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Abstract: With the rapid development of modern energy applications such as renewable energy, PV
systems, electric vehicles, and smart grids, DC-DC converters have become the key component to
meet strict industrial demands. More advanced converters are effective in minimizing switching
losses and providing an efficient energy conversion; nonetheless, the main challenge is to provide
a single converter that has all the required features to deliver efficient energy for different types
of modern energy systems and energy storage system integrations. This paper reviews multilevel,
bidirectional, and resonant converters with respect to their constructions, classifications, merits,
demerits, combined topologies, applications, and challenges; practical recommendations were also
made to deliver clear ideas of the recent challenges and limited capabilities of these three converters
to guide society on improving and providing a new, efficient, and economic converter that meets the
strict demands of modern energy system integrations. The needs of other industrial applications,
as well as the number of used elements for size and weight reduction, were also considered to
achieve a power circuit that can effectively address the identified limitations. In brief, integrated
bidirectional resonant DC-DC converters and multilevel inverters are expected to be well suited and
highly demanded in various applications in the near future. Due to their highlighted merits, more
studies are necessary for achieving a perfect level of reducing losses and components.

Keywords: renewable energy; bidirectional; resonant converter; soft switching; multilevel converter

1. Introduction

The detrimental effect of electricity generation from conventional fossil fuel sources
has led to the need to shift to renewable and clean energy, such as solar energy, wind energy,
hydropower, and geothermal energy; this has now become more prevalent than ever [1,2].
The energy that the earth receives per hour from the sun is estimated to be equivalent to the
whole energy that humans consume in a year [3]. Thus, tapping into this readily available
resource should gradually eliminate the dependency on conventional energy sources and
help in reducing global warming to ensure a cleaner and safer environment. By using these
renewable energy sources as distributed energy resources (DERs), the implementation of
costly transmission and distribution systems in hilly and rural regions can be avoided.
By operating DERs as standalone renewable energy systems (SARES), the delivery of
electric power to remote areas at reasonable costs can be ensured [4]. In the coming years,
renewable energy sources, such as photovoltaic (PV) systems, fuel cells (FC), and wind
energy farms [5,6], will lead power generation. A major characteristic of PV sources is their
low DC voltage, which makes them inappropriate for direct microgrid use. Photovoltaic
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modules are typically connected in series to achieve higher voltages; this demands a huge
number of PV components and physical space. Efficient DC-DC converters are required
to transform this low voltage to high voltage for better utilization of renewable energy
sources. The converter must meet certain requirements, such as low cost, light weight,
low voltage switching tension, and high power density [7]. Therefore, AC-DC/DC-DC
conversion techniques have gained research attention nowadays for achieving better power
conversion efficiency [8]. Figure 1 shows the application of different power electronic
converters in renewable energy system applications.

Figure 1. Application of power electronic converters in a renewable energy system.

Many researchers have addressed different types of DC-DC converters for renewable
energy applications and storage to improve and enhance efficiency whilst overcoming the
weaknesses of converters. DC-DC converters are categorized into three major technologies
based on their operation modes, as shown in Figure 2 [9–11]. They are linear mode, hard
switching mode, and soft switching mode. The linear mode has features such as simplicity,
low noise with good regulation, and quick response. On the other hand, its drawback
is low efficiency due to power losses in various working conditions. Hard switching
mode converters can be sub-categorized into non-isolated and isolated converters based on
galvanic isolation. The buck, boost, buck–boost, and Cuk converters are typical examples
of the hard switching mode topologies that are without galvanic isolation (non-isolated)
and identified as chopper circuits. However, galvanic isolation (transformer) is necessary
for safety causes when the converters are supplied by the utility grid. Power converters
(PCs), with their control techniques, help regulate voltages of nodes in microgrids with
different types of loads such as resistive, inductive, nonlinear, constant power, or critical
loads. However, constant power loads (CPLs) affect the stability of the voltage in the output
of PCs and are usually difficult to regulate with traditional control techniques [12,13].

Another type under the switching mode is the isolated converter; this converter
utilizes more than one switching method converter, including half-bridge, full-bridge, dual
half-bridge, flyback, and push–pull converters. The drawbacks of hard switching mode
converters include high electromagnetic interference (EMI), high switching losses, and
huge size and weight, which affects the switching frequency. The third classification of DC-
DC converter is soft switching, also known as resonant converters; these were developed to
overcome the issues in hard switching as revealed by several researches, especially related
to their industrial applications [14,15]. Soft switching can either be zero current switching
(ZCS) or zero voltage switching (ZVS). Compared to liner regulators, these two have better
efficiency and ability to work at high switching frequencies, which permit the use of a
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small ferrite transformer core; they can also work in a wider range of DC input voltages
compared to linear regulators.

Figure 2. Classification of DC-DC converters [16].

Bidirectional DC-DC converters are receiving much attention for both academic and
industrial applications; they are mainly used to maintain the reliability of systems and as an
interface between the battery and supercapacitors as storage devices [17]. Bidirectional DC-
DC power converters are increasingly being used in a variety of applications that demand
power flow in both directions. These include, but are not limited to, energy storage systems,
uninterruptable power supplies, electric vehicles, and renewable energy systems, to name
a few. The classification and different types of bidirectional converters are presented in
detail in the following section [18]. Currently, resonant DC-DC converters are the preferred
option of power conversion for many low- and high-voltage applications. Resonant
DC-DC converters typically contain characteristics that reduce switching losses at the
inverter switches and output rectifier diodes, allowing them to operate at higher switching
frequencies and yield higher efficiency, resulting in smaller converters. Resonant DC-DC
converters come in a variety of topologies, including series resonant DC-DC converters
(SRCs), parallel resonant DC-DC converters (PRCs), and series-parallel resonant DC-DC
converters (SPRCs) [19]. Due to their simplicity and popularity, many researchers have
worked on and recommended resonant converters in various applications [16,20–22].

In addition to DC-DC conversion, DC-AC conversion is also required to supply AC
loads as well as grid integration of DERs. Multilevel inverters are one of the most researched
power converter topologies in industrial and residential applications. In recent years,
multilevel inverters have received a lot of attention in the applications of medium-voltage
and high-power ranges owing to their numerous advantages, and some of the advantages
of multilevel inverters over the traditional two-level inverters include lower EMI, less
harmonic distortion, and lower voltage stress on semiconductor elements. Their drawback
is that they require a large number of semiconductor elements. When compared to two-level
inverter topologies with the same power ratings, multilevel inverters are more effective
in eliminating the harmonic component of voltage and current waveforms. Multilevel
topologies are classified into different types, such as cascaded h-bridge, diode-clamped,
and capacitor-clamped inverters [23,24]. In applications requiring high-power converters,
multilevel inverters are vital. They are also widely used in clean energy sources where they
serve as a connection between renewable energy sources (RESs), such as PV modules, and
high-power loads [25]. Among the common application areas of multilevel inverters (MLI)
are Flexible Alternative Current Transmission System (FACTS) devices, power converters,
and reactive power compensation systems for high-power AC motors [25–27]. Apart
from individual topologies, recently the hybridization of topologies is becoming popular.
For an example, resonant converters are enabled to operate in bidirectional mode for
power transfer both ways. Bidirectional resonant converters are relatively easy to integrate
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amongst other components [28,29]. Thus, they are broadly used in battery chargers,
supercapacitors, electric vehicles, high-voltage power supply applications, and renewable
energy systems [30].

Multilevel inverters are hybridized with DC-DC converters to enable compact step-
up DC-AC conversion, and topologies such as multilevel bidirectional converters and
multilevel bidirectional resonant converters are proposed. The key targets and purpose
of multilevel bidirectional converters are to achieve and meet the requirements of: (i) a
remarkable reduction in switching losses, (ii) a reduction in harmonic distortion (HD), and
(iii) high efficiency with low component count to provide efficient and convenient size.

This article focuses on different topologies of bidirectional and resonant DC-DC con-
verters, as well as multilevel inverters. The hybrid structures of these converter topologies
are also presented. Different attributes, comparisons, advantages, and disadvantages of
each topology and their applications are critically analyzed. The challenges and future
prospects of the latest converter topologies are also elaborated. The remaining part of this
article is organized as follows: Section 2 reviews bidirectional converters, their classifica-
tion, and comparison between isolated and non-isolated converters. Section 3 explains
resonant converter structures and their classifications, while Section 4 focuses on multi-
level inverter topologies with respect to diode-clamped, capacitor-clamped, and cascaded
topologies. Section 5 highlights the combined topologies of each two of these converters,
while Section 6 describes the application of all these converters in grid connection and en-
ergy storage systems. The challenges and future perspectives are summarized in Section 7,
while the last section (Section 8) presents the conclusion of this study.

2. Bidirectional DC-DC Converters

The continuous flow of power is an important concern when it comes to renewable en-
ergy systems; therefore, bidirectional DC-DC converters are employed to interface storage
systems with the energy resource and load by reducing or eliminating the fluctuation in
the output of renewable energy systems as a result of variations in climate conditions. They
are also used between the energy source and motor supplied by batteries [17]. In medium-
power rank devices where familiar and efficient energy storages are supercapacitors and
batteries, the energy exchange between the storage device and the other components of
the system requires the presence of a DC-DC converter, and such converters must have a
bidirectional power flow capability and should have an adaptable control in all operation
modes [31–33].

Only one-directional power flow management can be achieved with a conventional buck–
boost converter when compared with bidirectional power, which can flow in two directions
(forward (FW) and backward (BW)). Bidirectional DC converters (BDCs) are a device
for either stepping up or stepping down voltage level; it can facilitate two-directional
power flow (both forward and backward power flows). Bidirectional DC-DC converters are
mainly used to manage the flow (forward and backward) of power in DC bus voltage where
power flow is in both directions, as shown in Figure 1. The conversion of the conventional
DC-DC converter into a bidirectional converter can be achieved using a bidirectional
switch with a diode, with the current flow in both paths being accepted by anti-parallel
with an insulated-gate bipolar transistor (IGBT) or metal–oxide–semiconductor field-effect
transistor (MOSFET) employing a controlled switching procedure. Bidirectional DC/DC
converters are of two kinds based on existing galvanic isolation between the input and
the yield; they are isolated bidirectional DC (IBDC) and non-isolated bidirectional DC
(NIBDC) [34,35]. The adaptability of the energy storage system can be improved by using a
high-frequency isolated DC-DC converter to replace the line-frequency transformer. The
circuits of most DC-DC converters are arranged asymmetrically to couple the two DC
connections to various voltages, from tens of volts to hundreds of volts [36]. Bidirectional
converters have become more popular, as opposed to traditional unidirectional converters,
as they permit power flow in both directions. They are mostly used in hybrid electric
vehicles (HEVs), electric vehicles (EVs), uninterruptible power supplies (UPS), smart grids,
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renewable energy systems (RESs), and aerospace applications; they are also used in other
systems that require batteries [18].

