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ABSTRACT Bidirectional converters (BDCs) are important in electric vehicles (EVs). This study investi-
gated 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. Compar-
isons on how well they regulate the output voltage and current in converters are performed. This paper also
provides an 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 control
and 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, and current gaps leading to advancements in the field and provide resources
for emerging methodologies and concepts for advanced electric mobility.

INDEX TERMS Energy storage, E-vehicle, bidirectional DC converters, DAB, multilevel converter, Z-
source, PWM control, hysteresis control, sliding mode control, dual-loop control, MPC, ANN.

NOMENCLATURE RDS Drain — to — Source Resistance.
Bidirectional DC Converter. VSI Voltage Source Inverter.
EV Electric Vehicle. ZVS Zero Voltage Switching.
SEPIC Single-ended primary-inductor converter. PFC Power Factor Correction.
ZVS Zero Voltage Switching. PV Photovoltaic.
PI Proportional Integral. MPPT Maximum Power Point Tracking.
PID Proportional Integral De. QRF Quasi Resonant Flyback.
DAB Dual Active Bridge. SMPS  Switched Mode Power Supply.
FB Full Bridge. THD  Total Harmonic Distortion.
ANN  Artificial Neural Network. PWM  Pulse Width Modulation.
CCM  Continuous Conduction Mode. MPC  Multi-Port Control.
DCM  Discontinuous Conduction Mode. SMC  Sliding Mode Control.
RL Resistance and Inductance.
PPO Proximal Policy Optimization.
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I. INTRODUCTION

Bidirectional converters play a crucial role in electric vehi-
cles, 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 suit-
ability 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, it also provides a
comprehensive categorization of DC-DC converters.

Electric vehicles (EVs) frequently use diverse Bidirec-
tional 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 from a lower input voltage to a notice-
ably higher output voltage. This component finds widespread
application in EVs owing to its capacity to efficiently trans-
form 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 reduc-
tion. It is a common fixture in EVs because of its proficiency
in converting battery energy for electric motors and facilitat-
ing battery charging and discharging. Typically, the PWM
technique steers the control of the buck—boost converter,
facilitating high-efficiency functionality and consistent out-
put voltage.

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 can transfer 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.
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FIGURE 1. Structure of BDC.

A Bidirectional DC Converter is a device that efficiently
converts electrical energy between two voltage sources, Vi ow
(low voltage) and Vyigh (high voltage), in either a step-
ping 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
systems as shown in Fig 1. This versatility is crucial in appli-
cations like electric vehicles, renewable energy systems, and
battery storage, enabling energy management, grid integra-
tion, 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. This study aims to identify the 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 strate-
gies. 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 capac-
ity to convert energy between the battery and the electric
motor effectively. This in turn 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 Pro-
portional Integral (PI) approaches is contingent on specific
requirements of the EV system. Hysteresis control, charac-
terized 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 effi-
ciency 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
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constraint variations and ability to deliver rapid transient
responses. However, implementing the method is intricate
and may result in a phenomenon known as chattering. PI con-
trol is a widely adopted technique that is easy to implement
and 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 control
methodology depends on the precise requirements of the
EV system. This study accurately analyzed bidirectional DC
converters from both the topological and regulatory perspec-
tives. The topologies were neatly categorized into isolated
and non-isolated types and each was further divided into eight
distinct classes. For clarity, a summary of the tabulation has
been provided. The exploration of methodologies, such as
single/dual/triple phase shifts, contributes to optimizing the
overall outcomes. [1], [2], [3], [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 con-
trol 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.

Il. VARIOUS CATEGORIES OF BI-DIRECTIONAL DC
CONVERTERS

A. 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 (MOSFETS) 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 it with Voy. 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 volt-
age displays notable variations or when isolation between the
input and output is required.

To counteract the destabilizing effects stemming from the
active load of the DC-to-DC Buck-Boost Converter (BBC),
the Distributed Dual-Model Predictive Control (DDMPC)
scheme aims to achieve a rapid reference convergence. In this
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FIGURE 3. Buck-boost converter.

strategy, the ((RL) algorithm scrutinizes the system state and
devises the optimal control policy. The Proximal Policy Opti-
mization (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. How-
ever, when configured in a constant-current (CC) setup, the
DSBBC encounters notable output voltage oscillations dur-
ing transitions between modes. Employing an interleaved
modulator (IM) technique with uniform duty cycles can
alleviate inductor ripple current, although it can sustain a
higher average inductor current. However, the application of
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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 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 (V,,) of the
buck-boost converter c is formulated as follows:

Vour = b Vi 1
out — (m) n ( )

o Vs is the output voltage,

o D represents the duty cycle (the proportion of time the
switch is ON during one switching cycle), and

o Vi, denotes the input voltage.

where:

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 circuits or
driving algorithms [8]. The Buck-Boost converter, a ver-
satile power electronic device, offers valuable insights and
possesses notable merits and demerits for applications in
electric vehicle (EV) systems. This enables efficient voltage
regulation, accommodates diverse input voltage 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 com-
plex, necessitating careful handling of load variations and
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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 a favored choice
owing to their versatility, efficiency, and ability to handle
diverse input voltages, contributing to the progression and
integration of EV systems.

B. 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, resulting in superior power conversion efficiency
that remains strong across a wide range of input and out-
put 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 explore
the one-cycle control method, which is a nonlinear approach
that leads to a comprehensive understanding of the behav-
iors of both large and small signals in switching converters.
A systematic design method was formulated for such con-
trol 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 imme-
diate regulation without requiring an infinitely high loop
gain [9], as shown in Fig. 4.

The Cuk converter is 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’s exact equations for voltage and current
relationships can be derived from circuit analysis. Here’s the
general equation for the Cuk converter:

1-D
Vout = T Vin (2)

where:
e Vou is the output voltage.
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« Vi, is the input voltage.
o D is the duty cycle of the switching transistor (ratio of
on-time to total switching period).

Cuk converters generate evenly spaced voltage levels,
which are suitable for driving a four-phase switched reluc-
tance 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 profi-
ciently manage the DC-link voltage and achieve power factor
correction (PFC) at the AC mains. This control methodol-
ogy and its associated analysis and discussion can be found
in[11].

C. SEPIC CONVERTER

This DC-DC converter converts voltage levels using induc-
tors and capacitors. Specifically, SEPIC transforms the
voltage from one level to another. The SEPIC Converter
constitutes a variation of the Conventional Buck and Boost
Operation and is accomplished with high and low voltage
levels, as required. SEPIC converters are widely used in appli-
cations 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 exempli-
fied in the circuit diagram presented in Fig. 5.

An innovative SEPIC was proposed to address the short-
comings 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 converter to 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
increase within the range of 2—-10. By adding an 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
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for fewer components. The expression for the output voltage
(Vour) of the SEPIC.

Vo = (-2 Vi + 3)
out — 1 _ D m 1 _ D

o V,u is the output voltage.

o D represents the duty cycle (the ratio of time the switch
is ON to the switching cycle time).

o Vi, denotes input voltage.

The SEPIC converter is a highly adaptable DC-DC con-
verter 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 den-
sity and ensures improved reliability in various applications.

In addition, the optimized topology enables advanced
energy conversion systems, allowing efficient power resource
utilization while maintaining cost-effectiveness and perfor-
mance. Specifically, the innovative SEPIC achieves signif-
icant gains without the need for a transformer or coupled
inductor, reducing switch-voltage stress and conduction
losses. Its continuous input current is well suited for sus-
tainable power sources such as 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 maxi-
mum voltage gain outperformed the conventional SEPIC and
other single-switch converters, making it ideal for harness-
ing renewable-energy sources. The analysis of its voltage
gain considers both continuous and discontinuous conduction
modes while considering nonideal components [15].

where:

D. ZETA CONVERTER

A Zeta Converter (Z-Source Inverter) is a power electronic
converter that combines inductors, capacitors, and diodes for
voltage isolation. Its voltage source inverter (VSI) topology
enables various input voltages and quality output voltages
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that are suitable for renewable energy systems, electric vehi-
cles, 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

v,
= 4)
VOM[
1+ Vi
where:

« D is the duty cycle (the fraction of time the switch is ON

during one switching cycle)

o Vi, is the input voltage

A comprehensive analysis and experimental investigation
were conducted on a two-switch Isolated Zeta DC-DC con-
verter to 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 con-
verter with soft-switching capabilities is proposed to achieve
zero-voltage switching (ZVS).

