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ABSTRACT The LLC resonant converter is a widely utilized power electronics converter, due to its
numerous industrial and domestic applications. This converter offers some advantages such as soft-switching
operation of all switches, high efficiency, high power density, low voltage stress, minimal electromagnetic
interference (EMI) noise, input/output isolation, wide input/output voltage range, and reliable and good per-
formance under the wide load variation ranges, as well as good light-load operation. However, this converter
has certain limitations, which can be addressed to enhance its operation and efficiency. This paper provides an
in-depth review and comparison of various LLC-based resonant converter configurations, focusing on their
operational principles, mathematical analysis, control methods, and some practical applications including
electric vehicle chargers, TV power supplies, LED drivers, photovoltaic cells, HVDC production, fuel cells,
and wireless power transfer applications. By examining the strengths and weaknesses of the different LLC
resonant converter designs, this study aims to contribute to the ongoing research efforts in improving the

performance and efficiency of this important power electronics converter.

INDEX TERMS DC-DC power conversion, LLC resonant converter, resonant power conversion.

I. INTRODUCTION
In recent years, there has been an increasing demand for
high-efficiency and compact power supplies due to ris-
ing electric energy costs and the need for smaller circuit
volumes [1], [2], [3]. Power supplies have widespread appli-
cations in computer systems, telecommunications, home
appliances, LED lamps, and more, driven by advances in
information technology. Various approaches have been pro-
posed to reduce power losses in power supplies, including res-
onant converters, soft-switching techniques, bridgeless con-
verters, and single-stage topology converters [4], [5], [6], [7].
Pulse-Width-Modulation (PWM) converters are widely
used in power electronics converters. However, they are
associated with high levels of electromagnetic interference
(EMI) noise, due to their hard-switching conditions. Power
losses in the PWM converters are directly proportional to
the switching frequency. To address this issue, numerous
methods have been proposed to reduce switching losses in
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the PWM converters. However, these methods may increase
costs and introduce complexity to the converter design [8],
[9], [10], [11].

Resonant converters have gained significant attention in
recent years, due to their low EMI noise and reduced
switching losses, which are achieved through the soft-
switching techniques. Soft-switching operation allows for
higher switching frequencies, resulting in decreased weight
and volume of the converter. There are various configurations
of resonant converters, with the LLC resonant converter being
particularly well known. The LLC resonant converter offers
advantages such as wide input/output voltage and load ranges,
high efficiency, input to output isolation, and numerous appli-
cations [12], [13], [14], [15].

The LLC resonant converter features a simple structure
and operational states. To further enhance its efficiency,
particularly in light-load conditions, expand its input/output
voltage range, and reduce voltage stress across switches,
numerous configurations have been proposed based on the
LLC resonant network. These improvements involve modi-
fications in the switching network and algorithm, resonant
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FIGURE 1. Four common LLC resonant networks, (a) basic, (b) inductive
isolation, (c) capasitive isolation, and (d) capasitive-inductive isolation.

tank, transformer, and rectifier network. An effective way
to improve the efficiency of the LLC resonant converter is
through a proper control algorithm. Various control methods
can be employed, including Pulse-Frequency-Modulation
(PEM), PWM, Phase-Shift Modulation (PSM), Pulse-Width
and Amplitude Modulation (PWAM) approaches, variations
in the resonant tank, as well as combinations of these meth-
ods.

The LLC resonant converters find application in a wide
range of fields, including electric vehicle chargers, TV power
supplies, LED drivers, photovoltaic cells, HVDC production,
fuel cells, and wireless power transfer, among others.

In this paper, a comprehensive review of the LLC reso-
nant converter topologies is presented, by focusing on their
applications. The discussion includes various structures of
the LLC-based resonant converters. Section II examines the
applications of different LLC resonant converter configu-
rations, including multilevel converters, bidirectional con-
verters, and voltage step-up/down converters. In Section III,
various control methods such as PSM, PWM, PFM, and their
combinations are explored. Section IV provides an analy-
sis of the LL.C resonant converter, covering power losses,
mathematical analysis, design approaches, and operational
states. Section V offers a fundamental comparison of the
LLC converter with basic PWM and resonant converters.
Section VI delves into the challenges and future opportunities
for the LLC resonant converter. Finally, the discussions are
summarized, and conclusions are drawn in Section VII.

Il. LLC RESONANT CONVERTER DIFFERENT
APPLICATIONS AND CONFIGURATIONS

LLC resonant converters can be implemented in various con-
figurations to reduce power losses and improve efficiency
and power density. One approach is to use finer components,
although this increases cost. Another method is to explore
new converter configurations, which can address issues such
as power losses, cost, EMI noise, and component stresses.
In this section, we will discuss some LLC-based resonant
converters in detail, all of which are based on the LLC reso-
nant network shown in Fig.1. In certain isolated applications,
the transformer’s primary-referred leakage inductance (L;)
can be utilized as the resonant inductor. This approach helps
to further compact the resonant tank. For Wireless Power
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FIGURE 2. (a) LLC-based resonant converters applications and (b) Electric
vehicle charging system based on the WPT approach.

TABLE 1. Some Well-Known WPT Approaches.

. Power .
Technique Tz Antenna Application
Inductive . .
T Medium Winding Battery charger
Inductive resonant . Integrated EV and laptop
Couplin Medium resonant chareer
uping winding s
Capacitive Low Electrode or WPT for massive
Coupling metal sheets devices

Transfer (WPT) applications, a core-less transformer may be
employed, while ferrite core transformers can be used for
high-density converters. By considering different configura-
tions and design choices, these LLC resonant converters aim
to optimize efficiency, power density, and other performance
parameters. The specific characteristics and advantages of
each configuration is discussed in the following sections.

A. LLC-BASED RESONANT CONVERTERS APPLICATIONS

LLC-based resonant converters have numerous applica-
tions in both home and industrial settings, thanks to their
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TABLE 2. WPT-Based LLC Resonant Converters Comparison.
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grid.

2) INDUSTRIAL EQUIPMENT

In industrial applications, where voltage levels may vary
widely due to fluctuations in the power supply or different
operating conditions, the LLC resonant converter ensures
stable and reliable power delivery to sensitive equipment.

3) TELECOMMUNICATIONS

In telecommunications infrastructure, where voltage require-
ments can vary significantly between different components
and operating environments, the LLC resonant converter
offers a versatile solution for power management and
distribution.

4) CONSUMER ELECTRONICS
In consumer electronics devices, such as laptops, televisions,
and electric vehicles, the LLC resonant converter’s ability
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FIGURE 4. Some basic changeable LLC resonant structures.

(a) Changeable transformer, (b) discrete changes in the resonant tank,
(c) changeable switching network, (d) variable resonant inductors, and
(e) variable resonant capacitor.

to adapt to varying input voltage levels enhances energy
efficiency and extends battery life.

Among LLC-based resonant converters applications, Wire-
less Power Transfer (WPT) is a prominent field in power
electronics, encompassing devices such as electric vehicles
(EVs), laptops, mobile devices, and battery chargers. Fig. 2(b)
illustrates an example of an EV charging system based on
WPT. The use of LLC resonant converters proves to be an
efficient approach for WPT applications.

Due to their low electromagnetic interference (EMI), high
switching frequency, and low power losses, resulting in
enhanced efficiency and high power density. Table 1 outlines
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some of the approaches employed in WPT. The potential
implications of the LLC resonant converter for future technol-
ogy are significant. As WPT technology continues to evolve,
the use of LLC resonant converters is expected to increase
due to their efficiency, reliability, and cost-effectiveness. This
could lead to advancements in areas such as electric vehi-
cle charging infrastructure, consumer electronics, medical
devices, and industrial automation. Additionally, the develop-
ment of more efficient and compact LLC resonant converters
could pave the way for new applications and innovations in
the field of wireless power transfer. Although various convert-
ers have been proposed for inductive coupling WPT (ICWPT)
applications [16], [19], [20], [21], the LLC resonant converter
stands out for its simplicity and efficiency [16], This approach
utilizes an air-core transformer instead of a conventional
iron-core transformer, thereby reducing costs. The control of
the LLC resonant converter in ICWPT applications can be
achieved through pulse frequency modulation (PFM). How-
ever, it leads to increased circulating currents under light-load
conditions. Similar topologies can be found in [19], [20], and
[21]. The ICWPT-based LLC resonant converter shown in
Fig. 3(a) is less efficient over long distances compared to
the Capacitive Coupling Wireless Power Transfer (CCWPT)
approach shown in Fig. 3(b), which offers improved safety,
affordability, and reliability [22].

Furthermore, other converters based on the CCWPT tech-
nique have been proposed in [23], [24], [25], [26], [27], [28],
[29], [30], and [31]. However, the LLC resonant converter
outperforms these alternatives in terms of efficiency, reliabil-
ity, and power density. In [17],a CCWPT-based LLC resonant
converter with two transformers and two capacitors is pre-
sented, where the WPT capacitors sheets are connected to
the car’s windows to facilitate power transfer. This configura-
tion, while suitable for EV charging in stationary conditions,
exhibits high voltage stresses on primary stage switches and
requires additional capacitors and a transformer, resulting in
increased costs and lower efficiency under light-load con-
ditions. To address these issues, a CCWPT-based converter
proposed in [18], modifies the resonant capacitors for power
transfer. However, circulating currents persist under light-
load conditions, leading to reduced efficiency, and challenges
related to high EMI noise and voltage stresses on components
remain unresolved. A comparison of various WPT-based res-
onant converters is provided in Table 2. In practice, simpler
structures with fewer components tend to be more efficient
and reliable.

B. LLC RESONANT CONVERTER VARIABLE
CONFIGURATIONS

DC voltage plays a pivotal role in a multitude of applica-
tions across various industries, spanning from low-power
LED lights to high-power industrial motor drivers, battery
chargers, and beyond. However, employing a one-size-fits-all
approach in converter configurations for these diverse appli-
cations may prove inefficient or impractical. Recognizing
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this challenge, extensive research has been conducted into
different converter structures that offer adaptability and mod-
ifiability to suit specific application requirements.

One such versatile converter structure is the LLC resonant
converter, which has garnered significant attention and adop-
tion due to its ability to operate over a wide range of input
and output voltages while maintaining high efficiency. This
adaptability makes it well suited for a range of applications,
including but not limited to HVDC systems, fuel cells, WPT
systems, and EV chargers.

In HVDC systems, where efficient power transmission
over long distances is crucial, LLC resonant converters offer
several advantages. Their ability to handle high input and out-
put voltages while maintaining efficiency makes them ideal
for voltage conversion and regulation in HVDC converters.
Additionally, their inherent ability to operate in a resonant
mode enables soft switching, reducing switching losses and
enhancing overall efficiency in high-voltage applications.