2.1. Classification of Bidirectional DC-DC Converter

As mentioned in the preceding section, bidirectional DC-DC converters are of two
types—IBDC and NIBDC—as they been classified in Figure 3, based on galvanic isolation;
these are further described below.

Figure 3. Classification of bidirectional DC-DC converters.

2.1.1. Non-Isolated Bidirectional DC to DC Converter (NIBDC)

Due to safety concerns, this type of converter cannot be employed in high-frequency
transformers to cater for any electrical isolation. NIBDCs are considerably more efficient in
low-power applications due to their ease of control and light weight [37]. Non-isolated
bidirectional DC-DC converters have been evaluated in terms of ease of control, simplicity
of circuit configurations, low EMI, and high steeping ratio by several researchers [29,38,39].

Bidirectional Buck–Boost Converter

This type is considered the fundamental circuit of bidirectional DC-DC converters.
Figure 4 illustrates the structure of this converter [17,31]. It is a combination of the buck–
boost converter in parallel but moving or oriented in opposite directions. Power flows
from the high voltage (Vb) side to the low voltage (Va) side (buck approach) and operates
in the reverse manner as a boost converter [18]. In the buck mode, switch Q1 is ON by duty
cycle control, while Q2 is OFF in this mode. Similarly, when step-down Q2 is ON, Q1 is
OFF. Cross conduction can be avoided by setting a dead time between both switches to
ensure safe operation [40]. This topology is basic and has noteworthy effectiveness [41].

Figure 4. Bidirectional buck–boost converter [18].

Bidirectional SEPIC–ZETA DC to DC Converter

This topology has two modes of power flow; these are positive and backward modes.
In the forward power flow, this converter works as SEPIC, while in the negative mode, the
converter works as ZETA. The structure of a SEPIC–ZETA DC-DC converter is shown in
Figure 5; it serves in the adjustment of Cuk converters so that their output will not have
inverse polarity, as is the case with Cuk converters. The operation of this converter relies on
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both buck and boost techniques [42]; positive power flow is achieved by switching ON Q1
and turning OFF Q2 such that it can work as a buck converter (SEPIC mode). However, in
the reverse power flow mode, Q2 is switched OFF so that the system will work as a boost
converter (ZETA mode). The use of two inductors, L1dc and L2dc, can reduce the ripple
from voltage yield and voltage rating overwork on switches.

Figure 5. Bidirectional SEPIC–ZETA DC/DC converter [38].

Bidirectional Cuk Converter

By using a MOSFET instead of a diode, the bidirectional Cuk converter is an im-
provement of the unidirectional Cuk converter, as shown in Figure 6. This converter is a
better choice for interfacing supercapacitors and batteries in circuits since it produces less
ripple from its output compared to the cascaded buck–boost and bidirectional buck–boost
converters [43–45]. Reduced ripple yield current can be achieved by combining L1dc and
L2dc inductors. Q1 acts as the control switch in the positive power flow mode while Q2 is
switched OFF and the body diode of switch Q2 serves as the main diode. Contrarily, Q2
serves as the active switch in the backward power flow while Q1 is switched OFF, leaving
the body diode of switch Q1 to work as the primary diode.

Figure 6. Bidirectional Cuk converter [38].

Cascaded Bidirectional Buck–Boost Converter

Figure 7 displays another converter topology that can be achieved by cascading a buck
converter with a boost converter. This topology is the outcome of cascading two buck–boost
BDCs [18]. Each of the four quadrants is conceivable with this topology; thus, this topology
works in buck and boost modes in both directions. The four-quadrant activity of this
topology makes this topology generally adaptable. Despite this, it has some weaknesses,
such as the use of a higher number of switches, which causes higher switching losses; it
also relies on complex control algorithms and experiences additional operating losses due
to the inverse diode recovery [38,46,47]. In ESSs, the cascaded buck–boost (CBB) converter
is frequently utilized. In comparison to the combined half-bridge (CHB) converter, the CBB
converter is smaller and more efficient at converting power because it only utilizes one
inductor [48].
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Figure 7. Cascaded bidirectional buck–boost converter [48].

Switched Capacitor Bidirectional DC-DC Converter

In bidirectional DC-DC converters, capacitor exchange is achieved by employing
integrated circuits (ICs) in DC-DC converter circuits (see Figure 8). This integration of ICs is
less complex due to the lack of any need for magnetic equipment in the non-isolated DC-DC
converter. Due to the huge number of inactive elements that account for electromagnetic
interfacing (EMI), such converters suffer from high ripple at the output. This issue can be
prevented by employing a control plan, for example, voltage and current control techniques,
but this can compromise the intricacy of the system and increase the related cost [18,49].

Figure 8. Switched capacitor of bidirectional DC-DC converter [18].

Interleaved Non-Isolated Bidirectional DC-DC Converter

This topology involves the combination of two or more converters in parallel; it has a
relative phase shift of 3600/n. Some of the advantages of interleaved converters include
solving the issue of output current ripples, current splitting (I/n), better system productivity,
higher power density, and better thermal capacity. Owing to the current splits in the parallel
routes, there is a lower rate of conduction losses, and fewer switches are needed. The
presence of the interleaving strategy reduces the current and voltage ripple at the input
of the DC-DC converter without increasing the switching losses; thus, the efficiency of
the system is higher [50]. There is only one type in this topology, which is a two-phase
interleaved non-isolated bidirectional DC-DC converter; it comprises two output stages,
with 180◦ out of phase. A simplified two-phase interleaved DC-DC converter circuit is
shown in Figure 9. Note that the interleaved half-bridge converter is the commonly used
topology [31,51,52] as it offers better voltage transformation even when the size of the
converter is small; it also reduces switching losses. However, this converter has some
drawbacks, such as high cost as a result of the higher number of elements and its complex
control technique [53].
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Figure 9. Two-phase interleaved half-bridge bidirectional DC/DC converter [54].

2.1.2. Isolated Bidirectional DC-DC Converters (IBDCs)

There are no secure galvanic isolation standards in the non-isolation BD converter;
hence, most applications use IBDCs rather than NIBDCs. IBDCs rely on a great frequency
transformer to offer galvanic isolation. In numerous applications and with regard to
overburden for the safety of the source, galvanic isolation is vital, in addition, to reduce
commotion and voltage coordination between conditions [55]. Most IBDCs have similar
structures, as shown in Figure 10. This converter works in two stages: great frequency
switching by the DC-AC converter and the utilization of a high-frequency transformer to
maintain the galvanic isolation between two sources, as well as the utilization of trans-
formers to coordinate the voltage between various stages for the best possible plan and
enhancement of various stages [31,56]. Isolated bidirectional DC-DC converters with a basic
structure were proposed by [31] to function as a flexible interface for power processing
between the energy storage system and the other system components.

Figure 10. Structure of IBDC (BASIC) [31].

The IBDC has some benefits, such as having no need for active or passive elements in
soft switching. Secondly, the structure of the transformer is simple; therefore, maintenance
and designing tasks are also simple. Additionally, both parts face the same issue of stresses
in the switch currents. This approach also relies on the average current control method
or peak current mode control. The absence of extra inactive components ensures quicker
dynamic conduct. On the other hand, this converter has drawbacks, such as losing soft
switching in light load conditions, and this control is sensitive to a slight variety of flux,
particularly when bus voltages are high. An additional weakness is that currents flowing in
DC buses hold great ripple content; this demands fitting filtering circuits, which makes the
circuit complex [56,57]. An isolated converter has many topologies, such as the push–pull
IBDC, forward IBDC, fly-back IBDC, dual half-bridge IBDC, Cuk IBDC, and dual active
full-bridge IBDC [58–61]. The efficiencies of the full-bridge and half-bridge topologies
endear them to many applications [62,63].

Dual Half-Bridge (DHB) IBDC

One of the most commonly used isolated bidirectional DC-DC converters is the dual
half-bridge (DHB) converter (see Figure 11) [18,64]. Isolated DHB bidirectional DC-DC
converters have great power density, soft switching, and simplicity in control; thus, they
are suitable for EV application. They have an approximate efficiency of 92 to 94%; they
have two sides—a low and a high voltage side—where voltage is fed to the half-bridge
converter on the right side (A side) and modified current feeds the half-bridge on the low
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voltage side. They are also called boost half-bridge (B side) and are usually on the lower
side since they consist of a capacitor or battery DC energy source in which a low current
ripple is preferred [65].

Figure 11. Isolated DHB bidirectional DC-DC converter [31].

Additionally, the battery sector of the circuit contains an inductor Ldc and two half-
bridges, each on either side of the main transformer. For each switching device, there is a
small parallel capacitor that enables soft switching. The boost style working mode of the
circuit is established when there is power flow from the low to high voltage side (HVS);
this maintains the HVS voltage at the expected high level. Contrarily, the circuit works in
the buck mode when recharging the battery from any RES. The HVS switch is performed
with IGBTs while the low voltage side (LVS) switch is performed with MOSFETs. Note
that the inductor and the LVS half-bridge are arranged uniquely, with the LVS half-bridge
having dual roles, which include (i) serving as a boost converter to improve voltage; and
(ii) serving as an inverter to improve the frequency of the AC voltage [66]. More current
is drawn by the LVS boost converter from the load voltage resource when compared to
the full-bridge voltage source inverter. A boost function is obtained by merging the LVS
half-bridge and the inductor.

Dual Active Full-Bridge (DAFB) IBDC

One of the most common topologies is to employ back-to-back bidirectional tech-
niques that are isolated by a high-frequency transformer. Back-to-back converters can be
voltage-fed or current-fed, half-bridge, or full-bridge configurations. Figure 12 illustrates
the configuration of the full-bridge IB DC-DC converter, which utilizes two full-bridge
techniques in both sides of the transformer. The power transmission of bidirectional con-
verters is proportional to the number of switches, and the high productivity and high
power density of this topology make it appealing to hybrid energy systems [67].

Figure 12. Isolated DAFB bidirectional DC-DC converter [31].

The above description of power capacity with switches generally suggests that the
DAFB-IBDC has the greatest power capacity (efficiency of around 95%); thus, this converter
is well suited for high power applications with similar hybrid energy systems. In this
structure, full-bridge is employed at either end of the isolation transformer, while a soft
switched phase shift approach is used to implement the control. To provide an approximate
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square wave AC voltage, in every converter, the diagonal switching couples are switched
on at once, with fifty percent duty cycle (excluding a small dead time) and with the two
legs of the crossways transformer terminal having a 180◦ phase shift. An important factor,
represented as ϕ (Phi), denotes the observed phase shift between the two AC voltages; it is
important in deciding the quantity and direction of power transfer between the DC buses.
This parameter can be modified to achieve a fixed frequency activity with full control [68].
Figure 13 illustrates the contrast between half- and full-bridge topologies. The half-bridge
topology has all the switch-related voltage stresses as twice the DC input voltage (2Vdc),
while the current stress and load current Iac are equivalent. In the full-bridge topology,
each switching device relies on the voltage stress and is equivalent to the DC input voltage
(Vdc), while the current stress is equivalent to the load Iac. Figure 13 shows the total device
rating (TDR) in half- and full-bridge topologies. For the full-bridge topology, the TDR is
calculated as:

TDRF = Vdc × Iac × 4(devices) = 4× Po (1)

where Po is the output power. Meanwhile, the TDR of the half-bridge topology is estimated as:

TDRF = 2Vdc × Iac × 2(devices) = 4× Po (2)

Figure 13. Comparison of (a) full-bridge topology and (b) half-bridge technique [69].