This inventive design brought together the Zeta and Fly-
back 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 switch turn-on, a buck-
boost-type active clamp circuit was integrated in parallel with
the primary side of the Isolated Transformer. This circuit
helps recycle energy from the leakage inductor while main-
taining 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 Zeta and 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
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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 converter featuring an integrated power fac-
tor 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 satisfac-
tory power factor-based charging in Constant Current (CC)
and Constant Voltage (CV) modes [19].

A novel design based on the Zeta topology was proposed to
address the need for a transformerless buck—boost converter.
This converter preserves the advantages of Zeta, including
its buck-boost capability, DC insulation, and continuous out-
put 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 effec-
tive 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 requiring additional circuitry. The Zeta
Converter, controlled via an 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 topol-
ogy 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. 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 integrates a BOOST circuit for solar panel energy
optimization and three SEPIC/ZETA circuits for efficient
energy management between the photovoltaic panels, bat-
tery, and supercapacitor [121]. It ensures stable voltage and
power during mode switching, demonstrating the ability to
manage multiple operating modes effectively. This converter
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contributes to extended driving range and battery life of SEVs
by utilizing solar energy, thereby promoting environmentally
friendly operation.

E. 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 solu-
tion 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 suit-
able vendors. Suggestions for component selection and the
incorporation of novel features are provided.

The study emphasizes that an extremely high switch-
ing frequency is not obligatory; the ‘“maximum efficiency
vs. magnetizing inductance” graph reaches its extremes at
400uH. 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 experiments
yielded 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 ana-
lyze the bandwidth, phase margin, and gain margin. A com-
parison 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) con-
verter 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-switching and built-in flyback transformers as fil-
ter inductors, reducing the current ripple voltage flyback

VOLUME 12, 2024
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BDC [22]. The proposed flyback push—pull DC converter
presents benefits compared to typical converters, including
reduced output diodes and consistent output features for
both buck and boost modes under continuous conduction
conditions. [23].

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

D N
Vour = (m) (va) Vin (5)

o V,u: is the output voltage,

o D represents the duty cycle (the ratio of time the switch
is ON to the switching cycle time),

e Nj is the number of turns in the secondary winding of
the transformer,

e N, is the number of turns in the primary winding of the
transformer, and V;, denotes the input voltage.

where:

The active-clamp converter has several beneficial quali-
ties, 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 coils enhances the power density in both the
flyback and forward modes, while the full-bridge inverter and
LC filter ensure that the load receives a 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 Regu-
lation (PSR) Flyback Converter, widely used in low-power
applications, mainly functions in Discontinuous Conduction
Modulation (DCM).

However, a shift to Continuous Conduction Modulation
(CCM) is necessary to increase output power. Unfortunately,
CCM requires a costly Analog-to-Digital Converter (ADC).
To overcome this problem and uphold the output current
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control in both DCM and CCM modes, an innovative Dig-
ital 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].

F. FORWARD CONVERTER
The forward BDC converter operates both forward and bidi-
rectional. 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 adjusts the 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, chal-
lenges arise in managing complex switching and vulnerability
to shifts in input voltage and load conditions, demanding
careful timing and a particular design for optimal perfor-
mance, as shown in Fig. 8. The forward converter is a type
of DC-DC converter commonly used in power electronics.
Its operation involves a transformer and a diode bridge.

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
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FIGURE 8. Forward converter.

particularly suitable for low-power to medium-power appli-
cations. A clamping diode, in conjunction with a gate signal
that turns off 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 combining a clamping diode and a precisely
timed gate signal, the converter directly controls the voltage
stress, effectively managing the potential challenges. Using
a gate signal that turns off after a delay, along with a clamp-
ing 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 modula-
tion (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 MOSFETs, regardless of variations in
the line and load conditions. The output voltage equation for
the forward converter is as follows:

N
Vour = D (172) Vin (6)

1

where:
o Vour is the output voltage.
o Vi, is the input voltage.
o D is the duty cycle of the switching transistor (ratio of
on-time to total switching period).
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e Nj is the number of primary windings turns on the
transformer.

e N3 is the number of secondary windings turns on the
transformer.

Innovative converters provide additional flexibility by
allowing duty cycles above 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 maintaining resilience 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 devel-
oped 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 cir-
cuit enhances the power density compared with existing
Zero-Voltage Transition (ZVT) forward converters. A com-
parison 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, trans-
former, and balanced compensated demagnetization volt-
age source. Different subcircuits harmonize compensated
demagnetization voltage sources, leading to the develop-
ment of diverse forward-switching cells. These include
the Resonant Capacitor-Diode (RCD), active-clamping,
lossless current—doubler (LCDD), Flyback-Integrated, and
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Independent-Circuit configurations achieved through topol-
ogy derivation rules [31].

G. PUSH-PULL CONVERTER

The DC converter employs a pair of switching transis-
tors, 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 rela-
tively straightforward to design and adept at handling high
power loads. 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 eliminates the need for a
capacitor by using the same inductors as in the single-stage
setup. Additionally, a high-frequency transformer guaran-
tees the attainment of the rated output, even in challenging
fuel-cell output scenarios. Moreover, the switching fre-
quency 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 com-
plex multi-resonant tuning, the converter configuration shows
exceptional stability in maintaining a consistent current out-
put 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].

Within the domain of control strategies, an enhanced
approach tailored for push-pull Dual Active Bridge convert-
ers is introduced. The aim is to broaden the zero-voltage
switching (ZVS) range and alleviate the effects of the cur-
rent stress. In contrast to conventional modulation techniques
that primarily manipulate power through adjustments in the
primary duty cycle and phase-shift angle, the proposed mod-
ulation 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 capac-
itors was executed on the transformer’s primary side. This
novel integration, implemented within the advanced active-
clamp push-pull converter, leads to substantial enhance-
ments in converter efficiency. Specifically, it addresses
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zero-voltage switching losses linked to the main and auxiliary
switches [35]. A switching control strategy designed explic-
itly for a current feed push-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 (V,,) of the
push-pull converter can be given as

2N,
Vour = — (Vin - Vf -

N Vee) D (N

Let:

o Vs is the output voltage,

« Nj represents the number of turns in the primary winding

of the center-tapped transformer,

e N> denotes the number of turns in each half of the

secondary winding of the center-tapped transformer,

o D be the duty cycle (the ratio of time the switches are

ON to the switching cycle time),

« Vi, represents the input voltage,

« V; denotes the voltage drop across the diodes, and

o V.. represents the voltage drop across transistors when

switched ON.

The push—pull converter employs a center-tapped trans-
former and switching transistors 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 (2N>/N1) enables a volt-
age step-up or step-down. The diode and transistor voltage
drops (V¢ and V..) were factored into for loss considera-
tion. 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 a bidirectional switch is proposed. This inven-
tive converter functions in two modes, effectively achieving
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-turn-ratio
transformer [37]. These converters epitomize a synergistic
blend of innovative designs and 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

H. 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 to
its bidirectional energy-flow capability. The Circuit shown
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FIGURE 9. Push-pull converter.

in Fig.10 incorporates a half-bridge capacitor—inductor—
inductor—capacitor—capacitor (CLLC) resonant circuit and
buck/boost circuit, leveraging synchronous pulse-width mod-
ulation to achieve higher voltage gain. The CLLC resonant
circuit enables soft switching for MOSFETSs, and thor-
ough 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 circuit
conditions. Through the integration of a 3D-modulation strat-
egy 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 effi-
ciency gains [40]. These strategies are particularly beneficial
for EVs and for 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-current
and zero-voltage switching. This was made possible using
a secondary modulation clamp that effectively regulated the
voltage. This converter boasts attributes such as a com-
pact design and reduced cost, which are attributed to the
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utilization of low-voltage-rated components with minimal
on-state resistance. These factors contribute to reduced con-
duction losses and heightened overall efficiency [41]. These
features make it highly suitable for EV applications, improv-
ing power conversion and utilization in fuel-cell vehicles.
Designing a push-pull forward half-bridge BDC with a vari-
able input voltage requires careful component selection and
topology considerations to minimize power loss and maxi-
mize efficiency. Optimization methods include simulations,
analytical equations, and experimental testing. The input volt-
age range and load power are essential for efficient operation
within a 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 (V) of
the half-bridge converter can be written as follows.