Fuel cells, which are increasingly being used as clean
energy sources, require efficient power conversion systems
to convert the variable DC output voltage of the fuel cell
stack into a stable output voltage suitable for various applica-
tions. LLC resonant converters excel in this regard, providing
high efficiency and precise voltage regulation, thereby max-
imizing the utilization of fuel cell power and extending the
operating range of fuel cell-based systems.

In wireless power transfer systems, where efficiency and
reliability are paramount, LLC resonant converters offer sig-
nificant advantages. By enabling efficient power transfer over
large air gaps, LLC resonant converters facilitate the develop-
ment of wireless charging systems for various applications,
including consumer electronics, medical devices, and electric
vehicles.

Furthermore, in the realm of electric vehicle charging, LLC
resonant converters play a crucial role in providing efficient
and fast charging solutions. Their ability to handle high input
voltages, coupled with their high efficiency and compact
size, makes them well-suited for on-board chargers and DC
fast chargers, enabling rapid charging of electric vehicles
while minimizing energy losses and maximizing charging
efficiency.

In conclusion, the versatility, efficiency, and adaptability
of LLC resonant converters make them indispensable in a
wide range of applications, including HVDC systems, fuel
cells, wireless power transfer systems, and electric vehicle
chargers. Their ability to handle high voltages, coupled with
their high efficiency and soft-switching capabilities, positions
them as key enablers of efficient power conversion in various
industries. In following section, some structures in this regard
are debated and compared.

1) DIFERNET CHANGEABLE LLC RESOANT CONVERTER
STRUCTURE

Discrete variation in converter topology involves making
significant alterations, such as adding or removing compo-
nents or integrating different networks within the converter.
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TABLE 3. Comparison of Converters with Variation in Their Resonant Tank Structures.
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FIGURE 5. Comparison of some of the given converters in Table 3. 1:
represents LOWEST and 5: HGHEST value.

Numerous approaches have been proposed to modify the
structure of the LLC resonant converter, offering diverse
benefits across various applications. In HVDC applications,
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discrete variation in converter topology offers additional
advantages. By implementing changes in the converter’s
structure, it becomes possible to seamlessly switch between
Constant Current (CC) and Constant Voltage (CV) charging
approaches, facilitating efficient battery charging and accom-
modating diverse charging requirements. Moreover, in WPT
applications, the converter can be divided into two parts con-
nected through WPT approaches. This changeable structure

52691



IEEE Access

J. Shahsevani, R. Beiranvand: Application-Oriented Review of the LLC-Based Resonant Converters

TABLE 4. Comparison of Some Step-Up and Step-Down Converters.
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FIGURE 6. Comparison of some of the given converters in Table 4. 1:
represents LOWEST and 5: HGHEST value.

allows for effective power transfer, particularly considering
variable distances and objects between the two parts of the
converter. By adapting to changing environmental condi-
tions and operating parameters, the converter can optimize
power transfer efficiency and reliability in WPT systems.
Overall, discrete variation in converter topology enhances
the adaptability, efficiency, and functionality of LLC res-
onant converters across a range of applications, including
HVDC, PV, fuel cell, battery charging, EV charging, and
WPT. By leveraging this approach, converters can be tailored
to meet specific performance requirements and operating
conditions, driving innovation and advancements in power
conversion technology.
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FIGURE 7. Two voltage step-down basic structures, (a) interleaved
boost-LLC resonant converter and (b) battery equalizer circuit.

a: VARIATION IN THE CONVERTER TRANSFORMER

The transformer is a significant component in LLC reso-
nant converters as it provides input/output isolation, proper
conversion ratio, and serves as both the series resonant and
parallel inductors of the LLC resonant network.

Researchers have focused on improving the operation of
the transformer to reduce power losses [32], [33], [34], [35],
[36], [37], [38], [39], [40], [41], [42], [43]. For instance,
a four-output transformer-controlled LLC resonant converter
was proposed for Li-lon battery charger applications in [44].
In this configuration, each output port is controlled by
series-connected switches to enhance the converter’s voltage
gain and reduce switching frequency. Similar converters have
been proposed in [45], [46], and [47], exhibiting compara-
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ble operations and topologies to the one presented in [44].
These converters, which operate within narrow switching
frequency bands, can achieve better efficiencies compared to
conventional LLC resonant converters. However, they suffer
from high voltage stresses on components, high cost due to
the specific transformer and extra output-controlled switches
operating under hard switching conditions. Moreover, the
full capacity of the multi-output transformer is not optimally
utilized at all times due to its part-time usage in practical
applications.

Another LLC resonant converter configuration was pro-
posed in [48] to overcome the aforementioned drawbacks,
by utilizing two transformers, which one of them is con-
trolled through two series-connected switches. Although,
this structure allows for control of the converter’s resonant
tank impedance near its resonance frequency, it is bulky
and expensive for widespread practical use due to the two
transformers and the additional two switches operating under
hard-switching conditions. A detailed comparison of differ-
ent converters can be found in Table 3. Fig. 4(a) illustrates the
basic structure of the converter topologies where the trans-
former is changeable. In general, topologies with simpler
transformer structures are more appealing, considering the
cost and size implications as transformers are expensive and
bulky components.

In summary, while the transformer is a crucial compo-
nent offering galvanic isolation and voltage ratio, it is also
a costly element in power converters. However, it is sen-
sitive to harmonics and can lead to energy wastage and
heating issues, potentially increasing the overall volume
and cost of the converter. Despite various structures pro-
posed to maximize the benefits of this component, there are
several considerations to keep in mind. For instance, multi-
input/output converters can increase the voltage ratio and
power density, but they also exacerbate the aforementioned
problems.

b: CONVERTERS WITH CHANGEABLE RESONANT TANK
NETWORKS

The changeable transformer approach discussed earlier may
lead to increased cost, power losses, and volume of the con-
verter in practical applications.

To address these issues, an alternative approach utilizing
changeable resonant tank components can be employed [49].
This approach is comparatively cheaper and helps to reduce
voltage stresses on components while requiring fewer gate-
drive circuits. However, it is important to note that using more
switches than the conventional converter increases the cost
and complexity of the circuit.

Another technique involves incorporating an additional
resonant capacitor [50], along with the use of two additional
switches, to control the converter’s voltage gain character-
istics. However, these additional switches do not operate
under soft-switching conditions, which further increases the
converter’s cost and complexity.
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In [51] a suggestion is made to add a capacitor in par-
allel with the magnetizing inductance of the transformer’s
secondary side. This configuration aims to reduce the volt-
age stress on the series resonant capacitor and improve the
efficiency of the PWM-based LLC resonant converter under
light-load conditions. However, this approach may increase
the circulating currents in the converter and introduce input
voltage harmonics to the transformer.

The basic configuration of a discrete variable resonant tank
in an LLC resonant converter is depicted in Fig. 4(b), and a
more detailed comparison of related converters can be found
in Table 3 and Fig. 5.

In summary, a changeable resonant tank offers the advan-
tage of adapting to various gain-frequency characteristics,
which is beneficial for maintaining high efficiency. However,
switching between modes can introduce harmonics, making
it challenging to use these structures for applications with
significant voltage variations.

¢: CONVERTERS WITH CHANGEABLE SWITCHING
NETWORKS

Modifying the switching network is another approach to con-
trolling the output voltage of an LLC resonant converter. This
method proves effective in achieving high efficiency across a
wide range of input/output voltages and for various purposes.

In [55], a two-level LLC resonant converter is proposed for
battery charging, utilizing a switching network consisting of
five switches.

The converter operates in four different states, allowing
for a wide output voltage range even with a narrow variation
in switching frequency. Despite the advantages mentioned,
discrete variation in the switching network introduces har-
monics and imposes high voltage stresses on the switches.
Additionally, the use of two resonant tanks, a transformer, and
a rectifier network increases the cost.

Another converter in [56], introduces an ac/ac LLC res-
onant converter, wherein the secondary side switches do
not operate under soft-switching conditions. As a result, the
converter exhibits low efficiency in practical applications.
A detailed comparison of changeable switching network con-
verters can be found in Table 3. The basic structure of the
changeable switching network topologies is illustrated in
Fig. 4(c). However, it is important to note that these types
of converters suffer from higher harmonics, increased cost,
power losses, and the operation of some switches under
hard-switching conditions, which adversely affect EMI per-
formance.

d: CONVERTERS WITH VARIABLE RESONANT TANK
COMPONENTS

In [52], [53], [54], [69], and [70], two LLC resonant convert-
ers with variable inductors are proposed, enabling variable
quality factors and soft-switching operation. The output volt-
age is regulated by varying the inductor in applications with
fixed switching frequency. The variable inductor operates in
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the knee zone of its B-H curve, providing a variable induc-
tance. However, the full capacity of the inductor is not fully
utilized, leading to sub-optimal cost-effectiveness, especially
for high-power converters.

To increase the output power of variable inductor con-
verters, multi-phase topologies can be employed [70], [71].
In [70], a battery charger is introduced for both Constant
Current (CC) and Constant Voltage (CV) operation modes.
It utilizes two resonant tanks, one of which includes a variable
inductor for output voltage regulation, while the other oper-
ates near the resonant frequency to transfer the main portion
of the output power. These two resonant tanks are connected
in series at the output side. Similarly, in [72], two separate
switching networks are used, but the single-phase converter
issues persist, along with increased cost due to the two-phase
structure.

Another approach involves using a variable capacitor
instead of a variable inductor, leveraging the higher power
densities, lower masses, volumes, and prices of capacitors.
A fixed switching frequency LLC resonant converter based
on a variable ceramic capacitor, whose capacitance depends
on the applied voltage, is presented in [73] Although the
converter regulates the output voltage by changing the quality
factor, the variable capacitor employed has limited power
density and variation range.

The basic configurations of LL.C resonant converters with
variable resonant tank components are depicted in Fig. 4(d)
and (e). Further details and comparisons of related converters
can be found in Table 3 and Fig. 5. It is worth noting that
most of these converters are designed for fixed switching
frequencies, resulting in lower efficiency under light-load
conditions due to the presence of circulating currents.

In summary, the switch network provides the waveform
that enters the resonant tank. As an active and impact-
ful network, it is beneficial for controlling EMI noise and
harmonics, as well as introducing new gain-frequency char-
acteristics. While not as effective as the transformer and
resonant tank in widening the gain range, it has the advan-
tage of not introducing harmonics as large as the other two
approaches. This is due to the waveforms entering the res-
onant tank from the switching network, which filters out
harmonics as it is produced. Furthermore, changeable switch-
ing networks are advantageous in applications with limited
variable input voltages, such as PV systems. Changeable
transformers are useful for HVDC production, and change-
able resonant tanks are beneficial for WPT and EV charging
applications.