Hence, the TDR is the same for the dual full-bridge and dual half-bridge topologies
at the same output power. Additionally, it is true that half-bridge devices are exposed to
twice the DC input voltage; this is beneficial for both EVs and HEVs, as well as for fuel cell
usage due to the low value of the DC input voltage (12 Volt battery). The dual half-bridge
topology also uses fewer devices compared to the full-bridge topology.

Half-Bridge–Full-Bridge Bidirectional DC-DC Converter

Considering dual active bridge, in the case of a UPS design, an isolated bidirectional
DC-DC converter was proposed, which uses a voltage-fed half-bridge topology in the
primary side and a voltage-fed full-bridge topology in the secondary side of the trans-
former (see Figure 14) [18]. It enables easier control requirements than DAB because of the
lower number of switches. Particularly, it is well suited to the integration of a two-switch
buck–boost converter in the half-bridge side for obtaining a complete UPS topology. Other
variations of this configuration have been proposed, such as a full-bridge–half-bridge bidi-
rectional DC-DC converter paired with impedance networks to improve performance [70].

Figure 14. Isolated half-bridge–full-bridge bidirectional DC-DC converter [18].
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Bidirectional Flyback

In the case of the magnetic isolation requirement, the well-known flyback converter
is realized when a transformer replaces the inductor of the buck–boost converter. A
bidirectional isolated buck–boost converter can be constructed using the bidirectional
evolution technique in non-isolated topologies, as shown in Figure 15. The gain of the
converter in forward power flow is obtained by applying the volt-second and charge-
second balancing, which is the same as the voltage gain ratio of the flyback converter as
expected. It is worth noting that the transformer design technique must be considered,
and a voltage clamp snubber is required to control the flyback transformer’s leakage
current [71].

Figure 15. Isolated bidirectional flyback [72].

Push–Pull Bidirectional DC-DC Converter

Based on the unidirectional push–pull converter, the bidirectional push–pull converter
(see Figure 16) was suggested in order to allow power to flow in both directions. Same
as unidirectional push–pull converters, bidirectional push–pull converters use a multi-
winding transformer to convert the power. A three-phase bidirectional push–pull converter
was also proposed to run this approach in high-power applications [73].

Figure 16. Isolated push–pull bidirectional DC-DC converter [18].

2.1.3. Comparison of NIBDCs and IBDCs

In this section, a comparison between the two main general groups of configura-
tions, isolated and non-isolated topologies, was made in terms of the advantages and
disadvantages, as illustrated in Table 1.

Table 1. Pros and cons of NIBDC and IBDC bidirectional DC-DC converters.

Type Advantages Disadvantages

NIBDC

(1) Symmetrical structure.
(2) The ripple current is low on both sides.
(3) It has short circuit safety.
(4) It can operate with a wide range of voltages and different

voltage levels.
(5) It uses only two switches to simplify the circuitry of the

driver and to reduce the driving power.

(1) Works only in one direction, either in
buck mode or in boost mode.

(2) When the voltage ratio is raised, the
design (structure) is impractical.

(3) There is less galvanic isolation between
the two sides.
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Table 1. Cont.

Type Advantages Disadvantages

IBDC

(1) There are almost equivalent current switch stresses on
both sides.

(2) Soft switching can be achieved without the need for active
or passive components.

(3) Has a simple construction that simplifies the process of
design and maintenance.

(4) Has a fast-dynamic action feature due to the lack of
additional passive components.

(5) Has average current mode control or peak current
mode control.

(1) Under light load conditions, the
converter might lose soft switching.

(2) The current that flows in DC buses
contains a high ripple content, which
requires suitable filtering circuits,
complicating the circuit.

(3) This control is extremely sensitive to
slight flux variation, particularly when
bus voltages are high.

(4) A relatively high number of components,
leading to greater driver volume, gate
losses, and cost, in contrast to topologies
with low switch count.

3. Resonant Converter Families

Studies have been devoted to resonant converters since the 1980s to meet most of
the industrial requirements, such as efficient energy conversion, higher power density,
smooth waveforms, etc. Initially, the idea was to integrate resonant tanks into converters
to generate oscillatory voltage and/or current waveforms that will ensure ZVS or ZCS
conditions for power switches [23]. To reduce switching costs and current and voltage
pressures as well as EMI, soft-switching strategies are introduced. The switching frequency
can be increased by soft-switching conditions, and thus the size and volume of the converter
could be decreased. Soft-switching converter topologies are considered an improvement
or enhanced generation of hard-switching types [74–77]. Throughout the 1990s, new
generations of soft-switching converters had been created, which integrate the advantages
of traditional PWM converters with resonant converters. Compared to traditional PWM
converters, soft-switching converters have moving waveforms except for the smooth nature
of the rising and falling waveform edges, which are devoid of transient spikes. New soft-
switching converters usually use resonance in a controlled style, unlike resonant converters.
To create ZVS and ZCS conditions, resonance will occur just before and during turn-on
and turn-off operations. They also act as conventional PWM converters [23].

3.1. Structure of Resonant Power Converter

As shown in Figure 17, the structure of a resonant converter consists of three
stages [16,26,78,79]; the first stage is the control switching network (CSN), the second step
is the resonant tank network (RTN), and the third is the network of the rectifier with a
low-pass filter (DR_LPF).

Figure 17. Structure of resonant converters [16].

Each stage is assigned a specific task to accomplish the major goal of the resonant
converter; for instance, the DC source enables the quick mode switching of the controlled
switching network (CSN) based on the working frequency to generate the output voltage
to be fed into the next step. To reduce THD in the second stage, sinusoidal voltages and
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current signals are generated using the stage of the high-frequency resonant tank network
(RTN) that consists of two or more reactive components [80]. This stage will be defined
by the frequency selective network as energy buffering between the load and the CSN.
The impedances of both inductance and capacitance are the same in resonance conditions
particularly, which will produce the resonant frequency. Then, a rectifier network rectifies
and filters the incoming signal, then passes the filter to generate the correct DC output
voltage [81].

3.1.1. Control Switching Network (CSN)

The CSN is a setup that facilitates the conversion of DC power into AC power. The
most familiar switching networks are full- and half-bridge as their utilization is dependent
on the required power. The full-bridge inverter is mainly used in high-power applications,
while half-bridge inverters can offer only 50% of the active switch input voltage. As the
latter has low levels of voltage transition, it is ideal for high input voltage applications [82].
Most times, resonant power converters and conventional DC-DC converters seem alike in
terms of achieving soft switching and the chance of working at a high switching frequency.
This is due to the possibility of DC-DC power conversion from DC to AC using inverters.
The AC can either be stepped up or down using an electromagnetic component, which then
goes through a rectifier network to be supplied as DC power to the load. Typically, resonant
converters are employed with full- or half-bridge inverters, together with each full-bridge
or center-stapled rectifier [83,84]. The CSN, as depicted in Figure 18, can generate a square
waveform voltage VS(t) (Volt) of the switching frequency Fs (ωS = 2π fs), as represented
by the Fourier series in Equation (3). Considering the response of the resonant tank that
has been noted to overpower the basic component fs of the voltage waveform Vs(t), the
infinitesimal response exhibits harmonic frequencies nfs, n = 3, 5, 7, . . . Therefore, the
power that corresponds to the basic voltage waveform Vs(t) component is propagated to
the resonant tank, as shown in Equation (4). This basic component is a sinusoidal waveform
of peak amplitude equal to (4/π) times the DC source voltage. The basic component is in
the same phase as the initial waveform.

Figure 18. Equivalent circuit of CSN [16].

Turning ON S1 produces a positive sinusoidal switched current (t), while the negative
version is produced by turning OFF S2 since the two switches work at the same time and
its peak Is1 amplitude with phase is equivalent to ϕs. In the meantime, DC to CSN input
current is obtained by dividing the sinusoidal switched current over half the switching
duration, as expressed in Equation (5) [9,85,86].

Vs(t) =
4Vg

π ∑
n=1,3,5,...n

1
n

sin(nωst) (3)

Vs1(t) =
4Vg

π
sin(nωst) (4)

is(t) = Is1sin(ωst− ϕs) (5)

Iinput =
2
Ts

∫ Ts
2

0
is(t)dt =

2
π

Is1cos(ϕs) (6)
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3.1.2. Resonant Tank Network (RTN)

The second stage of the resonant converter is a resonant tank, also termed a resonant
circuit. It is considered one of the most critical parts of a resonant power converter. This
network contains an inductive and capacitor (LC) circuit (reactive element) that stores
electricity, which oscillates with the frequency of the resonant circuit. The movement
of energy between the capacitor yields resonance for the inductor in the LC circuit. The
electromagnetic frequency is beneficial in various applications, which is generated by the
repetitive back and forth electrical energy movement between a fully charged inductor
and a capacitor (for instance, in telecommunications technology). In addition, the tank
can be charged to a particular resonant frequency by arranging the values of the reactive
component. There are various types of RTNs, all of which can be categorized by three
major factors [87,88]. The first classification is based on the correlation method of the tank
elements, such as a series resonant converter (SRC), parallel resonant converter (PRC), and
series-parallel resonant converter (SPRC) [89], as shown in Figure 19. The second type
is based on the number of two components of the reactive elements (the number of the
transfer function order). For the third type, the categories are based on the structure of a
single element or resonant tank with multiple elements [86,90].

Figure 19. Several types of resonant tank networks: (a) Series resonant network; (b) Parallel tank network; (c) Series-Parallel
tank network [10].

The third classification has two, three, and multi-element resonant tanks. There are
several resonant power converter topologies with two elements (see Figure 19), but types a
and b are regarded as second-order resonant tanks. As a result of their basic analysis, they
are the most common and simplest topologies. Some RTNs are only suitable for the voltage
sources, while others are good for the current source. In some cases, SRCs and PRCs are
not ideal for use in certain applications, such as in contactless energy transfer devices [91]
and high-voltage applications [16].

The development of third-order resonant tanks was conceived as a solution to the
problems of the two-component (two-element) RTN; a third element was added to the
two-element resonant network to create a three-element resonant network. It can be viewed
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as a combination of the strengths of the two most popular SRC and PRC resonant elements,
ignoring their weaknesses. There are thirty-six separate third-order RTN tanks [80,89,92];
some of them consist of two capacitors and one inductor, while others are opposite shaped,
as shown in Figure 20a–d. Three-element RTN resonant converters have been widely used
in many industries, such as in LLC, LCC, CLL, LCL, and hybrid series-to-parallel resonant
converters (RCs) [93–96]. LLC and LCC are the commonest forms of third-order RTN
converters. For the LLC RTN, they are considered as three-element parallel RCs because
they exhibit the features of the series resonant converter RC by integrating a parallel
inductor that is placed before loading.