Vour = (Vin - Vfl - Vf2 — Veel = Veer — Vd) xD (8)

where:

o Vou is the output voltage.

« Vi, is the input voltage.

V1 and Vj, are the voltage drops across the two diodes.

o Vi1 and V..o are the voltage drops across the two
switching transistors (usually MOSFETS).

o V; is the voltage drop across the freewheeling diode

o D is the duty cycle of the switching signal, representing
the fraction of the switching period during which the
transistor is ON.
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FIGURE 10. Half-bridge converter.

The latest DC converters have a wide range of applica-
tions 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
without any drawbacks to the total device rating (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.

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 spe-
cific 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 convert-
ers 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.

I. 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 tran-
sistors, two diodes, an inductor, and a capacitor, arranged in
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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 complex-
ity to the control circuit. A novel onboard battery charger
design based on a full-bridge-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 recti-
fier 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, includ-
ing a wide output voltage range, high-power output, and
versatile switching frequency, was conducted using a labora-
tory 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 (V,,,;) of
the full-bridge converter is as follows:

Vour = (Vin - 2Vce - Vd) x D (9)

where:
o Vo is the output voltage.
o Vi, is the input voltage.
o V.. is the voltage drop across each of the four switching
transistors (usually MOSFETS).
o V; is the voltage drop across the freewheeling diode.
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FIGURE 11. Full-bridge converter.

o D is the duty cycle of the switching signal, representing
the fraction of the switching period during which the
transistors are ON.

The converter incorporates active flyback and pas-
sive capacitor-diode snubbers, providing soft-start-up and
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 outlines the 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, steady-state conditions,
and indirect PWM control [49]. These converter design and
control strategy advancements offer benefits such as effi-
cient voltage conversion and bidirectional energy flow power
delivery, and improved system performance for electric vehi-
cles. 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.

J. 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. How-
ever, Bidirectional DC-DC converters have been difficult to
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use in industrial settings owing to circulating current and
ZVS issues (56). Researchers have achieved success with
high-power Bidirectional DC-DC Converters.

This converter could deliver 100 kW of power at 750 V 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 be 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) technol-
ogy for enhanced integration, reducing parasitic inductance
and improving high-temperature characteristics [122]. This
makes it suitable for ““solid-state transformers” and “‘power
electronic transformers.” The dual active bridge (DAB) con-
verter is more complex owing to it bidirectional energy flow
and two parallel full-bridge circuits. Extensive investiga-
tions 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 convert-
ers 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
the output voltage, but it’s important to note that the actual
analysis of a DAB converter can be quite complex and may
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FIGURE 12. Dual active bridge converter.

involve state-space modeling and control algorithms.

Ns
Vour = Vin * D % —

Np (10)

where:

o Vyur is the output voltage.

o Vi, is the input voltage.

o D is the duty cycle of the switching signal, representing
the fraction of the switching period during which the
transistors are ON.

e N, is number of turns in Primary winding

e N is 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 con-
siderations for control strategies, phase-shift angles, and
additional factors specific to the application. Design and anal-
ysis of DAB converters often require simulation software or
specialized tools to obtain accurate results. This understand-
ing has been active 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 elim-
inating low-frequency power pulsations and increasing the
theoretical maximum transmittable power between the pri-
mary and secondary sides. The effectiveness of the proposed
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modulation scheme was verified using circuit simulation
results [51]. Furthermore, an MPC-based (Model Predictive
Control) approach utilizing Total Phase Shift (TPS) modula-
tion and a current stress-optimized scheme has been proposed
to enhance the dynamic performance of DAB.

This paper comprehensively covers various aspects,
including historical research, significance of high-frequency
link power conversion systems (HFL PCSs), control poli-
cies, 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],
[54], [55]. These advancements in DC-DC converter tech-
nologies offer significant advantages for electric vehicles.
These devices enable efficient voltage conversion, bidirec-
tional energy flow, improved power delivery, and enhanced
system performances. However, the complex control circuitry
and challenges related to circulating current and zero-voltage
switching (ZVS) pose limitations that require careful con-
sideration during design and implementation. Nonetheless,
these innovations have contributed to progress in EV technol-
ogy, providing more efficient and reliable power electronics
solutions.

K. MULTI-LEVEL CONVERTER

A multilevel bidirectional DC converter offers a distinct
advantage by utilizing multiple voltage levels instead of
a single level, effectively reducing harmonic distortion in
the load voltage. These converters can function in the
forward and bidirectional modes, serving as step-up and
step-down converters. The implementation of multilevel
bidirectional DC converters involves multiple power elec-
tronic switches [as metal-oxide-semiconductor field-effect
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FIGURE 13. Multi-level converter.

transistors (MOSFETSs) 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 illus-
trated in Fig.13. One significant advantage of multilevel
converters is their capacity to reduce waveform irregularities,
which leads to better voltage quality by producing smoother
sinusoidal voltage waveforms and minimizing the harmonic
content in V,,;. The CF-MDAB converter, a multilevel
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bidirectional DC converter family member, incorporates
favorable traits from DAB circuits, including gentle switch-
ing 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
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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 (V,,;) of a
three-level Neutral Point Clamped (NPC) converter can be
written as follows.

Vin
Vour = (7) (M +N) (11)
where:
o V,ur is the output voltage.
o Vi, is the DC input 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 cor-
responds 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 con-
trol strategy used to generate the switching signals for the
converter, depends on the specific application, design require-
ments, and control scheme. Multi-level converters can have
more complex equations and control algorithms when addi-
tional 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 dis-
tinct 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 using a 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 for enduring DC faults. It is crucial
for EV charging to minimize energy losses during charging,
owing to its high efficiency and power density. Soft switch-
ing 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 integra-
tion aligns with the trend of using EVs as energy reservoirs,
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enabling a two-way energy flow. However, similar to other
multilevel converters, the drawback lies in the control com-
plexity. Advanced algorithms and hardware add system
intricacy and cost. In addition, the limited multilevel con-
verter 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 charging infras-
tructure [58]. In the context of electric vehicle chargers,
multilevel converters provide several benefits. They improve
the power quality by reducing harmonics and producing
smoother output waveforms. Furthermore, their remark-
able efficiency curtails energy wastage during the charging.
Multilevel converters play a role in shrinking the charger
dimensions and weight owing to their enhanced power den-
sity, thereby enabling compact solutions. Another strength
is their adaptability to diverse voltage levels, which ensures
harmony with the various EV battery systems.

These converters are easily scalable, with different power
requirements and charger configurations. However, the use
of multilevel converters in electric vehicle (EV) chargers is
problematic. One key challenge is intricate control, demand-
ing advanced algorithms and hardware, elevating system
intricacy and costs. Implementing these converters can be
more expensive than traditional options, thereby influenc-
ing 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 multilevel converters may
trigger electromagnetic interference, thereby requiring addi-
tional 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.

L. 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-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 con-
verters. 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 = g Vin (Dl - DZ) (12)
where:
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FIGURE 14. Three-level neural point clamped conver.

o V,ur is the output voltage.

o Vi, is the DC input voltage.

o Dj is the duty cycle of the upper switching devices.
o D, is the duty cycle of the lower switching devices.