C. STEP-UP/DOWN LLC RESONANT CONVERTERS

In applications like battery chargers, converters play a critical
role in stepping up or stepping down voltage as needed. This
capability is essential due to factors such as the constant
current (CC) and constant voltage (CV) characteristics of
batteries, which require specific voltage levels for efficient
charging. Additionally, the wide input voltage variations that
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converters must accommodate further highlight the impor-
tance of this functionality [74]. In this section, we delve
into the intricacies of both voltage step-up and step-down
LLC resonant converters. These converters are designed to
efficiently regulate voltage levels, ensuring that batteries
receive the appropriate charging voltage regardless of the
input voltage fluctuations. This discussion will provide a
comprehensive understanding of how these converters oper-
ate and their significance in battery charging applications.

1) VOLTAGE STEP-DOWN LLC RESONANT CONVERTER
Step-down LLC resonant converters are widely used in vari-
ous industries and home applications where different voltage
levels are required, such as 3V, 5V, 9V, 12V, 18V, 24V, 36V,
48V, and so on. The LLC resonant converter is a favor-
able choice for these applications due to its well-known
advantages.

In one proposed design [58], a voltage step-down multi-
output LLC resonant converter is utilized. Instead of a single
output, this converter features multiple outputs, allowing for
easy provision of different voltage levels. However, this con-
verter lacks input-output isolation and can be expensive due
to the large number of switches involved.

Another approach [60], a combination of resonant LLC and
boost converters with PWM control is proposed. The voltage
is first increased by the boost stage and then decreased by
the LLC resonant converter. However, this approach increases
losses and costs, and it is not highly efficient in practice.
Similarly, an interleaved boost-LLC resonant converter is
introduced in [75], Although the converter’s input inductors
are coupled with its output inductors in the rectifier stage,
improving efficiency to some extent, the aforementioned
drawbacks still exist. The basic structure of the interleaved
boost-LLC resonant converter is shown in Fig. 7(a).

In [63], a two-output transformer is employed to supply
two different loads. The first output is connected to a conven-
tional LLC-based resonant converter, while the second output
is connected to a forward converter. However, this topology
suffers from low efficiency due to the hard switching opera-
tion of the forward converter.

To improve efficiency under light-load conditions, an LLC
resonant converter design [76], proposes breaking the reso-
nant inductor into two series-connected inductors by adding
a resistor in parallel with one of them. While this approach
enhances light-load efficiency, it increases cost and total
power losses under full-load conditions due to the added
resistor.

A soft-switching LLC resonant converter with reduced par-
asitic oscillation over a wide load range is introduced in [77],
utilizing an additional transformer and inductor. However,
this increases the weight, volume, and cost of the converter.

Another design [78], incorporates two resonant networks
and transformers, along with a three-leg rectifier network.
By using three switches in each leg, this topology reduces
voltage stress on the switches to handle high-power values.
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TABLE 5. Comparison of the Multi-Level Converters.
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battery equalizer topology is illustrated in Fig. 7(b). It is
important to consider the specific requirements and trade-offs
associated with each design when selecting a converter for a
particular application.

In summary, voltage step-down functionality is widely
utilized in various industrial and commercial applications,
with battery charging being a significant example. The ability
to step down voltage efficiently is crucial in ensuring that
batteries receive the correct charging voltage.

There are several factors that contribute to the versatil-
ity and effectiveness of voltage step-down converters. For
instance, converters with multiple outputs can provide the
flexibility to power different devices or components with
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FIGURE 8. Comparison of some of the given converters in Table 5. 1:
represents LOWEST and 5: HGHEST value.

varying voltage requirements. Additionally, incorporating
Power Factor Correction (PFC) techniques in the converter
design can improve efficiency and ensure that the converter
operates at optimal performance levels.

Overall, voltage step-down converters play a vital role
in numerous applications, including battery charging, where
they contribute to the efficient and reliable operation of elec-
tronic systems.
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FIGURE 9. Multiplier rectifiers, (a) basic structure and (b)-(e) some
multiplier rectifiers.

2) VOLTAGE STEP-UP LLC RESONANT CONVERTER
CONFIGURATION

Step-up LLC resonant converters play a crucial role in various
applications, especially in scenarios where renewable energy
sources, such as wind-powered turbines, generate distributed
power with varying output voltage levels. These converters
are essential for efficiently stepping up the voltage to match
the requirements of the grid or other high-voltage systems.

One significant application of step-up LLC resonant con-
verters is in HVDC (High Voltage Direct Current) systems.
In HVDC applications, such as those involving photovoltaic
cells and fuel cells, these converters are instrumental in con-
verting the DC voltage from these sources to higher voltages
required for efficient long-distance power transmission. The
use of LLC resonant converters in HVDC systems is par-
ticularly advantageous due to their ability to operate at high
efficiency and high power density levels, which are crucial for
minimizing losses and maximizing the transmission capacity
of the system.

The LLC resonant converter’s suitability for step-up appli-
cations is attributed to its several advantages. Firstly, it offers
low EMI (Electromagnetic Interference) noise, which is
essential for maintaining the integrity of the power system
and minimizing interference with other electronic devices.
Additionally, LLC resonant converters are known for their
low switching losses, which contribute to their high effi-
ciency. Their ability to operate at high frequencies further
enhances their efficiency and allows for the design of
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FIGURE 10. Some well-known three-level switching network structures.

more compact and lightweight converters with high power
density.

Overall, step-up LLC resonant converters play a critical
role in enabling the efficient and reliable conversion of power
from renewable energy sources and other distributed power
generation systems to higher voltages suitable for transmis-
sion and distribution in modern power systems.

In [79], two voltage step-up topologies based on LLC reso-
nant converters are presented, offering limited voltage gains.
However, one of these topologies does not utilize transformer
magnetizing and leakage inductances, making it suboptimal
with regards to volume and cost.

A complex structure involving a two-resonant tank con-
verter with a voltage multiplier cell at the secondary side is
proposed in [80], This design achieves an 8-fold amplification
of the input voltage, even with narrow switching frequency
variations. However, this complex structure requires a signif-
icant number of components and a complex control approach.

Other approaches, such as multiplexer rectifier networks,
have been used in [81] and [82], to multiply the output
voltage by factors of 2, 3, and 5. Additional voltage multiplier
cells can be found in [64], [65], [67], [83], [84], and [85],
all are suffering from the similar issues as the given one
in [80]. Despite their advantages, these converters exhibit low
efficiency under light-load conditions, high voltage stress,
and require numerous switches. Furthermore, the topologies
presented in [64], [65], [67], [81], [82], [83], [84], and [85].
Furthermore [64], [65], [67], [81], [82], [84], and [85] feature
complex structures, leading to increased costs in practical
implementation. Fig. 9 illustrates a basic structure and some
multiplier rectifier configurations.
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In [66], an interleaved dual-input boost-LLC resonant con-
verter is proposed, utilizing a full-bridge switching network
for the battery and a boost converter for the photovoltaic cell
input ports. While this design performs well in renewable
energy applications, however it’s charging path experiences
high conduction losses, which negatively impacts battery
charging operation. Interleaved boost-LLC resonant con-
verters are found in [97], [98], and [99], all employing
voltage-doubler rectifier networks.

In [97], the boost section provides only a voltage gain of
two, and its volume and cost are high due to the numer-
ous components in this structure. In [68], a series-connected
boost-LLC resonant converter is proposed for fuel cell
applications. While it shares the drawbacks of interleaved
converters mentioned earlier, its efficiency is significantly
reduced due to the series-connected stages. Additionally, cur-
rent switching harmonics pass through the transformer in the
topology presented in [100], increasing power losses. The
presence of an extra primary diode in this structure also has a
negative impact on efficiency.

To achieve high voltage gains, an interleaved Boost-LLC
based resonant converter is proposed in [101] and [102]. This
design incorporates series-connected capacitors at the output
side to reduce voltage stresses when higher voltage values
are desired. Although it achieves soft-switching operation
over wide input voltage and load variation ranges, it lacks
input/output isolation, which may be necessary high-voltage
applications.

Table 4 provides a comparison of some related converters.
Step-up converters are valuable in many applications where
achieving a high step-up voltage gain is crucial. While com-
bined converters with voltage multiplier cells typically offer
voltage gains of 1-10, other structures can provide higher
voltage gain values.

Voltage step-up converters, including LLC resonant con-
verters, play a vital role in various applications where
boosting the voltage level is necessary. One such application
is voltage regulation in photovoltaic (PV) systems, especially
during adverse weather conditions. When sunlight is low, the
output voltage of PV panels decreases, affecting the overall
efficiency of the system. By using a voltage step-up converter,
the PV system can maintain a stable output voltage, ensuring
optimal performance even in challenging conditions.

Another important application of voltage step-up convert-
ers is in providing High Voltage Direct Current (HVDC) in
low input voltage applications. In scenarios where the input
voltage is insufficient for HVDC transmission, a step-up con-
verter can increase the voltage level to meet the requirements
of the HVDC system, enabling efficient long-distance power
transmission.

Battery charging is another area where voltage step-up con-
verters are widely used. Modern battery charging schemes,
such as Constant Current (CC) followed by Constant Volt-
age (CV), require a converter that can efficiently step
up the voltage to provide the necessary charging profile.
Step-up converters enable the charging of batteries with
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varying voltage requirements, ensuring safe and efficient
charging.

Wireless Power Transfer (WPT) is another application
where voltage step-up converters are essential, especially in
scenarios where power needs to be transmitted over long
distances. By stepping up the voltage, WPT systems can effi-
ciently transfer power over greater distances, making them
ideal for applications such as electric vehicle charging and
wireless charging of electronic devices.

Among the various approaches used in voltage step-
up converters, interleaved converters stand out for their
flexibility in handling variable voltages and power lev-
els. By interleaving multiple converters, these systems can
achieve higher efficiency and better performance compared
to traditional converters.

Rectifier networks with voltage multiplier circuits are
another innovative approach to increasing voltage levels with
lower complexity and cost. By using voltage multiplier cir-
cuits, these converters can efficiently boost the output voltage
while keeping the overall system complexity and cost in
check, making them attractive for various applications.

In conclusion, voltage step-up converters play a crucial
role in a wide range of applications, from renewable energy
systems to electric vehicle charging. Their ability to effi-
ciently boost voltage levels while maintaining high reliability
and performance makes them indispensable in modern power
systems.