Figure 20. Three-element and four-element resonant tank network topologies: (a) LCC; (b) LLC; (c) LCL; (d) LCLC [80].

Having four or more elements, as shown in Figure 20d, means the tank is a multi-
element resonant tank. Generally, the resonant tank relation exists beyond the same number
of RTN elements. The relationship between various tank orders indicates that a resonant
tank network with multiple elements is equivalent to a lower number of tank elements [89].

3.1.3. Rectifier Network with Low-Pass Filter

DR-LPF is mainly employed to resolve and filter the AC waveform as the last stage of
the process of the structure of the resonant network converter, after generating sinusoidal
current and voltage waveforms by the RT network, to attain the required DC output
waveform. There have been many studies on resonant power converters that considered
the DR-LPF as a center-tapped or full-bridge rectifier. The high voltage stress on the diodes
restricts the practical suitability of center-tapped rectifiers; therefore, a low-pass channel
has been preferred for two instances of capacitance or inductance [86,97,98].

• Diode rectifier network with capacitive low-pass filter (DR-LLPF): The evaluation
of the DR action when entering the current iR(t) can serve as a basis for testing the
corresponding circuit of DR with a capacitive output filter and in-parallel load resistor;
this is expressed in Equation (7) due to the series correlation [10].
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iR(t) = IPsin(ωst− ϕs) (7)

Consequently, this current iR(t) is rectified by DR, as described in Figure 21. Due to
the condenser Cf filtering operation, only the DC portion flows into the load, generating
the current Io and the related DC voltage Vo. The DC portion must be equivalent to the
current Io at a steady state. Voltage VR(t) at the DR input can be obtained by noting that
the conducting diodes of the DR change when current iR(t) crosses null. The value of VR(t)
is equal to Vo when iR(t) is positive, and equal to −Vo at negative iR(t) [10].

VR(t) =
4Vo

π ∑
n=1,3,5,...n

1
n

sin(nωst− ϕs) (8)

VR1(t) =
4Vo

π
sin(ωst− ϕs) (9)

Iout =
2
Ts

∫ Ts
2

0
iR(t)dt =

2
π

IR (10)

• Diode rectifier with inductive low-pass filter (DR-CLPF) (Figure 22): Here, a sinusoidal
voltage provides the DR, and the iR(t) input current exhibits a square waveform that
is equivalent to (−I0) when VR(t) is negative and (+I0) when VR(t) is positive. Since
the DR’s conductive diodes are adjusted when VR(t) voltage passes 0, the current iR(t)
basic component iR1(t) is in phase with VR(t) [10,16].

VR(t) = VPsin(ωst− ϕs) (11)

iR(t) =
4Io

π ∑
n=1,3,5,...n

1
n

sin(nωst− ϕs) (12)

iR1(t) =
4Io

π
sin(ωst− ϕs) (13)

Vo =
2
Ts

∫ Ts
2

0
VR(t)dt =

2
π

VR (14)

Figure 21. Diode rectifier with capacitive output filter [10].

Figure 22. DR equivalent circuit with inductive output filter [10].



Appl. Sci. 2021, 11, 10172 17 of 43

3.2. Classification of Resonant Converter

Resonant converters are classified into three main categories, which are conventional,
quasi, and multi-resonant converters, as shown in Figure 23. Conventional resonant
converters can be classified into two categories: phase-shift modulated and load resonant
converters (LRCs). The other type, quasi-resonant converters (QRCs), is considered as
a combination of resonant and PWM converters, where the underlying principle is to
replace the power switch with a resonant switch [79]. Studies by [16,80,99,100] presented
brief and useful explanations about quasi-resonant converters (QRCs), as well as different
types of multi-resonant converters that have been projected to overcome the weaknesses of
QRCs. It should be noted that two resonant capacitors with a resonant inductance (called a
multi-resonant network) can be used to achieve zero voltage switching [86]. The following
subsections elaborate different conventional resonant converters, including series, parallel,
and series-parallel load resonant converters.

Figure 23. Classification of resonant DC-DC converter [79].

3.2.1. Series Resonant Converters

Load resonant converters (LRCs) have several distinct characteristics over conventional
power converters. LRCs are particularly appropriate for use in high-voltage applications
because they allow operation at high frequency to reduce the equipment size without
affecting the power conversion efficiency or further stressing the switches. There are
three different combinations of LRCs; these are series resonant converters, series-parallel
resonant converters, and parallel resonant converters [79]. The DC-DC (SRC) series resonant
converter has been utilized in a wide range of voltage and energy applications [101]. The
tank is mounted in series with the load network and the rectifier in a series resonant
converter (SRC); hence, the generation of the load and resonant tank voltages is dependent
on the low voltage divider. The modification of the value of the resonant tank impedance is
reliant on the moving voltage frequency to the tank [85]. The loads in SRCs are connected
in series with the resonant tank circuit, as designed by Lr and Cr. Figure 24 shows a
half-bridge configuration; when ILr is in the positive mode and T1 is active, the current of
the resonant inductor flows via T1, else, it will flow via the D2 diode. On the other hand,
when ILr is in the negative mode and T2 is active, the current will flow through T2, else, it
will flow through the D1 diode. Both active switches work in a complementary mode in
steady-state symmetrical service. The converter has several potential working modes based
on the ratio of the switching frequency Fs to the converter resonant frequency Fr [102–104].
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Figure 24. SRC half-bridge configuration [103].

The impedance value of the resonant tank, as shown in Figure 25, varies as a function
of the driving voltage frequency to the tank. However, the impedance of the resonant
tank can be modified through adjustment of the moving voltage frequency to the resonant
network (see Figure 25); the proper resistive value to the RTN, as provided by the rectifier,
can be estimated using Equation (15), while the input voltage is fed to the tank impedance
and the effective resistance [104]. It is expected that the voltage gain of the SRC should be
<1 as the configuration framework of the SRC circuit can be estimated using Equation (16).
In a light load scenario where the value of the load resistance is higher than the impedance
of the resonant network ZO, all the input voltages will be fed to the load; hence, it will be
hard to regulate the production at light load [87,105].

Rac =
8

π2 RL Reflected load resistance (15)

M =
Vo

Vin
=

1√
1 + Q2(1/F− F)2

Voltage gain (16)

where Q is the quality load factor, which can be calculated using the relation:

Q =
ZO
Rac

(17)

Figure 25. Equivalent circuit of the DC-DC series resonant converter [16].

As mentioned above, there are several potential working modes of the SRC converter,
which are conductive mode, frequency switching, and ranges of soft switching. These
modes and their limit have been investigated in previous studies [106,107]. The SRC modes
can also be classified under discontinuous conduction (DCM) and continuous conduction
(CCM) modes based on the ratio of the switching frequency, Fs, to the converter resonant
frequency, Fr.

3.2.2. Parallel Resonant Converters

The parallel resonant converter is classified as a two-element tank converter, as shown
in Figure 19b. The resonant capacitor Cr must be in parallel with the load and the diode
rectifier network DR. In the case of effective load resistance Rac, the value is obviously
larger compared to resonant capacitor reactance Cr, meaning that the resonant current is
independent from the load. Furthermore, the voltage across the parallel resistance Rac and
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the resonant capacitor can be increased by reducing the load. Due to its voltage filtering, the
RTN delivers a sinusoidal voltage VR and the DR–LPF set must be of an inductive nature.
The equivalent resistance Rac seen from the input terminals of the DR–LPF set is given by
Equation (18), the load quality factor by Equation (19), and PRC voltage gain is given by
Equation (20). PRCs can step the output voltage down or up depending on the variation
in the control switching system frequency. The voltage output can be adjusted with load
states, whereas the resonant current is restricted to resonant inductor data; this causes the
PRC to be appropriate for open and short circuit applications [80]. AC-equivalent circuits
are shown in Figure 26.

Rac =
π2

8
RL Reflected load resistance (18)

Q =
Rac

ZO
The load quality factor (19)

M =
Vo

Vin
=

1√
[1− ( fs

fr
)

2
]
2
+ [ fs

fr
× ( 1

Q )]
2

Voltage gain (20)

Figure 26. Equivalent circuit of the DC-DC parallel resonant converter [80].

3.2.3. Series-Parallel Resonant Converters

Series-parallel resonant converters (SPRCs) combine the advantages of the SRC and
PRC. The SPRC has an additional capacitor or inductor linked in the resonant tank cir-
cuit [23]. Figure 20a shows an LCC-type SPRC, in which an additional capacitor is placed
in series with the resonant inductor. LCC offers both load-independent output voltage
and output current. This topology is dominated by parallel resonant frequency, and sub-
sequently it presents the same shortcomings as the PRC. LCC cannot operate safely with
an open circuit or a short circuit. Figure 20b indicates an LLC-type SPRC, in which an
additional inductor is connected in parallel with the resonant capacitor in the SRC. LLC
has the ability to achieve no load regulation that was not possible in the SRC by employing
an inductor in parallel to the resonant capacitor. Through such modification, the LLC
topology allows the regulation of the output voltage from zero to maximum under any
load condition with relatively small switching frequency variation. LLC also has some
restrictions, for instance, startup and short-circuit protection are difficult to achieve due to
a flat gain above the series resonant frequency frs. Then, as with LCC, the LLC topology
cannot operate safely with an open circuit at frequencies close to frs and cannot operate
safely with a short circuit at frequencies close to parallel frequency frp [80,108]. However,
there are many possible combinations of the resonant tank circuit. Detailed analysis can be
found in [109]. In this context, the type of LLC was discussed as one of the types of this
technology, as shown in the equivalent circuit in Figure 27. The LLC equivalent circuit
of Figure 27 has a capacitor Cr connected in series with the inductor Lr, and the load is
connected in parallel to the inductor Lp. VAB is the fundamental component of a square
waveform Vin that drives the switches of the CSN. The inductor Lp can be replaced by
the magnetizing inductance if a transformer is used in the circuit. The topology has two
resonant frequencies: the series resonant frequency frs due to the resonant element LsCs
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and given by Equation (21), and the parallel resonant frequency frp due to all the RTN
elements and given by Equation (22). Note that frs > frp and frp = 0.

frs =
1

2π
√

LrCr
(21)

frp =
1

2π
√
(Lr + Lp)Cr

(22)

Figure 27. Equivalent circuit of the DC-DC series-parallel resonant converter [80].