In a three-level NPC converter, the upper and lower switch-
ing devices work together to create three voltage levels
across the load: —Vy./2, 0, and +V,./2. The duty cycles
D and D; determine how the voltage levels are distributed.
Typically, the duty cycles D and D, are controlled based
on the desired output voltage and the modulation strategy
used. The sum of D; and D, should always be less than or
equal to 1. This equation provides a simplified representa-
tion of the output voltage of a three-level NPC converter.
In practical applications, control algorithms and modulation
techniques are employed to generate the appropriate switch-
ing signals for the upper and lower switching devices to
achieve the desired output voltage and maintain proper opera-
tion. 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 compo-
nents, higher efficiency, and simpler circuit design [57]. The
system uses a cascaded approach and proportional-resonant
compensator to regulate a new active neutral-point clamped
(ANPC) five-level converter [60].

This study introduces HSVM, a new technique with
neutral-point balancing and direct-current control of
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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 systems [80]. 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
neutral point balancing control, presents several advantages
over alternative approaches, such as higher efficiency, cost-
effectiveness, and improved power quality [105]. Precise
voltage regulation and optimal current flow of the system
make it a reliable solution for grid-linked solar activi-
ties. 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.

M. 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 effi-
ciency, power density, and reduced input—current harmonic
distortion. It was composed of multiple series-connected
H-bridge cells. Power semiconductor devices enable bidirec-
tional power flow and converter circuits, as shown in Fig.15.
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FIGURE 15. Cascaded H-bridge converter.

CHB converters are particularly suitable for renewable
energy systems and electric vehicles, demonstrating their
advantages for various applications [90]. 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 envi-
ronmental factors results in power imbalances among the
three phases, resulting in unanticipated problems. To miti-
gate these concerns, this study introduces three innovative
zero-sequence injection methods to complement the tradi-
tional method [91]. 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 mul-
tilevel 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 [92].

A Cascaded H-Bridge DC-DC converter is a multi-level
converter topology that combines multiple H-Bridge cells in
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.

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

Vin
Vour = (?) (D1 —Dy)+ D3 —Dy)+---1 (13)

where:
o V,u is the output voltage.
o Vi, is the DC input voltage.
e Dy, Dy, D3, Dy, ...are the 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: +Vg./2 and —V,./2. The
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duty cycles (D1, Dy, D3, Dy, ...) determine how these
voltage levels are combined to create the desired output
voltage. The actual control and modulation strategy for a
Cascaded H-Bridge converter can be more complex, espe-
cially in configurations with more than two H-Bridge cells.
Pulse-width modulation (PWM) techniques and control algo-
rithms 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 deter-
mine the complexity of the equations and control algorithms
required for accurate voltage control. Simulation software
and control platforms are often used to implement and ana-
lyze Cascaded H-Bridge converters for practical designs and
analysis.

Integrating bidirectional isolated DC/DC converters and
modular multilevel cascade PWM converters in 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
approach and incorporating low-voltage steps, the developed
system shows notable improvements in harmonic suppres-
sion and reduction of electromagnetic interference, ensuring
optimal performance and compatibility with stringent emis-
sion 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 applica-
tions, making them promising solutions for various industrial
and grid-connected systems. A novel approach was proposed
to address grid current imbalances in large-scale solar power
systems by utilizing interconnected H-bridge multilevel con-
verters.

The method uses a common DC bus created by low-
voltage-side ports, enabling independent operation of each
inverter and equal load sharing. An innovative H-bridge mul-
tilevel boost inverter was designed specifically for electric
and hybrid vehicles, which offers a groundbreaking solution
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that eliminates the need for large inductors. The fault-tolerant
technique improves the performance and reliability of cas-
caded H-bridge converters [95].

The cascaded H-bridge DC converter combines multiple
modules to achieve precise voltage control and high effi-
ciency. It offers enhanced voltage resolution and improved
fault tolerance but introduces complexity and a larger phys-
ical footprint. The converter reduces harmonic distortions,
accommodates different voltage levels, and facilitates modu-
lar maintenance. However, it requires a careful circuit layout
and presents challenges during load variations and electro-
magnetic interference. Commercial adoption may be limited
because of its specialized nature and compatibility require-
ments. In conclusion, the converter provides benefits such as
voltage control and efficiency but requires consideration of
its complexities and limitations.

N. MULTI-PORT DAB CONVERTER

Two bridge circuits were used for the galvanic isolation and
high-frequency power conversion. The converter has mul-
tiple ports that can be configured for various applications
such as renewable energy, battery storage, and EV charging.
It operates by switching the power between the input and
output sides at a high frequency for an efficient transfer with
reduced losses. Bidirectional switches enable energy flow
in both directions, providing flexibility in controlling power
flow and energy storage. This is a versatile and efficient
device for improving DC-based power systems. Modular
multilevel converter and cascaded H-bridge-based DC trans-
former 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 equalization strategy for grouped capacitors [87].
A multi-port DC-DC converter is a complex converter topol-
ogy that typically includes multiple input and output ports,
allowing energy to flow between several sources and loads.
The equations for a multi-port DC-DC converter can be
highly dependent on the specific configuration and control
strategy used. There isn’t a single standard equation that
applies to all multi-port converters.

However, I 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 with two
input voltage sources (V4.1 and V) and two output voltage
ports (Vo1 and Viyy2). The equations for such a converter are
as follow.

1. Output Voltage at Port 1 (V,,;1):

Vourt = (Vaer — Vi1 — Via — Veel — Veer — Vi) x Dy
(14)
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2. Output Voltage at Port 2 (V,,12):
Vourz = (Vaca — Vi3 — Via — Vees — Vees — Va) x D2

(15)
where:
e Vour1 and V,, are the output voltages at ports 1 and 2,
respectively.

o V41 and Vg are the input voltages from sources Vin.

o Vi1, Vr2, V3, and Vy4 are voltage drops across diodes in

the converter.

o Viel, Veer, Ve, and Viea are voltage drops across

switching transistors.

o V4 represents the voltage drop across any freewheeling

diodes (if used).

e D; and D; are the duty cycles of the switching signals

controlling the converter.

The actual equations for a multi-port converter can become
significantly more complex as you add more ports, incor-
porate 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, designing and
analyzing multi-port DC-DC converters often involves simu-
lation 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 advan-
tages, addresses specific needs, and offers avenues 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 emergen-
cies. 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 addi-
tion, the converter boasts high power density, facilitating a
compact and lightweight charger design. This ensures high
efficiency, minimizes energy losses, and enhances the power
quality by reducing harmonics and voltage fluctuations. How-
ever, several challenges remain. Multiport operation of the
converter requires sophisticated control algorithms and hard-
ware implementation, necessitating advanced techniques.
Coordinating multiple ports and managing power-sharing
require careful consideration. Cost is another concern owing
to the increased number of components and control sys-
tems; however, integration and cost-reduction strategies can
address this issue. Future improvements can focus on opti-
mizing power management algorithms, enhancing charging
efficiency, and advancing fault detection and diagnostic tech-
niques to improve reliability and safety. Beyond EV charging,
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FIGURE 16. Multiport DAB bidirectional DC converter.

the multiport DAB converter has broader applicability in
renewable energy systems such as solar and wind power
integration, enabling efficient power conversion and grid
integration. This presents opportunities for broader adoption
across diverse energy applications. A multiport DAB con-
verter offers substantial benefits in terms of simultaneous
charging, bidirectional power flow, power density, and power
quality. Advancing control algorithms, mitigating cost chal-
lenges, 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
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cost by eliminating the need for external heaters. MPC inte-
grates a DAB and an interleaved PWM converter to manage
multiple rechargeable batteries. Through a thorough opera-
tional analysis, it was discovered that the output power of
the induction heating inverter can be autonomously adjusted
using phase-shift control techniques [88]. MPC, a multiport
converter based on supercapacitors, has been specifically
developed to safeguard hybrid energy storage systems against
sustainable energy sources (RES) and various loads. The pro-
posed MPC architecture was configured to be highly efficient,
reducing losses and switches, thus making it an economical
solution [89].
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FIGURE 17. Comparison of overall BDC converter.