D. MULTI-LEVEL LLC-BASED RESONANT CONVERTERS
Multilevel converters have gained significant attention due to
their ability to mitigate issues such as high voltage stress,
noise, and current switching harmonics. These converters
offer several advantages over traditional two-level converters,
including reduced Total Harmonic Distortion (THD), lower
EMI noise, and improved efficiency.

One key feature of multilevel converters is their ability
to synthesize a sinusoidal output voltage waveform with
reduced harmonic content. This is achieved by using multiple
levels of voltage instead of just two levels (as in traditional
converters), which allows for finer control over the output
voltage waveform. By using more levels, the converter can
approximate a sine wave more closely, resulting in lower
harmonic content and reduced EMI noise.

In addition to lower EMI noise, multilevel converters
also offer other advantages such as lower dv/dt stress on
the switching devices, reduced common-mode voltage, and
improved output waveform quality. These factors contribute
to a more efficient and reliable power conversion process,
making multilevel converters ideal for a wide range of appli-
cations including renewable energy systems, motor drives,
and power distribution systems.

Overall, the use of multilevel converters in LLC-based
resonant converters can significantly reduce EMI noise and
improve overall system performance. Their ability to synthe-
size high-quality output waveforms makes them a preferred
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choice for applications where low harmonic distortion and
reduced noise are critical.

1) THREE LEVEL LLC CONVERTERS

In [86], a three-level LLC resonant converter has been pro-
posed, utilizing two series connected capacitors across the
input voltage source. Two back-to-back connected switches
are connected between these capacitors and the resonant
tank.

Another topology for fuel cell voltage regulation has
been proposed in [59], capable of operating in both two
and three-level configurations by changing the pulse width.
However, this converter suffers from disadvantages such
as the complexity of control algorithms, different voltage
stresses on the switches, and the presence of too many
switches. In another manner [87], replaces the input source
with a PV panel and includes a battery pack as a backup
source. The converters in [103], [104], [105], and [106],
employ two-leg switching networks for high voltage gain
applications but suffer from high conduction losses and
expensive components due to the use of multiple switches and
gate-drives.

In [107] a three-level LLC resonant converter is proposed
with the addition of two diodes, resulting in low EMI noise
and reduced voltage stress on the components. However,
the lack of soft-switching operation increases power losses
and limits the switching frequency. Reference [88] reduces
voltage stress on the resonant capacitor by using two resonant
capacitors, but the implementation of PFM control compli-
cates the converter design.

Although, using two transformers in [89] increases the
cost and volume of the converter, but it enables operation
under a wide input voltage range. Reference [90] employs
two isolated three-level switching networks, operating as
a three-level configuration for low input voltage and as a
five-level converter for high-voltage applications. However,
this topology becomes suboptimal, as one of the switch-
ing networks remains unused under light-load conditions.
Connecting two full-bridge converters in series can generate
a five-level output voltage, as proposed in [91], but this
approach leads to high voltage stresses on the switches and
increased converter cost.

In summary, three-level LLC-based resonant converters
offer several advantages over their two-level counterparts,
primarily in terms of reduced current harmonics. However,
these converters face challenges such as increased voltage
stress, greater complexity, and higher conduction losses. It is
crucial to carefully consider these trade-offs when selecting
a specific converter topology.

The additional voltage levels in three-level converters
allow for the synthesis of a more sinusoidal current wave-
form, leading to improved performance in terms of harmonic
content in the output current compared to traditional two-
level converters. This feature makes them well suited for
applications where low harmonic distortion is critical, such
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as in power supplies for sensitive equipment or in renewable
energy systems.

Despite their advantages, the use of additional voltage
levels in three-level converters can result in higher voltage
stresses on components like switches and transformers. This
increased stress can lead to higher losses and reduced effi-
ciency, especially at higher power levels. Additionally, the
control and modulation schemes for three-level converters are
more complex compared to two-level converters, which can
pose challenges during design and implementation.

Nevertheless, three-level LLC-based resonant converters
remain popular in various applications due to their ability to
reduce current harmonics and improve overall system perfor-
mance. They are particularly favored in HVDC applications
to reduce voltage stress on switches, lower EMI noise in other
applications, and provide a wider voltage range in certain con-
trolling schemes. Careful consideration of the trade-offs and
selecting the appropriate converter design can help achieve a
balance between performance, efficiency, and complexity in
power conversion systems.

2) MULTIPHASE MULTILEVEL LLC-BASED RESOANT
CONVERTERS

Multilevel configurations in LLC-based resonant converters
are known for their complexity in control algorithms and
increased conduction losses due to the higher number of
components and gate-drive circuits required. Despite these
challenges, they offer several advantages that make them well
suited for converting higher power values.

One key advantage of multilevel converters is their ability
to reduce voltage stresses on power switches. This is achieved
by distributing the voltage across multiple levels, which helps
in improving the overall efficiency and reliability of the
converter. Additionally, multilevel converters help mitigate
EMI noise and switching losses, leading to a more stable and
efficient operation.

In DC-DC applications, increasing the number of phases
and voltage levels in multilevel converters can enhance output
power and reduce stresses. This is particularly beneficial in
applications where high power conversion is required, such
as in renewable energy systems or electric vehicles.

Moreover, multilevel converters with a high number of
voltage levels are also used to minimize total harmonic dis-
tortion in AC applications. By synthesizing a more sinusoidal
output waveform, these converters can improve the quality of
the output voltage and reduce the impact of harmonics on the
connected loads.

Overall, while multilevel configurations in LLC-based
resonant converters come with their challenges, they offer
significant advantages in terms of efficiency, reliability, and
harmonic mitigation, making them a preferred choice for
high-power and high-quality power conversion applications.

In [108], a multiphase multilevel converter is proposed
with low current and voltage stresses on each switch. How-
ever, the increased number of power switches and gate-drives
complicates the control circuit. Reference [109] utilizes a
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multi-LLC resonant converter connected in series at the out-
put stage for HVDC and PV panels applications, aiming to
supply a common load from different input voltage sources.
While it offers reliability, any error in the output stage capac-
itors results in a complete shutdown, making it an expensive
approach.

In [108], two interleaved LLC resonant converters are
proposed for voltage step-up purposes, with one using
a half-bridge switching network and the other using a
full-bridge switching network without a resonant tank. The
shared leg in their switching networks leads to high conduc-
tion losses, and the absence of a resonant tank in one phase
increases core and winding power losses in the transformer,
affecting efficiency.

In [108], two interleaved LLC resonant converters are
proposed for voltage step-up purposes, with one using
a half-bridge switching network and the other using a
full-bridge switching network without a resonant tank. The
shared leg in their switching networks leads to high conduc-
tion losses, and the absence of a resonant tank in one phase
increases core and winding power losses in the transformer,
affecting efficiency.

Several two and three-phase converters with common load
and input voltage source have been proposed in [109], [110],
[111], [112], [113], [114], [115], [116], [117], [118], [119],
[120], and [121], to increase output power. Although the
power is equally divided among the phases, the voltage
stresses on switches remain high. In some cases, moving
the resonant network to the secondary side [112], causes
switching current harmonics to pass through the transformer,
affecting its efficiency. In [114], one phase utilizes an LLC
resonant converter while the other employs a Dual-Active-
Bridge (DAB) converter, resulting in similar issues as [112].
Some proposed converters show improved performance with
fewer gate-drive circuits and power switches, along with
two resonant tank networks for power division [117], [118].
Multiphase LLC resonant converters with common load,
input voltage, and rectifier network have also been devel-
oped for wide output voltage range applications [122], [123],
[124], [125]. However, filtering out current switching har-
monics completely using phase-shift control [122] affects
transformer efficiency, and the common leg switches in [124]
and [125] experience higher currents, degrading converter
performance and efficiency.

In [93], [94], [126], [127], [128], and [129], multiphase
LLC resonant converters with a common load and input
voltage source are proposed for wide output voltage range
and battery charger applications. Reference [94] uses coupled
resonant inductors to balance the output voltage. Refer-
ence [126], three switches in half-bridge switching network
has been used, converter has two transformer and reso-
nant tank, the converter has few component but it has low
efficiency.

In [130], a three-phase LLC converter featuring two reso-
nant networks for high-power transfer is presented in [131],
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a three-phase converter is introduced, employing a three-leg
switching and rectifier network alongside three resonant
networks. Notably, this structure involves relatively few com-
ponents, but it results in the second leg of the switching
network handling higher power compared to the other legs.
Reference [132], explores the connection of the resonant
networks in a delta-delta configuration, while [133], puts
forward a semi-active rectifier network designed to operate
under hard switching conditions.

Reference [95] utilizes two resonant tanks and transform-
ers without additional switches but suffers from increased
cost and low efficiency at light-load conditions. Refer-
ence [134] proposes the use of two transformers to increase
the output voltage, but it raises circulating currents, volume,
and cost. Similar approaches with multiple transformers are
employed in [135] and [136] to increase the output cur-
rent. In [137], a double input/output transformer is used to
increase efficiency compared to dual-LLC and full-bridge
LLC resonant converters under high-load conditions. How-
ever, it comes with increased volume, cost, and design
complexity [138] suggests a two-phase interleaved LLC res-
onant converter with few components and high efficiency,
but each switch requires its own LLC resonant tank. Ref-
erence [139] utilizes a dual-transformer and an auxiliary
LC resonant tank to increase efficiency, which increases the
converter’s cost, volume, and complexity. Reference [140]
suggests the use of a resonant capacitor between the primary
side of a dual-transformer and the input voltage source, with a
combination of two parallel half-bridge switching networks.
Although suitable for high-power battery charger applica-
tions, it is a massive and expensive solution.

In [141], an expandable LLC resonant converter with a
multi-input/output transformer is proposed. However, the use
of several switches without soft-switching operation reduces
efficiency and increases volume and cost. Reference [142],
introduces a two-phase interleaved LLC resonant converter
with few components and high efficiency, but each switch
requires its own LLC resonant tank. Additionally, some
switches do not operate under soft-switching conditions, and
the use of two transformers can increase cost and volume.

In [143], a three-level LLC resonant converter with four
transformers is proposed, operating under soft-switching con-
ditions and low voltage stress. However, the use of multiple
transformers increases cost, power loss, and volume. Refer-
ences [144] and [145], propose LLC resonant converters with
a matrix transformer to increase efficiency. These converters
have high power density and are suitable for HVDC and
MVDC applications, but they can suffer from high voltage
stress, EMI noise, high cost, and low efficiency at light loads.

Table 5 provides a detailed comparison of the different
converters, highlighting their performance characteristics.
Interleaved converters with proper power division among
components tend to offer better performance and compact-
ness. Overall, the choice of the most suitable converter
depends on the specific requirements of the application,
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balancing factors such as efficiency, cost, volume, voltage
stress, and complexity. The basic multiphase-multilevel LLC
resonant converter is shown in Fig. 13 (a).