4. Multilevel Inverters (MLIs)

In recent years, a growing number of industrial applications have necessitated the
use of higher-power equipment. Medium-voltage and megawatt power level converters
are needed in some medium-voltage motor drives and utility applications. It is difficult to
link only one power semiconductor switch directly to a medium-voltage grid; as a result,
in high-power and medium-voltage conditions, a multilevel power converter structure
has been implemented as an alternative [23]. There are many MLC topologies in existence;
thus, in this study, only the most common multilevel converters have been assessed. The
pros and cons of these multilevel inverter topologies are discussed in detail in this section.
Besides being employed as high-power converters, multilevel converters are extensively
utilized in renewable energy sources (wind, fuel cells, etc.) by associating the PV modules
on one side and high-power loads on the other side [25]. Multilevel converters began as a
three-level inverter introduced by [110]. The main difference between the two-level source
voltage inverter (VSI) and the MLC is in the levels of the voltages; for the two-level VSI,
they normally generate only two levels of voltages, while an infinite number of voltage
levels can be generated by the MLI. The MLI has at least three voltage levels; the output
of a power converter is determined based on the consistency of its current and voltage
waveforms [111]. The multilevel inverter concept (MLI) for generating AC signal does
not only rely on two voltage levels, as shown in Figure 28. Alternatively, a variant of the
reinforced smooth wave is applied to most voltage levels to the other, with a small dv / dt
and less harmonic distortion. This produces a smoother waveform with more inverter
voltage levels, but with many design rates, it becomes more complicated, involves more
parts, and needs a more complex inverter controller [112]. Multilevel converters are more
often considered due to their high voltage operation ability, great efficiency, small losses
from switching, operation at both fundamental and high switching frequency of pulse
width modulation (PWM), and low output of EMI [113]; therefore, the system as a whole
will be more costly. On the contrary, the emphasis is to raise the circuit complexity via a
reduction in the number of switches and gate driver circuits [113,114]. Figures 28 and 29
show two, three, five, and seven levels, respectively.
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Figure 28. Two-level waveform without PWM [112].

Figure 29. (a) Three-, (b) five-, and (c) seven-level (multilevel) waveforms [112].

4.1. Comparison between Conventional and Multilevel Inverter

Table 2 below lists the differences between traditional and multilevel inverters. It
should be noted that, in this context, the term “conventional converter” refers to a converter
with fewer than three levels.

Table 2. Comparison between multilevel and traditional converters.

Item Conventional Inverter Multilevel Inverter

Harmonic The output has high
harmonics

The output has low
harmonics.

Voltage It is not allowed for use in
high-voltage applications.

It can be used in high-voltage
applications.

Level of voltage It is not possible to generate
high voltage levels.

It is possible to generate high
voltage levels.

Stresses The voltage stresses on
switching are greater.

The voltage stresses on
switching are less.

Losses of switching Increasing switching losses. Decreasing switching losses.
Switching frequency Switching frequency is high. Switching frequency is low.

Rate of change The rate of voltage change
is high.

The rate of voltage change
is low.

4.2. Classification of Multilevel Inverters

MLIs are important for medium and high voltage usage due to their capability of
synthesizing a sinusoidal voltage at different DC levels [115]. Although there are many
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MLI topologies, they are generally classified into neutral-point-clamped (diode-clamped),
cascaded, and flying capacitor (capacitor-clamped) types, as shown in Figure 30 [116–119].

Figure 30. Classification of multilevel inverters [119].

4.2.1. Diode-Clamped Multilevel Inverter

The neutral-point-clamped (NPC) PWM topology is the first practical generation of
MLI (Figure 31); this multilevel inverter is clamped by a diode using clamping diodes. It
helps to reduce the electronic devices’ voltage tension. It was considered the first-generation
MLC, called the three-level NPC, and was first introduced in 1981 by Nabae et al. [110,111].
Nonetheless, this topology suffers technical problems if used as high-power converters. It
needs diodes with high-speed clamping that are subject to the stress of reverse recovery.
Due to the series connection of the diodes, the design complexity is a key concern. Half of
the input DC voltage is the maximum output voltage. This problem is simply eliminated
by increasing the number of components, such as switches and diodes [113,120–122]. This
topology, like other techniques, possesses advantages and drawbacks; one of the benefits is
that the control technique is basic, and it utilizes back-to-back inverters. Another positive
point is that the switch voltage is just half the DC-link voltage. An additional benefit is that
material declines when the number of levels rises along with the distortion. Furthermore,
at the fundamental frequency, the efficiency is great, aside from capacitor capacity being
small and preloaded. Despite these positive effects, the diode-clamped multilevel inverter
has some weak points, such as the need for more clamping diodes when the number of
levels increases, and when control and monitoring are not correct, a considerably large
amount of DC will be discharged [113,120].

Figure 31. Diode-clamped multilevel inverter [23].
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4.2.2. Capacitor-Clamped (Flying Capacitor)

This is another type of multilevel inverter [123,124]; it is like the diode-clamped
inverter as in [125,126] and uses capacitors to clamp the voltage of the unit instead of
diodes [123]. The flying capacitor (FLC) converter was introduced in the 1990s by [124,127]
as another modification of the multilevel inverter topology. Its fabrication involved the
serial connection of capacitors’ clamped switching cell, thereby allowing the transfer of
limited voltages to the electrical devices through the capacitors. It differs from the diode-
clamped MLI by having capacitors and not diodes; the work of the capacitors is to separate
the DC supply voltages. However, VDC represents the voltage across each switch and
capacitor. An inverter of m level flying cap needs (2m–2) switches, with (m–1) number of
capacitors [113].

The DC side of this topology has a ladder structure capacitor, and the voltage passing
through each neighboring capacitive branch differs. This voltage difference is considered
to determine the size of the output voltage phase, which is equivalent to VDC. In contrast
to the diode-clamped multilevel converter, the major benefit of the flying capacitor inverter
is that it has redundancies for internal voltage levels. In other words, to obtain a similar
output voltage, there is a need to combine two or more different valid switches. Further-
more, the flying capacitor topology has phase redundancy, while only a line redundancy
is observed in the diode-clamped inverters. This is an important feature because it is
the basis for using capacitive branch voltage balancing control techniques. The output
voltage level determines the number of redundant states; in this kind of MLC, a balance
in the voltage of the capacitors must be maintained. This can be achieved by using the
appropriate sequences of regulation so that the internal capacitors recharge and discharge
evenly over time. Nonetheless, there are some risks, as follows [25,128]:

• Voltage level control is difficult for all capacitors; it is also a complex task to pre-charge
all the condensers at the same voltage level.

• The efficiency of switching is low.
• In a diode-clamped MLI, several capacitors are used, and these are mostly expensive

and bulkier compared to the clamping diodes. A flying capacitor multilevel topology
is shown below in Figure 32.

Figure 32. Flying capacitor multilevel inverter [23].

4.2.3. Cascaded H-Bridge

Baker and Bannister [129] patented the first converter topology in the mid-1970s,
which was capable of producing multilevel voltages through the source of specific DC
voltage. A cascaded H-bridge converter was suggested by [130] for the elimination of
the drawbacks of FLC and NPC topologies, such as the additional clamping diodes and
capacitors. The cascaded H-bridge MLI requires fewer parts per switching stage when
compared to diode-clamped and flying capacitor inverters. The group of switches and



Appl. Sci. 2021, 11, 10172 24 of 43

condensers in a cascade H-bridge MLC is termed as H-bridge, comprising isolated DC
voltage sources [120,131]. This topology utilizes more than one DC source in the H-bridge
inverter. Each converter achieves output at various levels, as shown in Figure 33 [114], due
to the connection of different power conversion cells. The H-bridge is made up of a pair of
switches and condensers. For each H-bridge, a separate input DC voltage is achieved as
it generates a sinusoidal voltage output. Series of attached H-bridge cells are used in the
inverter, with each having three different levels of DC voltage, which are zero, negative DC
voltage, and positive DC voltage. Each H-bridge cell has its average voltage output as the
sum of all the produced voltages.

Figure 33. Cascaded multilevel inverters [23].

If the number of cells is m, the number of output voltage levels will be (2m+1). Figure 33
depicts the structure of a five-level H-bridge inverter [113]. The study by Lai and Peng
(1997) focused on the peculiarities of the NPC and FLC topologies; the study was later
patented in 1997. Cascaded H-bridge MLCs (CHBMLCs) have since attracted great interest
in several applications due to their attractive characteristics, such as:

• Ease of packing and storing.
• Producing voltage in common mode, reducing stress.
• Small distortions in the input current.
• Functioning at both simple switching frequencies.
• The THD of the output waveform being very small without any filter circuit.

However, the inverter has drawbacks, such as:

• Each module needs different DC sources or capacitors.
• The large quantity of capacitors requires a more complex controller.

4.3. Comparison of Multilevel Inverters

Table 3 below presents the comparison of multilevel converters in terms of:

• The number of devices for semiconductors in each body;
• Harmonic component amplitude;
• The number of capacitors in each leg phase;
• The available number of DC bus capacitors;
• Full harmonic output voltage distortion;
• Complexity management based on power switches and unbalances in voltage, and;
• Cost calculation related to the power circuit.
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Table 3. Comparison of multilevel inverters based on the number of components utilized.

No Topology Diode Clamped Flying Capacitor Cascaded HB

1 Semiconductor power switches 2× (m− 1) 2× (m− 1) 2× (m− 1)
2 DC bus capacitors (m− 1) (m− 1) (m−1)

2
3 Balancing capacitor per phase 0 (m−1)(m−2)

2
0

4 Clamping diodes per phase (m− 1)(m− 2) 0 0
5 Unbalancing voltage Average Great Tiny

6 Application

Renewable energy, motor
drive system, static

synchronous
compensator

(STATCOM), HVDC/AC
transmission lines.

Renewable energy, motor
drive system, static

synchronous
compensator
(STATCOM).

Renewable energy
battery system, motor
drive system, power
factor compensators,

electric vehicle drives.

5. Structural Hybrid of Reviewed Converters

There are several hybrid topologies reported in the literature. The aim of developing
hybrid topologies is to ensure the achievement of an efficient system that combines the
features of both converters. This section reviews the combination of each two of the three
converters highlighted in the previous sections. The hybrid structures discussed here are:
multilevel bidirectional, multilevel resonant, and bidirectional resonant converters. The
applications of these hybrid converters, especially for energy storage and grid integration,
are discussed in the next section.