Ill. OVERVIEW: TYPES OF BIDIRECTIONAL DC
CONVERTER

A. COMPARISON OF OVERALL BDC

Figure 17 shows the performance of various Bidirectional
DC Converters (BDCs) in a visual format. They show their
efficiency variation corresponding to the load range with dif-
ferent topologies allowing easy comparison. The chart helps
in selecting the most suitable BDC for a given application
based on the desired outcomes and requirements.

A comprehensive overview of various Bidirectional DC
Converters (BDCs) based on parameters such as the voltage
range, efficiency, number of switches, diodes, and capaci-
tors. The chart also includes a formula for calculating the
duty cycle, enabling a comparative analysis of the converters
and the selection of the most appropriate BDC for specific
applications. The visual representation of the chart allows
for quick identification of high-efficiency converters and
those suitable for low-to medium-voltage ranges. The out-
come chart serves as a valuable tool for understanding the
strengths and weaknesses of each converter type, facilitating
decision-making for optimal BDC selection. It provides a
concise and informative summary, helping researchers and
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practitioners to choose the most suitable BDC for their spe-
cific needs for electric vehicle (EV) systems. These charts
provide information on their characteristics, performance,
and efficiency, which ranges 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 bidi-
rectional power flow. The charts also highlight the complexity
and cost-effectiveness of certain converters, such as the Mul-
tiport 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 provides an 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 con-
verter for a specific application depends on the demands at
hand, and the study thoroughly examines notable convert-
ers like Buck-Boost, Cuk, SEPIC, Zeta, Flyback, Forward,
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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 var-
ious 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 paper includes detailed citations and references.

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 con-
verter 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 low
to 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 for
a wide array of practical applications, enabling enhanced
energy management and power conversion in today’s diverse
technological landscape.

IV. REVOLUTIONIZING EV CHARGING

The integration of BDC technology, combined with advanced
control strategies, is transforming the EV charging land-
scape and revolutionizing the industry. This groundbreaking
method ensures faster, more reliable, and more efficient
charging for electric vehicles, thereby contributing to sus-
tainable 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 fur-
ther 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 are common
choices, offering bidirectional operation and high-power han-
dling. The choice of BDCs depends on application-specific
requirements, necessitating a comprehensive analysis of
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converter topologies to determine optimal solutions.
EV charging topologies include AC, DC, and wireless tai-
lored 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.

A. TOP RECOMMENDED DC CONVERTERS FOR EV
CHARGER APPLICATIONS

Based on the survey, Table 2 shows that DAB and full-bridge
converters are highly suitable for electric vehicle charging
owing to their high efficiency and reliability. The half-bridge
converter also shows good outcomes but is less 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 disadvan-
tages, making it difficult to determine the most effective.
However, converters such as buck-boost and full-bridge
converters have a wide voltage range and are efficient,
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 inte-
gration techniques. The converter choice depends on the
specific application requirements and a thorough analysis of
trade-offs.

V. TYPES OF CONTROL TECHNIQUES USED IN BDC
CONVERTERS

Several control techniques are commonly used in bidirec-
tional DC-DC converters,

A. 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 reg-
ulating 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 parameters and a hysteresis band (H) are
set. The output, whether it’s voltage or current, is continu-
ously measured and compared to a desired reference value.
If the output falls within the hysteresis band, no immedi-
ate action is taken to prevent rapid, continuous switching.
However, if the output goes below the lower band limit,
the converter is turned on, and its performance is closely
monitored until it rises above the lower boundary. Conversely,
if the output exceeds the upper limit, the converter is turned
off and monitored until it falls below the upper limit. This
process repeats to maintain the output within the desired
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TABLE 1. Performance metrics of various bidirectional DC converters.

Velleygs || Vel Voltage Exact No of No of No of Duty Features &
RS | RSO | Birossen Range | Efficiency | Switches | Diodes | Capacitors Cyele Application
Diodes | Switches Formula
Vin + I/out Vin - Vum DC'DC
Buck- Low to High Vout/Vin s 113 OV;/::S
Boost medium | efficiency 2 2 1to2 =1/(1- bgtptery,
o
Converter voltage | (>90%) D) chargers, and
LED drivers
%H + VOH[ V[I1 - Vﬂllf DC—DC
Cuk Low High YoutNin power
Converter voltage efficiency 2 2 2 =-D/(1- | supplies and
8 | (>90%) D) battery
chargers
%H + VOU[ V[I1 - VGlll . DC—DC
SEPIC LOW to H1gh Vout/Vin power
medium | efficiency 2 2 2 .
Converter voltage | (>90%) =1+D | supplies and
g ’ LED drivers
Zeta Vin + Vnut Vin - Vout LOW to ngh Vout/Vm Dc-zrc
medium | efficiency | 2 2 102 | =1/1- PO
Converter ltage | (>90%) D) supplies and
Vorag ° LED drivers
Vin + Vnut Vuut AC-DC
Flyback Lowto | High VoutVin | POWer
medium | efficiency | 1to2 l1to2 1to2 _ supplies and
Converter = Np/Ns
voltage | (>90%) low-power
applications
Forward Vi Vou Low to High Vout/Vin Ag;v]zrc
Converter high efficiency | 1to?2 1to?2 1to?2 =1/(1- su plies and
voltage | (>90%) D) PPIICS :
motor drives
(1 - Vin + Vour Power
. It .
Push-Pull Duty Lowto ngh depends Supb hf.:s’
Converter Cycle) medium | efficiency 2 2 1 onthe | motor drives,
Vout voltage | (>95%) load and lighting
od systems
Vin Vin Power
Half Low to High d ]tn d supplies,
Bridge medium | efficiency 2 4 1 SE ethe 5| motor drives,
Converter voltage | (>95%) load and lighting
systems
Vin Vin Power
Full Low to High d I d supplies,
Bridge medium | efficiency 4 8 2 egiﬁ 5 | motor drives,
Converter voltage | (>95%) Oloa de and lighting
systems
Vin + Vour | Vin + Vour Low -
i . Renewable
DAB high High Depends ener
Converter voltage | efficiency 4 8 2 on the s stemg nd
and | (>95%) load M :
motor drives
Current
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TABLE 1. (Continued.) Performance metrics of various bidirectional DC converters.

Depends | Depends Based | Based on | Basedon | Renewable
Multi- on the on the High Hich Based on the the the energy
Luv ] topology | topology | voltage efficiinc onthe | specific | specific | specific systems,
C ceve ’ and no. | and no. and (>95% )y specific | Level Level Level motor drives,
onverier of oflevels. | power o Level HVDC
levels. systems, etc.
Vin + Vout | Vin + Vour Based on Industrial
3L- . High the applications,
NPC Melcglum efficiency 2N 3(N-1) 3(N-1) specific renewable
Converter voltage (>95%) Level energy
systems
Depends | Depends Basedon | Renewable
Cascaded | 1 the on the High Hich the energy
H-Bridge topology | topology | voltage efficiincy N(N-1) IN+2 IN-2 specific systems,
Converter and no. and no. and (>95%) Level motor drives,
of oflevels. | power ° HVDC
levels. systems, etc.
Depends | Depends Basedon | Renewable
Multiport on the on the Low to High th? . enerey
DAB topology | topology medium | efficiency 2N 2N 2N specific systems,
Converter and no. and no. voltage (>95%) Level motor drives,
of oflevels. g ’ HVDC
levels. systems, etc.

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

Operation Both Direction

Both Direction

Both Direction

Suitability for
Electric Vehicle
Chargers

Maximum power apps necessitate
dependable and smooth
performance.

Maximum power apps necessitate
dependable and smooth
performance.