Despite the usefulness of multilevel converters in vari-
ous applications, the optimal configuration depends on the
specific application requirements. For example, in wireless
power transfer (WPT) systems, where cost is a significant
factor, a single resonant network may be more suitable. This
simplifies the design approach and reduces costs associated
with multiple components. However, for charging stations
requiring high power levels, using multiple resonant tanks
can be advantageous. This allows for better distribution of
power and reduces the stress on the individual components,
improving overall reliability.

In applications where reducing electromagnetic interfer-
ence (EMI) noise is crucial, employing multiple switch
networks can be beneficial. By distributing the switching
activity across the multiple networks, the overall EMI noise
can be reduced, leading to improved performance and relia-
bility of the converter.

For high voltage direct current (HVDC) applications, mul-
tilevel converters offer the advantage of being able to increase
the number of voltage-sensitive components. This allows the
voltage to be divided across these components, reducing the
voltage stress on individual components and improving the
overall efficiency and reliability of the converter.

In electric vehicle (EV) charging applications, multilevel
converters offer several benefits. They can provide the capa-
bility to handle the high power levels required for fast
charging while also maintaining efficiency. Additionally, the
modular nature of the multilevel converters makes them
well-suitable for EV charging stations, as they can easily be
scaled up to meet increasing power demands.

Overall, the multilevel converters offer a high degree of
flexibility and adaptability, making them suitable for a wide
range of applications. By carefully selecting the configuration
based on the specific requirements of the application, it is
possible to achieve optimal performance and efficiency.

E. BIDIRECTIONAL LLC RESONANT CONVERTERS
Nowadays, batteries and power storage components play a
crucial role in our daily lives, especially for DC energy
storage. As a result, bidirectional converters that can simul-
taneously charge and use batteries as input sources have
become essential for these applications. While unidirectional
converters are suitable for certain scenarios, bidirectional
multi-input converters are preferred in many cases. Unfor-
tunately, the previously mentioned converters are primarily
single-input unidirectional solutions and may not be suitable
for bidirectional applications, in practice.

For bidirectional applications such as electric vehicle (EV)
battery charging, various bidirectional converters based on
the LLC resonant topologies have been proposed. These res-
onant converters, known for their soft-switching capability
and high power density, are well suited for these applications.
In the following sections, the bidirectional two-level LLC
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converters are reviewed and some of the proposed designs
are well highlighted.

Bidirectional converters offer significant benefits for EV
charging. They allow for efficient energy transfer in both
directions, enabling vehicles to charge from the grid as well
as return excess energy back to the grid, a process known as
vehicle-to-grid (V2G) operation. This bidirectional capability
is essential for maximizing the utility and efficiency of EVs,
as it enables them to not only consume energy but also
contribute to grid stability and energy management.

Additionally, bidirectional converters can help manage the
power flow between the EV battery and other energy sources
or loads, such as renewable energy systems or residential
or commercial buildings. This flexibility allows for more
efficient use of renewable energy and helps reduce the overall
energy consumption and carbon footprint of the transporta-
tion sector.

Furthermore, bidirectional converters can help optimize
the charging process for EV batteries, ensuring fast and effi-
cient charging while minimizing stress on the battery cells.
This can help extend the lifespan of the batteries and improve
overall reliability and performance of the EVs.

Overall, bidirectional converters play a critical role in
enabling the widespread adoption of electric vehicles and the
integration of renewable energy sources into the grid. Their
flexibility, efficiency, and reliability make them essential
components in the evolving energy landscape.

1) BIDIRECTIONAL TWO-LEVEL LLC CONVERTERS

In [146] and [147], two However, challenges associated
converters have been proposed. In [146], the converter is
specifically designed for battery charging applications and
features an LLC resonant tank on the primary side of the
transformer. However, it utilizes a series LC resonant network
on the secondary side, which is not symmetric in the for-
ward and backward directions. Reference [148] incorporates
a parallel inductor in the resonant tank to expand the voltage
gain range, allowing for energy interface between energy
storage systems and DC microgrid applications. However, the
addition of the inductor introduces two parallel components
in the L-LLC structure increase the circulating current. Fur-
thermore, there is no resonant tank on the secondary side of
the transformer, which allows switching harmonics to pass
through the transformer, leading to heat generation and inef-
ficiencies. Additionally, the presence of the added inductor
adds complexity to the converter and its equations.

Another bidirectional LLC resonant converter is proposed
in [149], which utilizes two switching networks on the pri-
mary side and a three-leg interleaved switching network on
the secondary side. While this converter offers high power
density, it also suffers from a high number of switches, gate-
drives, and resonant components, which can negatively affect
cost, conduction losses, and overall efficiency.

Other bidirectional LLC resonant converters have been
proposed in [150], [151], [152], [153], [154], [155], and
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[156], each with its own advantages and drawbacks. For
instance, [150], introduces additional switches for parallel
inductor control, but this object increases the converter com-
plexity and its circulating current. In [154], the resonant
network employed did not yield favorable results in terms of
minimizing harmonics entering the transformer and reducing
waste. In [155], the converter incorporates an LLC resonant
network only in the forward conduction mode, Furthermore,
full-bridge bidirectional LLC-based resonant converters have
been explored in [157], [158], [159], and [160]. These con-
verters aim to address some of the drawbacks, mentioned
earlier. For example, the specifically designed converter for
battery charging applications requires a wide output power
range, which needs a wide switching frequency variation,
in practice. However, one of the disadvantages of this topol-
ogy is the high circulating current and associated power
losses.

Additionally, several multilevel converters have been pro-
posedin [161],[162], [163], and [164]. For instance [ 163] and
[164] introduce several three-leg LLC resonant converters
that offer high conversion efficiency values. These converters
incorporate multiple transformers, which result in larger sizes
and high volumes. However, most of these converters achieve
peak efficiency above 90% and exhibit good performance
overall.

In summary, bidirectional LLC resonant converters are
particularly advantageous for battery charging and energy
storage applications due to their ability to efficiently handle
power flow in both directions. These converters play a crucial
role in applications where energy needs to be stored and
retrieved from batteries or other storage devices.

Despite their advantages, ongoing research is focused
on further improving the efficiency and reducing the com-
plexity of bidirectional LLC resonant converters. One key
area is minimizing circulating currents, which can lead to
increased losses and reduced efficiency. Researchers are
exploring various control strategies and circuit designs to mit-
igate these circulating currents and improve overall converter
performance.

Another area of research is reducing switching harmonics,
which can contribute to increased EMI noise and reduced effi-
ciency. Advanced modulation techniques and filter designs
are being investigated to minimize these harmonics and
improve the overall quality of the output waveform.

Additionally, efforts are being made to enhance the
reliability and robustness of bidirectional LLC resonant con-
verters, particularly in high-power applications. This includes
improving the thermal management of the converter and opti-
mizing the design to handle high voltage and current levels
more effectively.

Overall, while bidirectional LLC resonant converters offer
significant advantages for battery charging and energy stor-
age applications, ongoing research is essential to address
remaining challenges and further enhance their performance
and efficiency. The bidirectional two level LLC resonant
converters common structure is shown in Fig. 14(b).
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2) BIDIRECTIONAL THREE-LEVEL LLC RESONANT
CONVERTERS

Three-level LLC converters have emerged as a solution to
address several key challenges encountered in two-level con-
verters. One of the primary issues with two-level converters is
the generation of electromagnetic interference (EMI) noise,
which can lead to performance degradation and reliabil-
ity issues in electronic systems. By employing three-level
configurations, these converters can effectively reduce EMI
noise, thereby improving overall system performance.

Another critical challenge in two-level converters is the
high voltage stress experienced by the switches. This high
stress can lead to increased losses and reduced efficiency.
Three-level LLC converters help mitigate this issue by dis-
tributing the voltage stress across multiple levels, reducing
the stress on individual components and improving overall
system reliability.

Additionally, three-level LLC converters offer improved
waveform quality, leading to reduced total harmonic dis-
tortion (THD) in the output voltage and current. This
improvement is crucial in applications where clean power
delivery is essential, such as in renewable energy systems and
sensitive electronic equipment.

Despite these advantages, three-level LLC converters also
present some challenges, including increased complexity in
control algorithms and gate-drive circuits. Moreover, they
may have higher conduction losses due to the increased num-
ber of components. However, ongoing research is focused
on addressing these challenges to further enhance the perfor-
mance and efficiency of three-level LLC converters. In [165]
a bidirectional three-level LLC-based resonant converter is
introduced, which incorporates two diodes in the switching
network that unfortunately increase the power loss and com-
ponents count and cost. Based on this work, [166] proposes
another three-level LLC-based converter that improves upon
the drawbacks of [165]. It offers three different operational
modes based on the required voltage gain.

The bidirectional three level LLC resonant converters com-
mon structure is shown in 14(b) and Table 6 provides a
comparison of some related converters, in more detail. The
converters with proper filter networks demonstrate better
performance as switching harmonics are effectively filtered
in both forward and backward operation modes. Furthermore,
the three-level structures exhibit lower voltage stress across
the power switches.

F. USING THE LLC RESONANT CONVERTER FOR POWER
FACTOR CORRECTION

The combined structure of interleaved boost and LLC reso-
nant converters offers high efficiency, improved power factor
correction, and reduced losses, making it an attractive choice
for PFC applications because of following reasons.

1) REDUCED CURRENT RIPPLE
Interleaving multiple boost converters reduces the input cur-
rent ripple seen by each individual converter. This reduction
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in ripple current leads to lower conduction losses in the input
stage, improving efficiency.

2) BALANCED OPERATION

Interleaving ensures that the load is shared evenly among the
converters, which helps in balancing the power distribution.
This balanced operation minimizes losses and improves over-
all efficiency.

3) HIGHER VOLTAGE CONVERSION RATIO

Boost converters are used to step up the input voltage to
a desired level. By interleaving multiple boost converters,
higher voltage conversion ratios can be achieved without
excessively high duty cycles, which improves efficiency.

4) SOFT-SWITCHING CAPABILITY

LLC resonant converters are known for their soft-switching
operation, which reduces switching losses. When combined
with interleaved boost converters, the overall system can
maintain soft-switching characteristics, further enhancing
efficiency.

5) IMPROVED POWER FACTOR CORRECTION

The combined structure ensures effective power factor cor-
rection by shaping the input current waveform to be in phase
with the input voltage. This reduces losses and improves the
overall power factor of the system.