5.1. Bidirectional Resonant Converters

These converters are normally used as a linkage between the energy storage com-
ponents and the grid utilities or DC bus [132]; they can also be used in EVs, microgrids,
and vehicle-to-grid (V2G). BDCs are normally connected with energy storage components
such as supercapacitors or batteries, with a wide range of voltage variation during oper-
ation. Hence, BDCs are not considered efficient over a wide range of voltages [133,134].
More attention has been given to the dual active bridge (DAB) converter because of its
simple nature, high efficiency, safety, and wide range of soft-switching capability [135].
BDCs can also be achieved with a current-fed inverter on the transformer side with low
voltage and with a voltage-fed inverter on the side of the transformer with high voltage.
However, conventional converters are associated with certain issues, such as switching
losses and not being able to achieve soft switching under wide load changes. Hence, the
proposed resonant-based bidirectional DC-DC converter was suggested to address these
issues of conventional converters [136,137]. Various studies have focused on the alteration
of resonant network structures to improve the performance of resonant-type IBDCs. Most of
the studies have concentrated on CLLC- and CLLLC-type resonant IBDCs because of their
symmetrical attributes in both power flow directions. The study by [134] proposed bidi-
rectional designs of CLLC and CLLLC resonant converters that will ensure high-efficiency
operation over a wide gain range. The attributes of LLC resonant converters include low
cost, high power, and better efficiency, and these made it suitable for industrial applica-
tion [138]. The most popular bidirectional isolated converters in the industries are series
resonant converters (SRCs) because they can realize open-loop bidirectional power flow
operation. LLC resonant tanks are considered better options for improving the regulation of
output voltage under bidirectional operation because their usage in bidirectional converters
demands two different modes of operation based on the power flow direction [139]. The
study by [140] presented a light electric vehicle fast charger with a lithium-ion battery and
supercapacitor, together with an AC/DC rectifier, full-bridge LLC resonant converter, as
shown in Figure 34, and light electric vehicle (LEV) battery. The research suggested a fast-
charging system using a soft-switched LLC resonant converter in the ZVS area. Compared
to the past, the regular use of lead–acid batteries has been reduced due to emissions into
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the air and environment; therefore, new LEV systems with fast charging mechanisms have
been proposed by using a lithium-ion battery of 800 Watt-hour and a supercapacitor of
50 Wh.

Figure 34. Circuit diagram of full-bridge LLC resonant converter [140].

5.2. Multilevel Bidirectional DC-DC Converter

Due to the ability of multilevel converters to reduce power losses, the voltage stress
of switches, and the total harmonic distortion (THD) of output signals [141], they have
been widely developed and tested in various applications to achieve beneficial points,
such as good efficiency and low and optimal cost. The study by [142] presented a new
multilevel boost–buck DC-DC converter that can be used when similar grounding is needed
at both sides of the converter. The topology is comprised of a back-to-back connection of
2n diode-clamped or level active converter legs. The efficiency of this structure for the MLC
is higher at a higher number of levels.

The study presented by Shukla focused on the elimination of the imbalance in DC
capacitor voltage, which has been the major problem of diode-clamped MLIs with >3 levels.
The study proposed the connection of the voltage-balancing circuit based on the buck–boost
chopper to the DC-link of diode-clamped MLIs; this was considered effective in addressing
the issues of line faults, disturbances, and transients, even though the cost and system
complexity are increased by adding such a circuit to the system [143]. Considering that
the HBMLC topology demands the use of separate voltage sources, it is suitable for EVs
and plug-in hybrid EVs as these systems are dependent on a high number of batteries.
The other interesting feature of the MLI is that operations can proceed in a bidirectional
mode, which allows the charging and discharging of the batteries [141,144]. The neutral
point diode-clamped (NPC) dual active bridge (DAB) converter was designed in [145],
and the study applied a capacitor voltage balancing method in order to facilitate voltage
balancing. The two NPC legs, as shown in Figure 35, can generate five-level voltages across
the primary winding of the medium frequency transformer. The balancing methods are
dependent on the direction of power flow through the DAB converter, but in this research
the authors suggested a voltage balancing controller that is independent of power flow
direction and does not require adjustments of active voltage vectors via the modulator.
They concluded that the proposed voltage balancing approach is very and globally effective
under all operating conditions of the converter [145].
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Figure 35. Circuit diagram of five-level NPC DAB converter [145].

5.3. Multilevel Resonant Converters

To meet the demands for high-voltage operation, more novel structures are needed
in high-power applications to achieve better performances. This multilevel structure can
reduce the voltage stress of power devices and this made them a good alternative [146].
In DC-DC conversion, resonant converters are potential alternatives owing to their soft-
switching attributes in a range of operations. In such situations, LLC resonant converters
are better options due to their advantages, such as ZCS for rectifier diodes and ZVS for
power switches. Another multi-phase multilevel LLC modular resonant converter that can
realize ZCS for rectifier diodes and ZVS for primary switches, and can decrease voltage
stress to one-nth of the input voltage under a range of load and input voltages, has been
proposed to meet the demands for high-power and high-voltage operation. The system
was also proposed to improve the power processing ability of the LLC resonant converters
in multilevel operations [147]. With this approach, the voltage stress on the power devices
will be reduced, making it suitable for use in low-voltage rated MOSFETs. With low-voltage
rated MOSFETs, conduction losses will be reduced for a given area and the switching losses
due to ZVS will remain low [147]. Achieving ZVS in multilevel operation also requires
a reduction in the dead-time and magnetizing inductance current due to the storage of
lower energy in the parasitic capacitances of the MOSFETs, thereby increasing the converter
efficiency. The study by [148] presented a new two-phase interleaved flying capacitor LLC
resonant converter in which multilevel operation and multi-phase operation are combined.
The need for the flying capacitor is to reduce the voltage stress on the primary side of
the MOSFETs to ensure a balance in the currents generated by the two phases, as well
as to improve the power processing capabilities of the system. Hence, the converter
exhibited all the positive attributes of conventional LLC converters but retained the low
sensitivity attribute to mismatches in the resonant tank parameters without requiring
extra components. This made the system suitable for high-output current applications. A
multilevel flying capacitor-based single-stage AC-DC LLC topology has been proposed
to address the dilemma of the voltage balancing of DC-bus capacitors and to lessen the
voltage stress of the switching devices. The suggested three-level inverter configuration
ensures zero voltage switching (ZVS) for all the switches, lower circulating currents, less
switching stress, and lower losses. For improved efficiency, the converter employs a
bridgeless rectification approach, and the power factor is practically unity by operating
the source-side inductor in discontinuous current conduction mode. The output voltage
of the converter is regulated using variable switching frequency control, while the DC-
bus voltage is regulated via pulse width modulation. This control technique works well
to maintain almost constant DC-bus voltage throughout a wide range of line and load
variations. Figure 36 shows the three-level flying capacitor LLC resonant converter [149].
The study by [150] presented a five-level cascaded LLC resonant converter; the design
and analysis of the system were presented for use in energy storage systems (ESSs) or
grid-connected applications. The proposed converter operates in the same manner as a
step-down converter; it also achieves ZCS.
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Figure 36. Circuit diagram of three-level single-stage LLC converter [149].

5.4. Multilevel Bidirectional Resonant Converters

The unique characteristics of multilevel inverters make them attractive to a variety
of medium to high-power, high-voltage applications. Multilevel inverters have several
benefits, such as reduced voltage stress, reduced loss of individual semiconductor chips,
improved power efficiency, and reduced electromagnetic interference. The most signif-
icant challenges in multilevel inverters are voltage balancing, the increased number of
semiconductors and capacitors, and more complicated control. The best structure can
be chosen from a variety of classic and advanced multilevel inverter configurations. The
most appropriate option is determined by the application, load, and requirement [151].
Although many papers have investigated different topologies, modulations, and control
techniques of multilevel inverters with bidirectional or resonant converters, only a few
studies have introduced the combination of these three converters; this section briefly
reviews the existing literature on these structures. The study by [152] introduced the bidi-
rectional multilevel resonant switched capacitor converter; this work presented a method
that significantly improves the proposed converter’s efficiency through topology modi-
fication. In a multilevel topology, the converter can achieve a high voltage ratio, which
reduces voltage stress on switches and allows for high-power performance. The converter
can be used as a link between DC voltage systems that are used in several applications.
Furthermore, the primary objective of the research was to verify the achieved topology
improvement using silicon carbide (SiC) and silicon (Si) switches in a four-level bidirec-
tional resonant switched capacitor with a 0.5/2 kV voltage conversion ratio. The proposed
converter was composed of a basic switched-capacitor (SC) structure that makes energy
transfer in both directions possible. The study concluded that the voltage gain was more
stable, and the method was efficient with Si MOSFET; also, the system showed a negligible
decrease in efficiency versus power with increases in power. A bidirectional modular
multilevel resonant (BMMR) DC-DC converter has been proposed for medium linkage
with low-voltage grids; the desirable features of BMMR converters include:

• Bidirectional power conversion ability.
• Modular structure with manufacturable, standardized submodules, and fault-tolerant

operation that is simple to achieve.

Owing to these characteristics, the BMMR converter is a strong contender for DC
distribution applications. The authors presented an analysis of the converter’s operation
principles and submodule voltage balancing in a steady state. The proposed topology
and control methods were checked using a 500-kW simulation model and experiments
on a down-scaled prototype, where the employed structure was a half-bridge modular
multilevel structure on the medium voltage (MV) part and a full-bridge structure applied
on the low voltage (LV) side [153].

Bidirectional three-level DC-DC converter soft-switching was presented by [154],
which, when combined with a simple auxiliary circuit, can effectively minimize switching
power losses. To reduce the turn-on switching power losses of main power switches, the



Appl. Sci. 2021, 11, 10172 29 of 43

researchers utilized double LC resonant circuits. In comparison to previous converters that
work without any auxiliary circuits and suffer from high switching losses, the proposed
converter reduces switching power losses and improves power performance. The proposed
converter outperformed conventional converters in terms of power efficiency. For the rated
load state, it achieved power efficiencies of 97.7% in the step-up mode and 97.8% in the
step-down mode.

The study made the following conclusions:

• The proposed converter can be used in a grid-connected battery energy storage device
that needs high power density and performance. High-performance inverters, such as
neutral-point-clamped and three-level inverters, can be interfaced with the proposed
converter due to their three-level power conversion structure.

• The proposed converter can be used for both single-phase and three-phase grid-
connected applications as a bidirectional DC-DC converter.

• The proposed converter is intended to be a good fit for the interface between the
battery and the grid-connected inverter, allowing for high-efficiency electrical power
exchange and energy conversion management.

An isolated multilevel DC/DC converter for a power cell in a solid-state transformer
(SST) that converts medium-voltage (MV) AC input to low-voltage (LV) or medium-voltage
DC output has been studied. The AC/DC stage uses the three-level diode neutral-point-
clamped (DNPC) types to take a higher voltage at AC input terminals. The high frequency
and high efficiency design needs to be met with soft switching in the whole operating range.
To achieve this aim, the LLC resonant topology is utilized in this configuration for isolated
power conversion, owing to its high efficiency and high power density. The (DNPC) is first
considered as the primary side topology for an LLC resonant circuit since it is the same
structure as the phase legs for the AC/DC stage. The LLC circuit with a three-level DNPC
as the primary side and two-level full bridge as the secondary side is shown in Figure 37.
The transformer in the DC/DC stage needs to provide medium voltage isolation at a high
power rating [155].

Figure 37. Circuit diagram of three-level natural diode-clamped bidirectional LLC resonant con-
verter [155].