Maximum power apps necessitate
dependable and smooth
performance.

Cost Moderate cost

Higher cost compared to full
bridge converter

Extremely High Cost

range, offering stability while reducing excessive switching.
Hysteresis control provides a practical means to balance out-
put 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 owing to 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 width of the hysteresis
band affects the ripple and the response. A narrow band
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reduces the ripple, but slows the response, whereas a wide
band has the opposite effect. For steady-state operation, hys-
teresis control is good; however, for fast changes, advanced
methods such as PI 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. Hys-
teresis is robust but causes losses and distortion. Combining
it with PWM and predictive control improves efficiency and
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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 %0 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 kKW.
Low Primarily designed forlow 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 EV.
Half Bridge Medium Suitable for medium to high-power applications, making it a potential choice for high-
Converter 90 power EVs.
Full Bridge Medium Suitable for high-power applications, making it a viable option for high-power EVs.
Converter %
Dual Active Bridge 05 ModAerate 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
. High Suitable for high-power applications, making it a viable option for high-power EVs.
Cascaded H-Bridge
95
Converter
Multi-Port DAB 05 Very High Suitable for high-power applications, offering versatility for high-power EVs.
Converter

accuracy. PWM adapts frequency for efficiency, whereas the
predictive control refines voltage regulation. Incorporating
these refines of BDC converters enhances efficiency and
precision.

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 com-
putation of the switching planes is performed systematically,
ensuring the desired loop properties are in the vicinity of a
nominal 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 [84], [85], [86], [87].

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 perfor-
mance under varying duty ratios and load/supply transients.
The results demonstrate that the hysteresis current control
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method outperforms fixed and variable frequency control
techniques, providing superior dynamic performance and
reduced voltage ripples [115].

B. 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, regard-
less 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.

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 changes
in load or input voltage. However, it requires careful design
of the sliding-mode controller and appropriate selection of
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control parameters such as the sliding surface, initial condi-
tions, and switching function. Owing to the potential impact
of measurement noise and variations in system parameters,
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sliding-mode control may require adjustment of the con-
trol parameters to maintain stability [64]. Calculation of the
surfaces for ideal line regulation, ideal load regulation, and
hysteretic current control can be achieved by combining the
errors in the four 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.
This approach 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 con-
verters. The proposed methodologies employ cutting-edge
approaches, including the hierarchical sliding-mode con-
trol theory, F-SMC, and constant-frequency DI-SMC [81],
to address the complex challenges in power flow regula-
tion for renewable energy and motor drive applications.
Through simulations and experimental validation [82], 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 [83].

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
and actual 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.

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 cal-
culated 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
system through actuators, like MOSFETS 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
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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.

C. PI CONTROLLER

The Proportional-Integral (PI) controller combines propor-
tional and integral control actions, offering a more efficient
solution by addressing the disadvantages of each. Propor-
tional controllers show output proportionality to the error
signal, while integral controllers respond to the integral of the
error signal. Combining both in a PI controller provides sta-
bility by reducing steady-state error. The PI controller’s math-
ematical representation involves the sum of proportional and
integral terms, contributing to the reduction of system insta-
bility associated with integral controllers. The controller’s
transfer function, expressed in Laplace transforms, demon-
strates its effectiveness in significantly reducing steady-state
error without compromising system stability. The ubiqui-
tous use of proportional-integral (PI) control methodol-
ogy exemplifies an advanced control technique embraced
within bidirectional DC-DC converters, enabling the precise
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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 diagram illustrated in Fig.21. The proposed con-
trol scheme excels in managing the nonlinear dynamics and
unique characteristics of boost converters, thereby ensuring
a stable and precise control. The complexities of the CCM
operation are effectively managed by combining cascade PI
control and MRAC properties. The MATLAB/Simulink sim-
ulations validated the accuracy and robustness of the control
system, showing a rapid response, minimal overshoot, and
precise tracking. This validated the practical efficacy of the
proposed method. Cascade control and MRAC techniques
offer a promising solution for enhancing and boosting con-
verter system performance and stability [73], [74], [75], [76].
In a DC-DC converter with a modified PI controller for
electric vehicle (EV) battery charging. The system aims to
achieve stable output voltage, high current density, and min-
imal overshoot for lithium-ion batteries, reducing charging
time and improving converter lifespan. The proposed con-
verter demonstrates effectiveness in minimizing power loss,
maintaining a power factor of around 90%, and low total
harmonic distortion, making it suitable for high-density load
currents in EV applications [123].

D. 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 rules produced 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. Addition-
ally, FLCs are neither complicated nor economical.
Processing information using fuzzy sets is one of 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 math-
ematical 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 computa-
tional efficiency.
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As the membership degree value approached unity, the
affiliation of the element with the fuzzy set increased. The
construction of the fuzzy set and its associated MF is based
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on expert insights, and the common MF shapes include
Trapezoidal, Gaussian, and bell shapes. This control method
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 of
the converter based 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 control action. A set
of fuzzy rules was used to process these input variables and
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 them to 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 systems that use renew-
able energy sources, that can change significantly and are
difficult to predict. In addition, fuzzy logic control is easy
and inexpensive to implement, making it a good choice for
controlling BDCs, which is also 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 based on a set of fuzzy rules
applied to these variables. The system designer uses his or
her knowledge and experience to create these fuzzy rules,
which gives the designer the freedom to work best for the
performance of the converter.

One of the benefits of using fuzzy logic control in BDCs 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 difficult to predict. Fuzzy logic control is also easy
and inexpensive to set up, which makes it a good choice for
controlling BDCs, which is also good for your budget.
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E. MODEL PREDICTIVE CONTROL

The control method uses a mathematical model to predict
future behavior. It can be used to control BDCs, such as those
between renewable energy sources and the grid, by 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 han-
dle 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 regu-
late the various operating modes of the battery, including
the charge, discharge, and idle modes. As the converters
are constructed, each of the three categories functions inde-
pendently [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 visu-
alize 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 vali-
dation 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 min-
imizing the current stress on the system [54]. 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 utilized to function in
boost mode, but the same approach can also be used to
operate in buck mode [67]. The dynamic and output equations
that 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 solving
an optimization problem at each sampling time. 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 sample time 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 mea-
sured variables of the converter or establish a prioritized
hierarchy for controller intervention across multiple output
channels.
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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.

We present a constant disturbance estimation throughout
the prediction horizon and incorporate it into the future pro-
jected 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 distur-
bance to account for unmolded effects. A decentralized model
predictive control (DMPC) algorithm for systems with mul-
tiple independent actuators and a central plant, relevant for
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modular and highly dynamic systems. It divides the central-
ized controller’s objective function into local objectives for
each agent, ensuring the same 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 com-
pare DMPC performance with the global optimum [118].
The study focuses on applying a Model Predictive Control
(MPC) algorithm to 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 ver-
ification shows that both models outperform the traditional
PID controller. The DOLMMPC controller, with reduced
online computation, is particularly suitable for practical engi-
neering, meeting microprocessor computational limits [119].

F. NEURAL NETWORK CONTROL

This control method employs artificial neural networks to
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 flow
between 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, enabling the neural network to
acquire precise learning, and forecasting abilities. Following
the training, an NN can be employed to predict the control
action for 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. Recur-
rent 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.
NN can be feed-forward, recurrent, or a combination of both.

A model-free adaptive method using an Artificial Neural
Network (ANN) for real-time weight adjustments was devel-
oped for the Single-phase DAB technology. This approach
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combines a Proportional Integral controller with an ANN
controller to improve the stability and offset disturbances
from load and source fluctuations. The proposed Artificial
Neural Network-Proportional-Integral (ANN-PI) controller
exhibits a simplified design while maintaining the robustness
of the alternative nonlinear control methods. Implementa-
tion occurred on the TI 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
utilizes the TI Launchpad platform to effectively integrate
into a laboratory-scale DAB test bench with a 50 Watts
power rating [62]. The RWFNN controller uses a dual input
system, including tracking error ‘e’ and its derivative ‘ey’.
The Membership Layer processes the input signals, whereas
the Wavelet Layer processes signals based on these char-
acteristics. 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 sig-
nals. [108]. 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” regula-
tions to derive final conclusions.