6) OPTIMIZED CONTROL

Advanced control algorithms can be implemented in inter-
leaved boost and LLC converters to further enhance effi-
ciency. These algorithms can dynamically adjust the oper-
ation of the converters based on load and input voltage
conditions.

A bridgeless converter for LED driver applications was
proposed in [167], by combining an interleaved bridgeless

boost Power Factor Correction (PFC) rectifier with an
LLC resonant converter. This configuration uses an addi-
tional capacitor and a series switch in the resonant tank,
which complicate the circuit, increase its cost and power loss.
A single-stage interleaved LLC resonant converter with a
variable inductor for PFC application was introduced in [174]
and [175], too. However, challenges associated with variable
inductors are remained.

Also, a single-stage interleaved boost and LLC resonant
converter was proposed in [168], which employs the PWM
modulation approach to regulate the output voltage and
to correct the power factor, simultaneously. An interleaved
boost and LLC resonant converter was proposed in [169]
and [170], where the AC input voltage is connected to a
full-bridge LLC resonant converter through the two inter-
mediate inductors and diodes. This configuration reduces
the number of switches, as compared to the other PFC con-
verters. However, these converters are typically designed for
low-power applications and exhibit lower efficiency at low
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loads due to the employed PFM control and uncontrolled
circulating currents.

A single-stage LLC-boost converter for PFC is also
suggested in [176], where the AC input voltage is recti-
fied and applies to the LLC resonant converter. However,
this converter exhibits low efficiency under the light-loads.
A three-level structure similar to [176] is given in [177], with
a reconfigured rectifier network. The AC input voltage is
directly applied to the LLC resonant and switching networks,
reducing voltage stress, EMI noise, and incorporating PWM
control for the three level as an additional control approach.

Also, the interleaved boost and LLC resonant converters
utilizing PWM and PFM control approaches are proposed in
[171] and [178], to enhance efficiency. However, these con-
verters still face challenges under the light-load conditions.

A Cuk-LLC resonant converter is introduced [172] for
PFC application in LED drivers, which involves a separate
rectifier network to rectify the AC input voltage, whereas
the previously mentioned converters incorporate interleaved
rectifier networks. A three-phase LLC-based converter is
also introduced in [173] for high-power PFC, consisting of
three parallel converters sharing a common load and rectifier
network. However, the aforementioned drawbacks persist.

Fig. 14 illustrates the basic PFC converter structure based
on the LLC and boost topologies and Table 7 provides a
comparison of some related converters. The interleaved LLC-
boost structure, where the rectifier network is interleaved
with the converter, offers a compact design with a simple
structure and control approach. These converters provide
higher efficiency compared to other PFC converters, primar-
ily due to the lower conduction losses resulting from their
compactness.

Some elite converters from each groups are simulated and
compared as Table 8 to introduce more specifics.

In order to conduct a comprehensive analysis of the
reviewed converters, a set of simulations has been performed,
allowing for a comparative evaluation based on criteria such
as relative cost, energy stored in resonant capacitors, volt-
age stress on Power MOSFETs, energy stored in resonant
inductors and voltage stress on diodes. The results of this
comparative study are presented in Fig. 15 (a, b, c), Fig. 16
(a, b, ¢), Fig. 17 (a, b, ¢), Fig. 18 (a, b), and Fig. 20(a, b)
respectively. These characteristics are obtained based on (92)
and (93), given later.

Ill. LLC RESONANTCONVERTER DIFFERENT CONTROL
APPROACHES

As mentioned before, the LLC resonant converter is a useful
power electronics converter, which is commonly controlled
and regulated for various purposes such as output voltage or
current regulation applications. Pulse Frequency Modulation
(PFM) control technique is a popular control approach for this
converter, due to its gain-frequency characteristics. By using
this approach, when the converter operates at frequencies
far from the resonant frequency, the circulating currents and
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TABLE 6. Comparison of the Bidirectional Converters.
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related conduction losses are increasing, rapidly [179] Differ-
ent control approaches, such as PFM, have varying effects on
the performance and efficiency of LLC resonant converters.
PFM control is known for its simplicity and ability to regulate
the converter’s output voltage or current by adjusting the
switching frequency. However, the impact of PFM control on
efficiency and performance depends on the operating condi-
tions, particularly the proximity to the resonant frequency.
At frequencies close to the resonant frequency, PFM con-
trol can be highly efficient. The converter operates in a
soft-switching mode, where switching losses are minimized,
leading to higher efficiency. In this region, PFM control
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allows the converter to maintain stable operation while mini-
mizing losses.

However, as the converter operates farther away from the
resonant frequency, the effectiveness of PFM control dimin-
ishes. The control mechanism may increase the switching
frequency to regulate the output, leading to suboptimal oper-
ation. This deviation from resonance can result in higher
circulating currents within the converter circuit, increasing
conduction losses and reducing overall efficiency. Addi-
tionally, operating at frequencies far from resonance can
introduce additional challenges, such as increased stress on
components and potential EMI issues.
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FIGURE 13. (a) Basic multi-phase and multi-level converter, (b) basic
bidirectional LLC-based two-level converter, and three-level converter.

Overall, while PFM control offers simplicity and adaptabil-
ity, its efficiency and performance in LLC resonant converters
are highly dependent on the operating conditions. Careful
consideration of the operating frequency range and control
strategy is essential to ensure optimal performance and effi-
ciency in LLC resonant converters.
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FIGURE 14. (a) Basic structure of the series connected Boost and LLC
converters and (b) a single-stage interleaved boost and LLC resonant
converter.
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It should be mentioned that, there are several other
approaches for fixed-switching frequency and converter con-
trol purposes, including Pulse Width Modulation (PWM),
Phase Shift Modulation (PSM), Pulse Width Amplitude Mod-
ulation (PWAM), continuous and discontinuous variation in
converter components, as well as combinations of these vari-
ous approaches.

In the case of continuous and discontinuous variation of the
converter components, a variable quality factor is obtained at
a fixed switching frequency. So, the output voltage can be
regulated by varying the quality factor parameter, because
of the quality factor dependence voltage gain characteristics.
Some of the variations include variable resonant series or
parallel inductors, variable series capacitors, variation in the
switching or rectifier network, variable transformers, and
using the multipliers in the rectifier network.

In the PWM based approach, the output voltage is regulated
by varying the converter duty cycle at a fixed switching
frequency. This approach has been applied widely to the LLC
resonant converters by many researches [60], [86], [127],
[180], [181], and [182]. However, when the duty cycle devi-
ates significantly from 50% value, the circulating currents
are increasing. In addition, the variable duty cycle affects
the transformer input current waveform, which increases the
harmonics and power losses.

When PSM technique is used, all switches operates at 50%
duty cycle value, but there is a phase difference between
the converter’s legs gate-drive signals, which controls the
converter output signal. This approach has been applied to
the LLC resonant converters, widely [122], [183], and [184].
Using this approach at a fixed frequency can provide soft
switching conditions for the power switches. However, sim-
ilar to the PWM method, when the transformer input signal
deviates from the 180 degrees, higher harmonics degrade the
converter efficiency, in practice.

By using the PWAM approach, a multilevel voltage wave-
form with the ability to control the highest and lowest voltage
levels is obtained by varying the input voltage amplitude of
the resonant tank. The output voltage regulation is achieved
by controlling the pulse width of the highest voltage ampli-
tude. This approach has lower harmonics, as compared to
other approaches due to its multilevel structure, which also
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FIGURE 15. Relative cost comaprision of some converters.

results in lower EMI noise. The PWAM approach operates
at a fixed switching frequency, but has complexity and lower
efficiency at high and low amplitudes [185], [186]. In [185]
and [187], a bidirectional three-level converter has been pro-
posed with Pulse Width and Amplitude Modulation (PWAM)
control approaches for a wide range of voltage gain curve.
The converter features a three- and two-level switching net-
work, as well as different operational modes for different load
situations. The PWAM approach can be applied to the con-
verter due to the combination of PSM and PWM techniques.
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FIGURE 16. Comparison of some converters resonant capacitor
normalized energy.

The proposed converter offers better light-load operation,
as compared to the conventional converters. However, it has
some drawbacks such as numerous switches and gate drives,
as well as high complexity and cost. The given converter
in [187] has a two-level structure in the backward conduction
mode, which shares similar issues with [185].

In addition, some approaches, including PFM and PWM,
PFM and PSM, PFM and PWAM, PSM and Asymmetrical
PWM (APWM), and so forth, have been combined to enhance
performance and operation of the LLC resonant converters.
For instance, in [66], [188], [189], [190], [191], [192], [193],
and [194], a combination of PWM and PFM has been used,
which limits the switching frequency range due to the hybrid
control approach. Nevertheless, it inherits the advantages
and disadvantages, as mentioned earlier for PFM and PWM
control methods. In [172], [195], [196], [197], and [198],
a combination of the PFM and APWM approaches has been
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FIGURE 17. Switch comparison of some converters.
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FIGURE 18. Comparison of some converters resonant inductor
normalized energy.

employed, which shares the advantages and disadvantages of
both PWM and PFM techniques, in practice.

Also, a combination of the PSM and PFM methods has
been proposed in [199] and [200], which provides advantages
of these two techniques, as well as their associated issues.
In [201], a combination of the PWM, PFM, and PSM has
been used, offering the same advantages and disadvantages
of these approaches, along with a limited frequency range,
as compared to the previous approaches. Additionally, this
combined approach introduces more complexity and cost,
too.

In addition to PFM control, another effective method
to control the LLC resonant converter involves switch-
ing between full-bridge and half-bridge control approaches,
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FIGURE 19. Comparison of diodes of some converters.
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in combination with PFM. This strategy aims to reduce
the voltage variation range, particularly useful in regulating
output voltage while minimizing the frequency range. This
approach has been successfully implemented in EV charging
applications, as demonstrated in [202].

In summary, a wide range of applications, including
HVDC, WPT, PV cells, fuel cells, and EV charging, can
benefit from the implementation of combined control meth-
ods in LLC resonant converters. These methods offer the
potential to increase efficiency and limit frequency variation
range, addressing issues introduced by individual control
approaches.

However, it is important to note that the use of com-
bined control methods may increase the complexity of the
converter system. This complexity could require a more
sophisticated controller, potentially a digital one, to effec-
tively manage the switching between control approaches and
ensure optimal performance across a variety of operating
conditions. Despite this challenge, the benefits of increased
efficiency and improved performance make the implemen-
tation of combined control methods an attractive option for
many applications.

IV. CIRCUIT ANALYSIS
A. LLC RESONANT CONVERTER BASIC CONFIGURATION
As shown in Fig. 20, the basic LLC resonant converter is
essentially a resonant inverter composed of its three reactive
components.

