range-
Full Bridge Converter of Switches: 4- No. of Diodes: 8- No. of power applications- Low EMI- Complex transformer design (for high
Capacitors: 2- Duty Cycle Formula: It Reduced output voltage ripple- power)- Higher component count and
depends on the load- Features & Improved thermal management cost
Application: Power supplies, motor drives,
lighting systems
- Voltage Stress: Vout- Voltage Range:
Low to high voltage and current- - High efficiency- Suitable for high-
Efficiency: High efficiency (>95%)- No. power applications- Bidirectional - Complex control and design- Voltage
DAB Converter of Switches: 4- No. of Diodes: 8- No. of power flow- Enhanced control stress on diodes and switches- Limited
Capacitors: 2- Depends on the load- capabilities- Low harmonic voltage range adaptation
Features & Application: Renewable energy distortion
systems, motor drives
- Voltage Stress: Depends on the topology
and number of levels- VVoltage Range:
High voltage and power- Efficiency: High - High efficiency- Reduced
efficiency (>95%)- Based on the specific harmonic distortion- Suitable for - Complex control and design- Higher
Multi-Level Converter Level- Based on the specific Level- Based high-voltage and high-power component count- Increased cost and
on the specific Level- Based on the applications- Enhanced voltage complexity
specific Level- Features & Application: quality control

Renewable energy systems, motor drives,
HVDC systems, etc.

- Voltage Stress: Vout & Vin- Voltage
Range: Medium voltage- Efficiency: High
efficiency (>95%)- No. of Switches: 2N-
3 L- NPC Converter No. of Diodes: 3(N-1)- No. of Capacitors:

- High efficiency- Low harmonic
distortion- Suitable for medium-
voltage applications- Improved

- Complex control and design- Higher
component count- Increased cost and

3(N-1)- Based on the specific Level- It lit trol complexity
Industrial applications, renewable energy voltage quality contro
systems
- Voltage Stress: Depends on the topology
and number of levels- Voltage Range: - High efficiency- Reduced
Cascaded H-Bridge Hig_h_voltage and power- Efficiency: High harmonic distortion- _Suitable for - Complex control and design- Higher
Converter efficiency (>95%)-_|\_I(N-1)- 2N+2- 2N+2- hlgh-vc_)ltage and high-power component count- Inc_reased cost and
Based on the specific Level- Renewable applications- Enhanced voltage complexity
energy systems, motor drives, HVDC quality control
systems, etc.
- Voltage Stress: Depends on the topology
and number of levels- Voltage Range: Low - High efficiency- Bidirectional
Multiport DAB t_o_medium voltage- Efficiency: High power f!o_v_v- Enhanced conFroI - Complex_control and (_:iesign-\/.olt.age
Converter efficiency (>95%)- 2N- 2N- 2N- Based on capabilities- Low harmonic stress on diodes and switches- Limited
the specific Level- Renewable energy distortion- Suitable for multi-port voltage range adaptation
systems, motor drives, HVDC systems, applications
etc.

Table 5 provides a concise overview of various Full Bridge and Cascaded H-Bridge Converters, the table
power converter types, highlighting their key parameters, offers valuable insights into power conversion solutions.
including voltage stress on diodes and switches, voltage Additionally,advanced multi-level converters and multi-port
range, efficiency, and applications. Each converter type DAB converters offer enhanced control and efficiency for
comes with distinct advantages and disadvantages, renewable energy systems and HVDC applications. This
influencing their suitability for specific applications. From comprehensive summary serves as a reference for selecting
the versatile Buck-Boost Converter suitable for battery the most appropriate converter technology based on specific
chargers and LED drivers to the high-power capabilities of needs and constraints. Using a survey, this study offers a
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comprehensive grasp of the control methods and converter
types that are applied in bidirectional DC converters for
applications involving electric vehicles using a survey. They
act as visual assistance in assessing and comparing the
performance and applicability of various control techniques
and converter configurations, which helpsin the selection of
solutionsthatare most appropriate for system requirements.

7. CONCLUSION

The conclusion of this review paper shows a
significant achievement in the field of bidirectional direct-
currentconvertersand their applications in electric vehicles
(EVs). Our exhaustive analysis and comparative study have
successfully identified optimal converter topologies and
corresponding control strategies for enhancing EV
performance, efficiency, range, and cost-effectiveness.
Notably, the strengths and limitations of various control
methods, such as hysteresis, sliding-mode, PI, fuzzy logic,
and model predictive control were explored for researchers
and practitioners. Furthermore, the findings have led to
recommendations for specific converter types, including
full-bridge, dual active bridge, and multi-port DAB
converters, demonstrating their efficiency and power-
handling capabilities in EV charging systems.

Incorporating advanced techniques like direct
torque control and dynamic evolution control can further
elevate EV charging system performance. By offering a
comprehensive overview of the current state of research,
discoveries, and potential areas for future advancement in
advanced electric mobility, this review paper serves as a
valuable resource for driving innovation in this rapidly
evolving domain. With the insights provided, EV industry
could make informed choices in converter and control
method selection, paving the way for a greener, more
efficient, and sustainable future of electric mobility.
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