6. Applications

Reducing the impact of greenhouse gases (GHGs) by reducing CO2 (carbon dioxide)
and other emissions is one of the most daunting dilemmas that people are currently fac-
ing. As electricity generation is one of the key reasons for emissions, it is important to
find alternative methods for producing clean electricity. In this regard, renewable energy
resources, such as wind and solar energy, are among the most significant replacements for
conventional fuel-based energy production. Nevertheless, when these tools are employed
alone, the intermittent existence of most renewable sources does not permit a consistent and
continuous source of energy. The fluctuations in the generated energy from these sources
could hamper the power quality of the associated grid. To overcome such fluctuations,
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energy storage systems should be used to generate smooth power while maximizing the
energy output of the RES. This also minimizes the needed contribution from conventional
power systems, thereby keeping CO2 emissions low. The utility grid needs to be techno-
logically advanced in terms of grid stabilization, power quality, frequency and voltage
subsidization, load shifting, system reliability improvement, and smoothing the energy
output of renewable resources. In addition, restructured power markets offer chances to
leverage energy arbitration markets and generate revenue by purchasing off-peak low-cost
electricity and selling high-cost peak electricity [156]. Table 4 shows some applications of
different converters.

Table 4. Applications of different converter types.

Converter Type Application Area Description Reference

Bidirectional DC-DC
Converter Buck Boost,
Full-Bridge, Multi-phase
Interleaved and Floating
Interleaved Bidirectional.

Microgrid energy
storage application

A bidirectional DC-DC converter topology relevant to microgrid
energy storage, including non-isolated, isolated, and interleaved
topologies, has been addressed. While it is critical to select an
appropriate bidirectional converter topology to provide efficient
power transfer between the DC bus and the storage units, it is
also critical to select a suitable control approach to ensure the
microgrid’s resilience, reliability, and stability.

[157]

Boost Bidirectional DC-DC
Converter. PV applications

The proposed topology for harnessing and storing PV energy is
derived by combining a buck–boost converter with a bidirectional
boost converter. It also tries to store energy so that it can be used
in the event of a power outage. The suggested converter has a
higher conversion gain, is simple to use, and the method of
control is adjustable by altering the direction of the power flow.
The converter is equipped with two unidirectional ports and one
bidirectional port; at the bidirectional port, a battery is installed
for energy storage via the bidirectional boost converter.

[158]

Three-phase Bidirectional
DC-DC Converter.

Uninterruptible
power supplies
(UPS)

Uninterruptible power supplies (UPS) typically require
bidirectional DC-DC converters to interface batteries to a DC bus.
Three-phase DC-DC converter topologies for higher power and
current applications produce less ripple current and less current
stress on the devices. Low ripple current is an especially essential
attribute since excessive ripple current can shorten the battery life
in UPS systems.

[159]

LLC Resonant DC-DC
Converter. Battery charging

The LLC converter is designed for the output voltage range of 15
V−20 V for a lead–acid battery with the input range of 30 V and
with an efficiency range of 88–92%. The circuit is simulated by
applying PSIM software and the output voltage is regulated with
the help of a PI controller as a feedback path.

[160]

LC Resonant DC-DC
Converter.

Grid-connected
renewable energy
sources (RESs)

An LC resonant converter was proposed for grid-connected
renewable energy sources; the system uses a step-up resonant
converter for grid-connected RES. The converter delivers power
by charging from the input and discharging at the output via the
resonant inductor. The resonant capacitor is used to accomplish
zero voltage on/off and zero current switching for active
switches and ZCS for rectifier diodes.

[161]

LCC-T Resonant DC-DC
Converter.

PV/Fuel cell
applications

An isolated soft-switching current-fed LCC-T resonant DC-DC
converter for fuel cell/PV applications has been presented. This
converter is capable of achieving zero current switching for
voltage doubler diodes and zero voltage switching for front-end
inverter switches. To obtain the rated output voltage of 380 V, a
proof-of-concept prototype rated for 288 W was created and
subjected to harsh load and input conditions.

[162]
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Table 4. Cont.

Converter Type Application Area Description Reference

Five-level Cascaded
Multilevel Inverter.

Renewable energy
(PV and wind
system)

A five-level cascaded medium-voltage converter has been
proposed as a high-frequency link multilevel cascaded
medium-voltage converter for direct grid integration of
renewable sources to minimize the voltage imbalance and
common mode issue. A 1.73-kVA prototype system was created
with a modular five-level cascaded converter that converts 210 V
DC (rectified generating voltage) to three-phase 1 kV RMS,
50 Hz AC.

[163]

Seven-level Hybrid
Cascaded H-bridge
Inverter.

Hybrid electric
vehicles (HEVs)

The suggested seven-level hybrid cascaded H-bridge enables the
use of a single power supply, with the remaining ‘n−1’ sources
consisting of capacitors, and is referred to as a hybrid cascaded
H-bridge multilevel inverter (HCMLI).
Due to the great number of output levels, the HCMLI produces
high-quality output power while maintaining a high conversion
efficiency and minimal thermal stress due to its fundamental
frequency switching method. By substituting a fuel cell for the
capacitance source, which is incompatible with high-temperature
operation, and making necessary modifications, this topology can
be applied in hybrid electric vehicles (HEVs).

[164]

Five-, Seven-, and
Fifteen-level Cascaded
H-bridge Inverter.

Fuel cell energy

A fuel cell-based multilevel inverter is presented. The basic units
are connected in series to provide a larger output level and
reduce the number of switches. The installation of the H-bridge
results in both positive and negative levels in the absence of the
FC and DC. The suggested multilevel inverter had output voltage
levels of five, seven, and fifteen. The FC considered having an
output voltage of 48 V and is boosted to 400 V.

[165]

Bidirectional Resonant
Dual Active Bridge (DAB)
CLL-LC Resonant
Converter Topology

Electrical vehicle
charg-
ing/discharging
(EV)

The proposed system is like an LLC resonant converter but
differs by the addition of an additional capacitor and inductor to
the circuit’s secondary side for bidirectional operation. This
makes the resonant network symmetric for operation in both
reverse and forward directions. Both ZCS and ZVS can reduce
losses and support operation at high frequencies; this reduces the
size of filter capacitors and magnetic elements, thereby reducing
the volume, weight, and size, as well as increasing the power
density of the system.

[166]

Half-bridge/Full-bridge
Bidirectional CLLC
Resonant Converter.

Board charger of
electric vehicle

The forward and reverse output power capability of the CLLC
topology has been investigated. It was discovered that the
forward and reverse output power ability of the CLLC converter
is asymmetrical, which makes it difficult to fully meet the
application requirements of an onboard charger (OBC). An OBC
is a power conversion device that converts the grid voltage into a
voltage suitable for charging lithium-ion batteries in an electric
vehicle. Therefore, a CLLC resonant converter with a modified
half-bridge and full-bridge structure attained forward 6.6-kW and
reverse 3.3-kW power conversion. Both the highest and lowest
battery voltages can achieve an output power of AC 3.3 kW.
Among them, 330 V adopts the full-bridge and 480 V adopts the
half-bridge topology.

[167]
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Table 4. Cont.

Converter Type Application Area Description Reference

Full-Bridge Bidirectional
LLC Resonant Converter.

Light electric
vehicle (LEV)

The research offered a fast charger prototype for an LEV
equipped with an 800 Wh lithium-ion battery and a 50 Wh
supercapacitor. This prototype fast charger is comprised of an
AC/DC rectifier and a DC/DC stage. The DC/DC stage
incorporates a full-bridge LLC resonant converter for soft
switching and stress reduction. Additionally, it is controlled by a
pulse frequency modulation (PFM) and PI controller using a
constant current and constant voltage transformation method.

[140]

Five-level Inverter
Full-Bridge Bidirectional
Converter.

On-board EV
battery chargers in
smart grids

The development of a new on-board EV battery charger (EVBC)
has been proposed based on a bidirectional multilevel topology.
The proposed design evolved from the standard full-bridge
rectifier by connecting four devices to the split DC-link as the
power factor correction (PFC) three-level DC-DC converter. This
design is capable of generating five different voltage levels. An
AC-DC converter is incorporated in the proposed topology as an
interface on the grid side; it also has a DC-DC converter for an
interface on the battery side. A split DC-link was used to interface
the two converters to ensure different levels of voltage in both
converters. The evaluation result allowed for the validation of the
bidirectional operation mode of the new EVBC on a multilevel
topology. Considering that the aim of controlling the EVBC is to
integrate EVs into smart grids, discussions and evaluations are
based on the grid-to-vehicle (G2V) and vehicle-to-grid (V2G)
modes of operation.

[168]

Five-level Cascaded
H-bridge LCC Resonant
Converter.

X-ray applications

High voltages are needed in many medical and industrial
applications, such as X-ray generation and electron beam
welding; these applications also require large power variations.
Regarding X-ray applications, the power available to the X-ray
tube normally varies significantly (<1 kW–100 kW) based on the
employed radiographic technique or the type and thickness of the
material. A new LCC multilevel topology has been proposed to
solve the problem that distinguished radioscopy from
fluoroscopy. Fluoroscopy requires long-time exposure to
low-power radiation, while radioscopy involves short-time
exposure to high-power radiation. Regarding the fact that the
converter design should consider the maximum power range, the
efficiency will be poor when working at low power levels. This
problem can be addressed with the proposed new topology.

[169]

Half-bridge Boost
Bidirectional LCC
Resonant DC-DC
Converter.

Microgrid
application

A non-isolated soft-switching bidirectional DC/DC converter for
interfacing energy storage in a DC microgrid has been offered.
The proposed converter incorporates a half-bridge boost
converter at the input port, an LCC resonant tank to aid in
soft-switching switches and diodes, and lastly a voltage doubler
circuit at the output port to double the voltage gain. Additionally,
the LCC resonant circuit provides the converter with a proper
voltage gain. Thus, the converter’s overall high voltage gain is
achieved without the use of a transformer or a large number of
multiplier circuits.

[170]

Two Three-level
Full-Bridge CLLC
Resonant Converters.

Off-board EV
charger

A novel three-level CLLC resonant converter for an off-board EV
charger has been suggested in order to accomplish bidirectional
power transmission between the DC microgrid and the EV. The
proposed converter adapts to the wide voltage range of EVs, from
200 to 700 V, by inserting resonant CLLC components and
combining the working modes of the two three-level full bridges.
Due to the totally symmetrical structure, this converter can work
in two power directions, G2V and V2G.

[171]
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7. Challenges and Future Perspectives

Numerous technical, economic, and other challenges must be overcome in order to
make DC-DC and DC-AC converters popular and successful in a variety of applications.
In this section, the challenges that may face some of the mentioned converters in terms of
configuration and design are discussed.

• The DAB-IBDC is one of the types of bidirectional converters, as mentioned above,
and due to the advantages of DAB-IBDCs, such as the ease of implementation of soft
switching, bidirectional power transfer capabilities, modular and symmetric struc-
ture, and so on, they have garnered increasing attention in recent years. Numerous
studies conducted globally so far have concentrated on fundamental characterization,
topology and soft-switching solutions, control strategies, and hardware design and
optimization. The design and performance optimization of DAB-IBDCs based on
silicon carbide and gallium nitride SiC/GaN power devices, as well as system-level
DAB-IBDC solutions for high-frequency link (HFL) power conversion systems, will be
the trend in the future, with other major concerns including:

(1) Electrical optimization design methods of the topology, electrical parameters,
and control approach of DAB-IBDCs based on SiC/GaN power devices in order
to fully exploit their high-temperature, high-frequency, and low-loss properties.