The LLC resonant converter offers several features that
enable it to adapt to wide input and output voltage ranges,
providing versatility and flexibility in various applications:

1) SOFT-SWITCHING OPERATION

LLC resonant converters operate with soft-switching tech-
niques, which minimize switching losses and stress on power
devices. This allows the converter to efficiently handle a wide
range of input and output voltage levels without experiencing
excessive switching losses.

2) RESONANT TANK CIRCUIT

The LLC resonant converter utilizes a resonant tank circuit
composed of inductors and capacitors. This resonant tank
circuit enables the converter to achieve zero-voltage switch-
ing (ZVS) and/or zero-current switching (ZCS) during the
switching transitions, regardless of the input and output volt-
age levels. As a result, the LLC converter can maintain high
efficiency across a wide range of voltage levels.

3) ADAPTIVE CONTROL MECHANISMS

Many LLC resonant converters employ adaptive control
techniques to adjust the operating frequency or duty cycle
dynamically based on the input/output voltage levels. These
control mechanisms optimize the converter’s performance for
different voltage ranges, ensuring efficient operation under
varying load conditions.
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4) MULTILEVEL TOPOLOGIES

Advanced LLC resonant converter topologies, such as mul-
tilevel or cascaded configurations, are capable of handling
wider voltage ranges by distributing the voltage stress across
multiple stages. By dividing the voltage conversion process
into several stages, these topologies mitigate the challenges
associated with high voltage differentials and enhance overall
system reliability.

5) MODULAR DESIGN

In some applications, LLC resonant converters are designed
with modular architectures that allow for easy scalability and
adaptation to different voltage requirements. By combining
multiple converter modules in parallel or series configura-
tions, designers can accommodate a wide range of input and
output voltage levels while maintaining high efficiency and
reliability.

The dc input voltage undergoes square voltage waveform
conversion through a switching network, which is apply-
ing to the resonant tank network, where its harmonics are
filtering out. The resulting output voltage is approximately
a sinusoidal waveform, which is generally feeding into a
transformer to isolate the input and output ports and to change
the voltage level, if it is necessary. Finally, the transformer
output voltage is rectified and applied to a capacitive filter to
supply the load.

Input/output isolation plays a crucial role in LLC resonant
converters, particularly in industrial environments, due to
several key reasons:

6) SAFETY

Isolation ensures the safety of operators and equipment by
preventing electrical hazards such as electric shock. In indus-
trial environments where high voltages and currents are
common, maintaining isolation between input and output cir-
cuits is essential to prevent accidents and ensure compliance
with safety standards.

7) GALVANIC ISOLATION

LLC resonant converters often operate in systems where the
input and output circuits are electrically isolated from each
other. Galvanic isolation provided by the converter ensures
that there is no direct electrical connection between the input
and output sides, preventing ground loops and minimizing the
risk of interference and noise coupling between different parts
of the system.

8) VOLTAGE REGULATION

Isolation helps maintain stable voltage regulation by
preventing voltage fluctuations or transients from prop-
agating between the input and output circuits. This is
particularly important in industrial applications where sen-
sitive equipment may be adversely affected by voltage
variations.
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9) NOISE IMMUNITY

Isolation helps in reducing the impact of electromagnetic
interference (EMI) and radio-frequency interference (RFI) on
the operation of the converter and the connected equipment.
By isolating the input and output circuits, the converter can
effectively filter out external noise and disturbances, ensuring
reliable operation in noisy industrial environments.

10) PROTECTION OF SENSITIVE ELECTRONICS
In industrial environments, there may be sensitive electronic
equipment connected to the output of the LLC resonant con-
verter. Input/output isolation helps protect these devices from
potential damage caused by electrical faults or disturbances
originating from the input side of the converter.

11) COMPLIANCE WITH REGULATORY STANDARDS

Many industrial applications require compliance with regu-
latory standards and certifications related to electrical safety
and electromagnetic compatibility (EMC). Input/output iso-
lation ensures that the LLC resonant converter meets these
standards by providing the necessary isolation barriers
between different electrical circuits.

All power MOSFETs of the LLC resonant converter are
turning on under the ZVS condition and the output stage
diodes are turning off under the ZCS conditions in a wide
input voltage and load variation range conditions, if it is prop-
erly designed in the converter inductive region. In addition,
the power MOSFETs turning off switching losses can be
well reduced by considering a short dead time in between
the gate-drive signals and turning of them fast before their
drain-source voltages are increased, significantly. Sometimes
small capacitors are connecting in parallel to the MOSFETSs
drain-sources to reduce more these switching losses, too. The
converter soft switching operation reduces both the generated
EMI noise and switching power losses [203], [204]. Con-
sequently, it is possible to increase the operation switching
frequency and power density as high as possible, to reduce the
passive components volumes including capacitor, inductor,
and transformer, as well as the input and output filters, which
leads to high power density [204], [205]. In addition, this
converter can provide wide voltage gain values and it well
operates under the wide input and load operation conditions,
in practice.

B. DIFFERENT OPERATIONAL STATES OVER A SWITCHING
PERIOD
The key waveforms of a half-bridge LLC resonant converter
are shown in Fig. 21(a), which clearly show soft switching
operation of its all switches. To simplify the analyses, the
short dead times between the power MOSFETSs gate-drive
signals are ignored.

State I (a) (ty ~ t1): by turning off the S> power switch
by the control circuit the converter experiences a short dead
time interval to prevent the short circuited problem. Then, the
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S1 body diode conducts the current, as depicted in Fig. 21(a).
Next, the switch S is turning on under the ZVS condition to
conduct the current, while its body diode is still on during the
first subinterval time. The output voltage is applying across
the magnetizing inductor (L), and its current is increasing,
linearly. The L, and L,, inductors currents difference passes
through the transformer to supplies the load through the diode
D, . This subinterval is finished when the resonant inductor
current passes through zero. The converter equivalent circuit
during this subinterval is given in Fig. 20(a).

State I (b) (t; ~ t3): at the beginning of this subinterval,
the S; body diode is turning off under the ZCS condition,
as shown in Fig. 21(a). The L,, and L, currents difference
supplies the load through the transformer and Dy, until this
current value reaches to zero. Then, this subinterval is fin-
ished and D is turning off under the ZCS condition.

Both (9 ~ t1) and (#; ~ t») subintervals are generally
considered as a single state, because their equivalent circuits
are the same, as shown in Fig. 20(a).

State II (t; ~ t3): during this subinterval, as depicted in
Fig. 21(a), both magnetizing and resonant inductors currents
are the same. Consequently, no current is transferred to the
secondary side. Therefore, the diode D; is turned off under
the ZCS condition. At the end of this subinterval, switch S is
turned off under the hard switching condition, by the control
circuit. Nevertheless, its drain-source paralleled parasitic or
equivalent added capacitance effectively reduces its switch-
ing loss, if it is turned off fast before its drain-source voltage
is significantly increased during the short dead time. The
converter equivalent circuit during this subinterval is given
in Fig. 20(b).

State 111 (a) (t3 ~ t4): considering Fig. 21(a), at the begin-
ning of this subinterval the S; switch body diode is turned on
to conduct the resonant inductor current. Then, S; is turned on
under the ZVS condition by the control circuit, while its body
diode is still on during this subinterval. The output voltage
is reversely applying across the magnetizing inductor and
its current amplitude is increasing, linearly. The L, and L,,
inductors currents difference passes through the transformer
to supplies the load through the diode D». This subinterval is
finished when the resonant inductor current reaches zero.

State III (b) (t4 ~ ts): at the beginning of this subinterval,
the S> body diode is turning off under the ZCS condition,
as shown in Fig. 21(a). The L,, and L, currents difference
supplies the load through the transformer and D», until this
current value reaches zero. Then, this subinterval is finished
and D is turning off under the ZCS condition.

Both (13 ~ t4) and (#4 ~ t5) subintervals are generally
considered as a single state, because their equivalent circuits
are the same, as shown in Fig. 20(c).

State 1V (t5 ~ tg): this operational state is similar to
the second state. During this subinterval, as depicted in
Fig. 21(a), both magnetizing and resonant inductors currents
are the same. Consequently, no current is transferred to the
secondary side. Therefore, the diode D> is turned off under
the ZCS condition. At the end of this subinterval, switch
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S, is turned off under the hard switching condition, by the
control circuit. Then the converter experiences a short dead
time interval to prevent the short circuited problem. When
the S body diode conducts the current, then the switching
period is finished. The converter equivalent circuit during
this subinterval is given in Fig. 20(d). After this state, the
switching period is finished and these operational states are
repeated, in sequence [107].

Despite its desirable operation, the LLC resonant converter
encounters complexity and various issues under certain oper-
ational conditions, particularly when operating far from its
resonant frequency. This situation commonly occurs during
light-load operation, where the switching frequency increases
within the zero voltage switching (ZVS) region to regulate
the output voltage. However, this approach results in the
generation of increased harmonics and triangular current
waveforms, as depicted in Fig. 21(b). These characteristics
are evident in the Gain-Frequency curve, where frequen-
cies far from the resonant frequency pose challenges. The
resonant network becomes less effective in eliminating har-
monics, which are responsible for these conditions.

C. LLC RESONANT CONVERTER DIFFERENT OPERATION
MODES

Depending on whether the converter operates in the inductive
or capacitive regions, it can provide zero-voltage switch-
ing (ZVS) or zero-current switching (ZCS) conditions for
the power switches, respectively. In this section, different
operational modes of the basic LLC resonant converter
are discussed. For the MOSFET based converters, ZVS
operation is preferred, because the main switching losses
components of the MOSFETSs are overcome, although diode
reverse-recovery issues may lead to increased losses. How-
ever, by designing the converter in discontinuous conduction
mode (DCM), these issues can be well mitigated, too [206].
Key waveforms of LLC resonant converter in two DCM
and continuous conduction mode (CCM) mode are shown
in Fig. 23. The LLC resonant converter can be controlled
through pulse frequency modulation (PFM), which depends
on factors such as the converter load and its inductors
ratio values, which are essential parameters in the design
process [207], [208], [209], [210], [211]. The normalized
gain-frequency characteristics of the LLC resonant converter
are shown in Fig. 22, which clearly show the converter has
the ability to operate in both step-up and step-down operation
modes. The LLC resonant converter exhibits two resonant
frequencies, resulting in three distinct operation regions. The
first region comprises frequencies lower than the first or
smaller resonant frequency (f;1), the second region includes
frequencies between the two resonant frequencies (f;1, f;2),
and the third region consists of frequencies higher than
the second or larger resonant frequency (f»2). Each region
offers specific advantages, and the choice of region strongly
depends on the intended application of the converter [212].
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(d)

FIGURE 20. Half-bridge LLC resonant converter different operational
states.