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 defuzzifica-
tion, 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 aspect of 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 effi-
ciency of EV charging/discharging while reducing the load
demand on the conventional AC grid [120]. Fuzzy logic con-
trollers offer several advantages over traditional controllers,
including robustness to input and system dynamics, flexibil-
ity 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.

G. SPACE VECTOR MODULATION CONTROL

SVM is a sophisticated control technique used in BDCs to
manage power exchange between two DC voltage sources
effectively. SVM involves breaking down the desired out-
put voltage into three perpendicular vectors called spatial
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vectors. Spatial vectors play a vital role in governing the transfer between DC sources. authors were proposed for EV
converter switching, enabling precise power control. BDCs charging, energy storage, and microgrid management. The
are electronic devices that facilitate bidirectional power SVM technique empowers the power control in BDCs by
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segmenting the output voltage into spatial vectors. This
ensures efficient power regulation and minimal distortion.
The SVM algorithm was 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 sys-
tems 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, enhancing the voltage and current waveforms for
superior grid connections [80]. Despite the unbalanced input
voltage conditions, the converter maintains a superior input
current quality and a perfect sinusoidal output voltage [102].
i 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 volt-
age changes, the space-vector amplitude fluctuates. A novel
SVPWM [102] 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 converter using straightforward phase duty-ratio
expressions in d-q-0 coordinates. This modulation tech-
nique facilitates voltage balance across all output levels
and power factors, minimizing the distortion at the switch-
ing frequency [103]. These control strategies have notable
advantages for EVs. They enhance the power conversion
efficiency and optimize EV grid integration and battery
charge/discharge.
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These strategies elevate EV charging and ensure reliability
by utilizing advanced modulation and voltage controls. How-
ever, compared to other methods, they introduce complexity
owing to the time-varying modulation indexes. Determining
and adjusting these indices considering DC voltage dynam-
ics, poses computational and real-time challenges. Further
research is crucial to address this issue by optimizing EV
control. Scalability, robustness, and adaptability to diverse
conditions are vital in real-world EV charging along with
cost-effectiveness.

Modulation reduces the transformer current per switching
period, enhancing the efficiency, as supported by experi-
ments [104]. 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 simu-
lations and experiments [105].

H. DIRECT TORQUE CONTROL

DTC is a 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 con-
trol 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.

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 pat-
terns 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 [96]. Comparison of DTC techniques
for DFI DC Generators, focusing on decreasing torque oscil-
lations caused by nonlinear diode rectifiers and regulating
the DC bus voltage and stator frequency [97]. The 5D-DTC
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FIGURE 26. Block diagram of AC - DC conversion with SYPWM controller.

method for six-phase induction machines uses hysteresis reg-
ulators and clustering to suppress the current and address
harmonics [98]. Lookup Table-based Model Predictive Direct
Torque Control (LUT-MPDTC) enhances the performance of
a synchronous generator with a Vienna rectifier by reduc-
ing torque and flux ripples and minimizing computational
problems compared with traditional DTC [99]. As a novel
approach based on current minimization, this study aims to
determine the optimum values of the reference flux link-
age in a vehicle control strategy, thereby improving its
drivetrain efficiency. Experimental validation has confirmed
the effectiveness and superiority of this method over other
approaches [100].

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. DTC
eliminates the need for traditional modulation techniques,
making it a fast and effective method for achieving high
dynamic performance and accurate control. However, this
may result in a higher switching frequency and associated
losses, requiring careful parameter selection and control tun-
ing 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.

I. DYNAMIC EVOLUTION CONTROLLER

A dynamic evolution controller is a type of control system
that utilizes a 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 tech-
niques enable the evolution algorithm to adjust the control
inputs in real time. The output of the controller is used to
control the system, which must be precise and responsive.
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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 eval-
uation function, which is a mathematical function, evaluates
the outcome of the controller and provides feedback to the
evolutionary algorithm. This function is essential because it
ensures the effectiveness of the controller in controlling the
behavior of the system.

The overall effectiveness of the dynamic evolution con-
troller 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 managing complex systems is effective control of their
dynamic evolution. The components of the controller, includ-
ing 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].

J. PHASE SHIFT CONTROL

Phase-shift control in DC Converters adjusts the phase rela-
tionship between the input voltage and inductor current to
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 compen-
sator for the 5-level converter (SLC) 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 switch stress, balanced power losses,
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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 con-
trol. It boosts efficiency and regulation. Electric vehicle (EV)
charging gains efficiency by applying a Variable Switching
Frequency (VSF) and phase shifts.

This optimizes power delivery and reduces losses. Adjust-
ing 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.

The process flow of the dual-phase shift control strategy
is illustrated in Fig.28. Three-phase shift control (TPS) is a
versatile method for varying the output voltage of DC-DC
converters. The SPS and DPS methods provide intermedi-
ate 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 math-
ematical 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 stud-
ies have led to optimized control strategies and improved
transient behavior. In summary, phase-shift control tech-
niques vary in complexity and performance, with TPS being
the most advanced option [69], [70], [71].

The regulation of the power flow and output voltage in
converters involves diverse techniques. One such approach
is the single-phase shift (SPS), which maintains a 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
using two 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 output voltage. The
TPS, although intricate, offers superior control and effi-
ciency. These techniques are vital in bidirectional converters
for EVs, ensuring effective power flow and voltage con-
trol between the battery and grid. The choice of technique
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FIGURE 28. Process flow chart dual phase shift control.

depends on the control requirements, efficiency goals, and
the converter difficulty. The adaptive super-twisting slid-
ing mode control (ASTSMC) approach for improving the
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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
C(})]ntrol Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, and harmonic distortion. May not be suitable for high-
Multi-port DAB power applications due to poor dynamic outcome.
Slidine-mode Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, | It offers robust outcome and good tracking accuracy,
Contrf(g)l Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, | but can result in chattering and high switching

Multi-port DAB

frequency.

PI Controller

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

Simple and effective, but may not provide optimal
outcomes in terms of dynamic response and tracking
accuracy.

Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge,

It offers good outcome in the presence of uncertainties

Eléznzgolldogc Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, | and nonlinearities, but may require many rules and high
Multi-port DAB computational complexity.
. Provides good tracking accuracy and dynamic response,
.. Basic Converters, SEPIC, Zeta, Flyback, Forward, Push-pull, . . .
Model Predictive . . . . . butrequires a high computationaleffortand may not be
Control Half Bridge, Full Bridge, Dual Active Bridge, Multi-Level, 3L suitable for high-speed applications due to its sampling
NPC, Cascaded H-Bridge, Multi-port DAB time
Neural Network Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, | Offers good outcome in the presence of uncertainties
Control Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, | and nonlinearities, but may require a large number of

Multi-port DAB

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

3L NPC, Cascaded H-Bridge

Provides excellent outcomes in torque control and
dynamic response, but may require high computational

Control complexity and may not be suitable for low-speed
applications.

Dynamic Basic Converters, Forward, Push-pull, Half Bridge, Full Bridge, Pig:elﬂzz i??lizre?;ilrlntgieicacrl:;a;g tirrlbdaﬁ)fel;sgluetsfnlg the

Evolution Dual Active Bridge, Multi-Level, 3L NPC, Cascaded H-Bridge, IrJe uire high computational complexit an;:l tunin y

Control Multi-port DAB 4 P plextty £

effort.

Phase Shift

Control Push-pull

Provides good harmonic outcomes and low switching
losses, but may require precise control of the phase shift
and may not be suitable for high-power applications due
to its limited scalability.

efficiency of a dual active bridge (DAB) converter using
extended phase shift (EPS) modulation. It introduces an
online optimization method to generate phase shift ratios
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 meth-
ods [116]. 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 enhancement and 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
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ZVS range. Experimental results, using a 1 kW, 500 kHz
prototype with GaN devices, validate the theoretical analysis,
confirming the feasibility and effectiveness of the proposed
approach for high-frequency power converters [117].