(2) Mechanical optimization design methods of DAB-IBDCs based on SiC/GaN
power devices in order to further increase the efficiency, power density, modu-
larity, and reliability of HFL power conversion systems.

(3) Multipurpose, modular, and intelligent HFL power conversion system solu-
tions with high efficiency and high power density, which utilize DAB-IBDCs as
the core circuit [172].

• Today’s power converters must deliver increased power while maintaining high
efficiency over a wide load range. As a result of the zero voltage switching (ZVS)
for the primary side’s MOSFETs or IGBTs and zero current switching (ZCS) for the
secondary side’s power devices, the LLC resonant is a type of resonant converter
topology that can address these challenges and is advantageous in front-end DC-DC
conversion applications. Additionally, it has a narrow switching frequency range
to facilitate control, a quick transient response, and low cost because the leakage
inductance of the transformer serves as the resonant inductor [173].

• The series resonant converter has become attractive for switched-mode power supply,
not just because running at a high switching frequency increases power density,
but also because of the decreased switching losses. In addition to its historical and
technological significance, the resonant converter series has created a large family of
high-density DC/DC mode resonant converters, all of which have been widely used
in several practical applications [174]. In the last few years, the growing interest in
resonant power converters suggests more potential exploration of these converters.
Although resonant converters have some superior features compared to conventional
converters, studies have identified some issues that must be addressed to carry on [16].
To address the challenges facing the resonance part regardless of its type and structure,
the assigned and selected parameters must be considered. The voltage gain, frequency
ratio, load values, and inductance ratio must be understood. Finally, future studies
should focus on the optimization of the control of such topologies.

• Power flow. One-directional power flow can be handled with a traditional buck–boost
converter, but the power flow in bidirectional converters is in both directions. With
bidirectional DC-DC converters, voltage levels can be either stepped up or down
based on the flow control capacity in either direction. According to galvanic isolation,
there are two types of bidirectional converter: the first is the isolated bidirectional con-
verter, and the second is the empty of isolation or non-isolated converter [35,175–177].
NIBDCs, as converters, require no high-frequency transformers to achieve electrical
isolation between the load and the source; their efficiency in low-power applications
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is high because of the ease of controlling them, as well as their light weight [55]. On
the other hand, an isolated bidirectional DC-DC converter is necessary for several
applications for the security of the source in case of an overloaded situation, as well as
for noise reduction and voltage matching between conditions; therefore, it is employed
in place of NIBDCs [37].

• Many studies have focused on the combination of resonance network type with IBDCs,
including, but not limited to, SR-DAB, CLLC, CLLLC-type IBDC, and LLC. CLLC and
CLLLC resonant IBDCs have attracted considerable attention due to their symmetrical
characteristics in both the forward and reverse power flow directions. On the other
hand, this structure faces difficulties because charging efficiency degrades dramatically
when the battery voltage varies, and the frequency of the discharging operation varies
widely [134]. In the LLC-BDC structure, the LLC resonant converter behaves similarly
to a conventional series resonant converter with a very tight gain range, even though
this type has better features than the earlier mentioned types, and is also extensively
used in industry, especially in reverse power transfer [138]; this challenge must be
considered in future perspectives. A bidirectional three-level LLC resonant converter
at fixed modulated frequency has been proposed by [178]; the proposed system can
achieve a broad gain range even though the accurate analytical gain model is not
derived. The system also used twelve switches, and because of this, the achievement
of high efficiency over a wide gain range becomes a challenge to consider.

• Multilevel inverters (MLIs) are added to counter the problems associated with two-
level converters to meet the following criteria: (i) only sinusoidal output voltage
shall be produced by the converter; (ii) the converter must have an output current of
low THD. The advantage of MLIs is that the device voltage rating and the switching
frequency can be significantly lower under the same output voltage compared to those
of a conventional two-level converter; consequently, switching losses can be decreased
remarkably, thereby improving the efficiency [32,179–181].

• Based on some industrial applications, such as drives, solar inverters, UPS, electric
vehicles, and STATCOM, it is apparent that low-harmonic multilevel waveforms could
attract the attention of industries to commercialize the most reliable and cost-effective
topologies. However, it should be noted, however, that adding extra switches and
auxiliary capacitors to the inverter structure increases the production cost. Adding
new gate drivers, voltage balancing strategies, and switching algorithms to the control
circuit will also complicate things. To be selected by a corporation to commercialize,
there should be certain improvements on the topology, such as reduced size of the
passive components, reduced switching frequency and switching losses, increased
reliability, and efficiency. Industries are constantly attempting to find a balance
between the number of levels and the complexity of design and operation [182]. It
is seen that industries are looking for simplicity and high performance for their next
generation of power electronic converters. The following are some of the possible
future research and development challenges:

(1) Extending the use of single-DC-source MLI topologies from high-power to
medium- and low-power applications, such as aerospace and aircraft, power
supply, home products, electrified transportation, solid-state transformers, and
so on.

(2) Developing single-DC-source MLI topologies at a higher level (more than five
levels). In multiple-DC-source MLIs, one option is to replace the isolated DC
sources with voltage-controlled capacitors.

(3) By implementing novel voltage balancing techniques or external circuits, the
size of auxiliary capacitors and voltage ripples in single-DC-source topologies
can be reduced.

(4) Designing resonant converters based on single-DC-source MLIs.
(5) To decrease the complexity of the controllers, new switching techniques with

integrated voltage balancing algorithms are being designed.
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The selection of the appropriate multilevel inverter (MLI) topology has always been a
challenge because it needs fewer switches and isolated DC sources to generate a greater
number of voltage levels. In comparison to multiple-DC-source MLI topologies, single-
DC-source MLC topologies are now considered more suitable for many power system
applications, such as renewable energy (RE) conversion systems and electrified trans-
portation. Furthermore, the use of a single-DC-source MLI to increase the power rating
and minimize the switching frequency while maintaining acceptable power quality is an
important necessity and a persistent challenge for the industry [182].

• In combining multilevel converters with bidirectional converters, the selection of a
proper MLI topology and balancing the state-of-charges (SOCs) of batteries are the two
key challenges in MLI-based battery storage systems (BSSs). MLIs are not only used
in large-scale renewable energy-integrated grid applications, but also electric vehicle
(EV) charging, vehicle-to-grid (V2G), and EV operation. A challenging aspect of this
field is the selection of an efficient and cost-effective MLI topology. The increasing use
of MLIs in BSSs over the last ten years has advanced battery technologies, topologies,
and control techniques. Voltage and SOC imbalances between battery packs could
be a challenge in MLC-based BSSs due to electrochemical variations in battery packs
and the use of second-life batteries [183]. The study by [184] presented an up-to-date
study of the existing state-of-the-art MLC-based BSSs, taking into account the most
recent contributions in the field of battery technology. Because of their long lifespan
and high power density, Li-ion batteries are increasingly being used in MLI-based
BSSs. However, research on metal–air battery technology indicates that it is a viable
candidate for EV applications due to its high energy density and low cost. MLIs are
already known to be superior to standard two- or three-level converter schemes due to
their low harmonic distortion, small scale, and less reliance on magnetic circuits. This
accounts for the increasing interest in MLIs over the last decade [184]. In summary,
promising research directions for future work can include, but are not limited to:

(1) The creation of new types of MLIs with fewer components.
(2) Improving the PWM system and/or SOC balancing control to reduce the

negative effects of voltage and SOC imbalances between battery packs.
(3) The incorporation of renewable energy sources, especially wind, into BSSs

through MLIs to mitigate the negative effects of RESs’ intermittent nature.

• A combination of both converters as previously mentioned in Section 6 can yield
better performance, but the challenges remain. The study by [185] focused on the
state of the art, challenges, and requirements of multilevel converters in industrial
applications. To reduce energy waste and improve power quality, new highly efficient
power electronic technologies and control strategies are required. There is enormous
potential for energy efficiency improvement in electric motor-driven systems. Medium-
voltage (MV) drives are widely used in several industries, such as the oil and gas
industry, manufacturing plants, and process industries.

The topologies and control of line- and motor-side converters, as well as power
semiconductor switching devices, are all challenges in the design of powered MV drives.
Three topologies have been successfully introduced as standard products for MV industrial
drives by [185]: these include 3Level-NPC, 4Level-FLC, and 5 Level-CHB. However, the
challenges facing this combination include:

(1) The suppression of LC resonance and power quality; for current harmonic reduction
or power factor compensation, the LC line side resonant circuit is used. The capacitors
form an LC resonant circuit with the system’s line inductance. The lightly damped LC
resonances can cause unwanted oscillations or overvoltage, which may demolish the
power switches or other components in the rectifier circuits due to the low impedance
of the MV supply.

(2) Lowering the switching frequency generally increases the harmonic distortion of
the drive’s line and the waveforms of the motor side; hence, the optimal solution is
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sought. The challenge is to diminish waveform distortion while switching at a very
low frequency (even below 100 Hz).

Finally, integrated bidirectional resonant DC-DC converters and multilevel inverters
are expected to be well suited for industrial applications in the future. More studies are
necessary for achieving a perfect level of reduction in the losses, number of components,
size, and cost.

8. Conclusions

The aspects of bidirectional and resonant DC-DC converters and multilevel inverters
have been reviewed in this work to highlight the need to produce a combination of
converters for grid-connected and energy storage applications. Each converter has been
elaborated in various aspects, such as classifications, advantages, disadvantages, and
their abilities to enhance energy conversion in modern energy systems. Based on this
review, a soft-switching approach should be employed instead of hard switching to reduce
and eliminate switching losses. RPC is a promising solution for EMI that occurs in PWM
converters; it can increase efficiency and minimize the number of components. Bidirectional
DC-DC converters with galvanic isolation are more suitable for hybrid energy systems. In
this study, comparisons have been made between different types of bidirectional converters
and between multilevel and conventional inverters; the reviewed converters have also
been compared in terms of their abilities to improve energy storage and grid connection
integration. Lastly, the challenges in developing an efficient and combined multilevel
resonant converter that can work under high voltage integration with soft-switching
and bidirectional approaches have been elaborated. This article reviewed the significant
contributions in the areas of bidirectional, multilevel, and resonant power converters with
the intent of providing insight on the prospects in this study area. Therefore, producing and
developing integrated bidirectional resonant multilevel converters are expected to meet the
requirements of several industrial applications, such as electric vehicle charging, vehicle-to-
grid (V2G), and medium-voltage (MV) drives, due to their merits of reducing cost and size
and their abilities to operate with high switching frequencies and less harmonic distortions.
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