VI. SURVEY REVIEW OUTCOMES

A. SUITABILITY AND EFFICIENCY OF BDC'S FOR ELECTRIC
VEHICLES

Table 4 assesses the suitability of various 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 con-
verters exhibit limited power handling capabilities, making
them unsuitable for high-power EV applications. In con-
trast, converters such as the Half Bridge and Full Bridge
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FIGURE 29. Control strategy & BDC converter's VS. efficiency chart.

offer medium-power handling capacities, potentially meet-
ing the demands of medium-power EVs. Furthermore,
the Dual Active Bridge Converter, Multi-Level Converter,
3-Level NPC Converter, Cascaded H-Bridge Converter, and
Multi-Port DAB Converter demonstrate suitability for high-
power EVs, given their robust power handling capabilities
and high efficiency. Efficiency and cost considerations play
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 converters offering more
favorable attributes for high-power EVs than others.

B. CONTROL STRATEGY AND BDC CONVERTER VS
EFFICIENCY CHART

Figure 29 serves as a pivotal visualization in our research,
illustrating the intricate interplay between outcome efficiency
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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 Results and Literature Survey aspects.
This holistic approach allowed us to comprehensively eval-
uate each converter-control method combination in terms of
outcome quality and energy efficiency.

For instance, the figure highlights that converter like the
Buck-Boost and Cuk, while achieving reasonable control
method efficiency, may struggle to deliver high outcome effi-
ciency, particularly in high-power applications. Conversely,
converters like the Multi-Port DAB exhibit remarkable out-
come efficiency coupled with commendable control method
efficiency, showcasing their potential for achieving optimal
performance in terms of both energy efficiency and out-
come quality. In essence, this figure empowers academics
and practitioners with invaluable insights into the intricate
tradeoffs and synergies between converter types and con-
trol methods, ultimately aiding in the selection of the most
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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
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TABLE 5. (Continued.) Summary of bidirectional DC converter's.

Half Bridge Converter

- Voltage Stress: Vin- Voltage Range: Low
to medium voltage- Efficiency: High
efficiency (>95%)- No. of Switches: 2-
No. of Diodes: 4- No. of Capacitors: 1-
Duty Cycle Formula: It depends on the
load- Features & Application: Power
supplies, motor drives, lighting systems

- High efficiency- Suitable for
medium to high-power applications-
Low EMI- Reduced output voltage

ripple- Improved thermal
management

- Limited output voltage range-
Complex transformer design (for high
power)- Higher component count and

cost

Full Bridge Converter

- Voltage Stress: Vout & Vin- Voltage
Range: Low to medium voltage-
Efficiency: High efficiency (>95%)- No.
of Switches: 4- No. of Diodes: 8- No. of
Capacitors: 2- Duty Cycle Formula: It
depends on the load- Features &
Application: Power supplies, motor drives,
lighting systems

- High efficiency- Suitable for high-
power applications- Low EMI-
Reduced output voltage ripple-

Improved thermal management

- Limited output voltage range-
Complex transformer design (for high
power)- Higher component count and

cost

DAB Converter

- Voltage Stress: Vout- Voltage Range:
Low to high voltage and current-
Efficiency: High efficiency (>95%)- No.
of Switches: 4- No. of Diodes: 8- No. of
Capacitors: 2- Depends on the load-
Features & Application: Renewable energy
systems, motor drives

- High efficiency- Suitable for high-
power applications- Bidirectional
power flow- Enhanced control
capabilities- Low harmonic
distortion

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

Multi-Level Converter

- Voltage Stress: Depends on the topology
and number of levels- Voltage Range:
High voltage and power- Efficiency: High
efficiency (>95%)- Based on the specific
Level- Based on the specific Level- Based
on the specific Level- Based on the
specific Level- Features & Application:
Renewable energy systems, motor drives,
HVDC systems, etc.

- High efficiency- Reduced
harmonic distortion- Suitable for
high-voltage and high-power
applications- Enhanced voltage
quality control

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

3 L-NPC Converter

- Voltage Stress: Vout & Vin- Voltage
Range: Medium voltage- Efficiency: High
efficiency (>95%)- No. of Switches: 2N-
No. of Diodes: 3(N-1)- No. of Capacitors:
3(N-1)- Based on the specific Level-
Industrial applications, renewable energy
systems

- High efficiency- Low harmonic

distortion- Suitable for medium-

voltage applications- Improved
voltage quality control

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

Cascaded H-Bridge
Converter

- Voltage Stress: Depends on the topology
and number of levels- Voltage Range:
High voltage and power- Efficiency: High
efficiency (>95%)- N(N-1)- 2N+2- 2N+2-
Based on the specific Level- Renewable
energy systems, motor drives, HVDC
systems, etc.

- High efficiency- Reduced
harmonic distortion- Suitable for
high-voltage and high-power
applications- Enhanced voltage
quality control

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

Multiport DAB
Converter

- Voltage Stress: Depends on the topology
and number of levels- Voltage Range: Low
to medium voltage- Efficiency: High
efficiency (>95%)- 2N- 2N- 2N- Based on
the specific Level- Renewable energy
systems, motor drives, HVDC systems,
etc.

- High efficiency- Bidirectional
power flow- Enhanced control
capabilities- Low harmonic
distortion- Suitable for multi-port
applications

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

promising combinations to enhance the performance and
energy efficiency of bidirectional DC converters for elec-
tric vehicle applications. Table 4 highlights the extensive
range of bidirectional DC converters, where control tech-
niques vary in complexity and application. 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

VOLUME 12, 2024

simplicity, faces challenges in high-power scenarios due to
issues such as switching losses and harmonic distortion.
Similarly, sliding-mode control, known for its robustness
and precision, may introduce undesired chattering and ele-
vated switching frequencies. PI controllers, admired for their
straightforwardness and effectiveness, may occasionally fall
short of delivering a desired dynamic response and accu-
racy. Meanwhile, fuzzy logic control excels in managing
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uncertainties, but it struggles with computational complexi-
ties and a surfeit of rules. Model predictive control impresses
with its tracking prowess and dynamic response capabilities;
however, its substantial computational requirement may ren-
der 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 tech-
niques serve as versatile tools carefully adapted to specific
converter types and application requirements. This compre-
hensive overview caters to the discerning needs of both
researchers and practitioners, providing them with invalu-
able insights to select the optimal control strategy for their
bidirectional DC converters. The plotted data in the figure
encompasses the efficiency metrics derived from both MAT-
LAB Simulation Results and Literature Survey aspects.

Table 5 provides a concise overview of various power
converter types, highlighting their key parameters, including
voltage stress on diodes and switches, voltage range,
efficiency, and applications. Each converter type comes
with distinct advantages and disadvantages, influencing
their suitability for specific applications. From the versa-
tile Buck-Boost Converter suitable for battery chargers and
LED drivers to the high-power capabilities of Full Bridge
and Cascaded H-Bridge Converters, the table offers valu-
able insights into power conversion solutions. Additionally,
advanced multi-level converters and multi-port DAB con-
verters offer enhanced control and efficiency for renewable
energy systems and HVDC applications. This comprehen-
sive summary serves as a reference for selecting the most
appropriate converter technology based on specific needs and
constraints. Using a survey, this study offers a comprehen-
sive 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 con-
figurations, which helps in the selection of solutions that are
most appropriate for system requirements.

VII. CONCLUSION

The conclusion of this review paper shows a significant
achievement in the field of bidirectional direct-current con-
verters and 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 con-
verter types, including full-bridge, dual active bridge, and
multi-port DAB converters, demonstrating their efficiency
and power-handling capabilities in EV charging systems.
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Incorporating advanced techniques like direct torque con-
trol 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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