1) Operation in frequencies lower thanf,: In this region,
as mentioned earlier, the converter operates in the
capacitive region and can realize ZCS condition for
the power switches, but it is rarely studied in papers
and it needs more investigations to analytically derive
the converter exact characteristics, because the FHA
approach is not enough accurate to predict the converter
behavior under this operation region. However, it can
be used for both step-up and step-down applications.

2) Operation in frequencies between the two resonant
Jfrequencies, i.e.f1 <fs<fi2: When the converter oper-
ates between its two resonant frequencies, it can
operate in either the capacitive or the inductive region
depending on the input impedance of the resonant tank.
By setting the imaginary part of the input impedance
of the resonant tank to zero, the boundary between
these two regions can be identified, easily. If the load
resistance exceeds the critical resistance value but with
low or medium value, the converter operates in the dis-
continuous conduction mode (DCM) near the resonant
frequency. On the other hand, if the load is high, the
converter operates in DCM at frequencies lower than
the resonant frequency. However, if the load resistance
is less than the critical resistance, the converter operates
in continuous conduction mode (CCM) [213]

3) Operation in frequencies higher thanf,;: When the
converter operates in this operation region, the ZVS
conditions are provided for the power switches, which
is suitable for power MOSFET switches [215].
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DSg;

FIGURE 21. (A)Half-bridge LLC resonant converter key waveforms,

(a) resonant tank inductors currents, (b) resonant capacitor voltage,

(c) output stage diodes currents, (d) S; and S, drain-source voltages, and
(e) S; and S, gate-source voltages waveforms. (B) Half-bridge LLC
resonant converter key waveforms in resonant frequencies far from
resonant frequency.

D. CALCULATING THE LLC CONVERTER POWER LOSSES

The LLC resonant converter, thanks to its soft-switching
operation, experiences low power switching losses and
exhibits high efficiency. However, various components in
the converter still contribute to overall losses [216], [217],
[218], [219], [220]. Numerous approaches have been pro-
posed to optimize the LLC-based resonant converters’ per-
formance [221], [222], [223], [224], [225], [226], [227],
and [228]. The power losses associated with different
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FIGURE 22. LLC resonant converter voltage gain versus normalized
switching frequency at different quality factor values, (a) Lnh = 1 and
(b) Ln = 20.
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FIGURE 23. LLC resonant converter currents key waveforms under the
different operation conditions in its inductive region, (a) DCM near the
resonant frequency, (b) DCM far from the resonant frequency, and

(c) CCM operation condition.

Vin

=

Um l pri

FIGURE 24. Power loss model of the LLC resonant converter and its
different components currents waveforms.

components of the LL.C resonant converter are illustrated in
Fig. 24. The conduction losses are proportional to the currents
passing through these components, which are depicted in
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FIGURE 25. LLC resonant converter power switch different key switching
waveforms [214].

Fig. 24 for the discontinuous conduction mode (DCM) [214].
In [214], it is assumed that for frequencies lower than the
resonant frequency, the diodes conduction times are equal
to half of the resonant period, and the waveforms resemble
half of a full period of a sinusoidal waveform. Based on these
assumptions, the different components power losses are given
as follows, which are mainly derived from [12], [214], and
[229]:

1) DIODE POWER LOSS

. T,
nlgy sin (wot) 0<t < —
ip1 (1) = r, 2 e
0 7 <t<Ty
f T,
0 0 <tr< ?
. T T T
ip2 (1) = { nlgy sin (@,1) ? <reT
0 % <t<T,
where, w, is equal to 27 f, and
7 lofo
Irm = . 3
Rm 2nfs ( )

Consequently, each diode RMS and average current values
are respectively given as follows:

I
IDlvzavg = 3 (4)

wlo (fo
T\/J;s S

Therefore, the conduction losses due to Vy and ry of each
diode, as well as the diodes total loss, are calculated as
follows, respectively.

1D1,2rms =

Py = VyIpy,, = -Lp,. (6)
T

Prf =1D]r”1xrf - 16f RL
N

@)
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Vi 7r2f(, Iy
Pp=Ppi+Pop=(-L+Z0T)\p, s
D D1 D2 (Vo s R )l (8)

2) OUTPUT CAPACITOR POWER LOSS
Output capacitor current value can be expressed as follows:

T,
gy sin Qawpt) —I,,0 < 1 < =2

Ico (1) = To 2o
—I,,.? <t<T;

T2
Ico,,s = 1o l?fc—o -1 (10)
s

So, its power loss can be calculated as follows:

2
.
Py, =13, rco= (— f” - 1) 1*re,
s

2
_ (”_& _ 1) Cop (11)

3) TRANSFORMER POWER LOSS
The transformer magnetizing current can be approximated
by a triangular current waveform. Therefore, the resonant
inductor current waveform and its RMS value are simply
derived as follows, respectively:

iLr (t)
1% V, T, 1 T.
oy Mo ls i )0<t <=2
_ ) L, L, 4 n 2
= nV, T + nV, T 1 . (t)O <t T
f— —_— — [ — < —
L, 2) T, a T A
(12)
Ierms
2 2
1 nVO) +n2 L |fs VUI,,(/I 1)
48 \fs L, 8\ n\f 2L, \fs fo
(13)

Therefore, the transformer primary power loss can be
expressed as follows:

R .
Pp n = ILr rms Vp i

2
1 (nV, 2+n2 L 16\ LV, (1 1
= |— —_—— _— — —_— —_——_— —_— — Viri
48 \ f; Ly, 8 \n\f 2L, \fis L) 7"
(14)

In addition, its secondary side current could be calculated by
considering the diode RMS current value, easily:

V2r
Isec tms = vV 2Ip,,,,, = a4 J;—(,)Ig. (15)
s

Therefore, transformer secondary side power loss is given:

_ nzfo 2 _ T[Zfo Tsec

P = 12 = —] — 0
sec 8 1, 0" sec 8 f, RL

S€Crms Fsec

P,. (16)
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In addition, the transformer copper loss is identified as
follows:

Poy = pri + Pyec. (17)

Also, the transformer core loss, which is proportional to its
B-H curve [230], is calculated as follows:

Ptf = KhBZ(meMcnr6~ (18)
where, M .y 1S the core mass, and Kj,, m, and n depend on the

transformer core material types.

4) RESONANT TANK COMPONENTS POWER LOSSES
Power loss of each component of the resonant tank is calcu-
lated as follows:

PESRLr.Cr
= ESRLr,Cr
2
1 (;vo)2+n2 L If, IOVO(/I 1)
48 s Lim 8 n fb 2Ly, s fa

(19)

where, ESRy, cr refers to the equivalent resistances of the
resonant capacitor and inductor, i.e., rr and rcy.

5) POWER MOSFET DRIVING CIRCUIT LOSS AND ITS
SWITCHING AND CONDUCTION LOSSES
There are conduction and switching power losses in each
power MOSFET switch, as typically shown in Fig. 25.
t4is:2Cg4. discharge time from input voltage to 0 V.
tdead: dead time between gate-source signals.
tdelay(on): power MOSFET switch delay for turning on.
Tbody(on): Dody diode conducting time.
Vgs: power MOSFET switches gate-source voltage.
Vir: power MOSFET body diode forward voltage.
tdson): pPower MOSFET conducting time.

a: POWER MOSFET DRIVING CIRCUIT LOSS
This power loss component is mainly due to the employed
gate drive circuit, which charges and discharges each MOS-

FET gate-source capacitor and it is simply calculated as
follows for each MOSFET:

1
Prive = (5 Cgs ng_y)fs (20)

b: POWER MOSFET BODY DIODE LOSS
The power loss of the MOSFET body diode is given as
follows:

nV, (11
Pbody =2Vpr L, Z]TS — lais thody(on)fs- 2n

where,

L,
gis = S_m (Cas1 + CdsZ)fs~ (22)
Mg
tbody(on) = ldead — ldis + tdelay(on)- (23)
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FIGURE 26. LLC resonant converter FHA equivalent circuit model.

(c)

(d)

FIGURE 27. LLC resonant converter equivalent circuits under the DCM
condition in different states [231], (a) to-t;, (b) t;-t,, (c)t; -t3, and
(d) tz-tg.

c: POWER MOSFET SWITCHING LOSS
Due to the ZVS operation of the converter, the MOSFET
turning on switching loss is effectively reduced and ignored,
in practice. However, to calculate its turning off switching
loss, two assumptions are made to simplify the analysis.

1) Meanwhile the power MOSFET is turning off, its current
is near the magnetizing inductor current.

2) The drain-source voltage, as well as the magnetizing
inductor current, rising is linear.

Vin - Vds(on) ¢

Vas () = Vis(on) + @
tdis
Vel (1 t ) (25)
14 = ra I
s L, 4fs Ldis
tdis
Dif = Zfs‘/o Vs(t) ids (1) dt
_ nVolais (Vin + Zvds((’”)) ) (26)

12L,,
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d: POWER MOSFET CONDUCTION LOSS
Each power MOSFET conduction loss is given as follows:

_ 2
Prdx(on) - rdsun Ids‘rms (2’7)

E. ANALYSIS OF THE LLC RESONANT CONVERTER

1) FIRST HARMONIC APPROXIMATION (FHA) ANALYSIS

The first harmonic approximation (FHA) approach is a sim-
ple method to analyze the LLC resonant converter, which
is made based on the several simplifying assumptions as
follows:

1) Only the fundamental harmonics of the input voltage and
current waveforms are considered, while all other harmonics
are ignored.

2) The output capacitor and all parasitic components of the
transformer secondary side are neglected.

3) All components on the transformer secondary side are
transferred to the primary side.

By considering these assumptions, the LLC resonant con-
verter equivalent circuit, shown in Fig. 26, can be easily
analyzed by using the FHA method [232] as follows [233]:

2Vin .
Ve () = — sin (2mfit) . (28)
2Vin
Ve = =, (29)
4nVv, .
Voe (1) = sin 2xfst — @) . (30)

where, ¢, is the difference phase between V. and V..

2V2n
Voo = V,. (€2))
b4
. wl, .
loe (1) = =, Sin Qrfst — @i) - (32)
n
where, ¢; is the difference phase between v, and i,e.
Lo = ——1 (33)
oe — Zﬁn 0-
Ve 8n2Vy  8n?
Ro=—=——=—R;. 34
e Ioe ]'[2 IO j'[2 L ( )
ws = 27fy = w. (35)
1
XCr = — XLr = a)Lr, XLm = a)Lm (36)
wC,
V. 242
= Yoo 22m, (37)

wlL,, - TwL,,

I =12 +12%. (3%)

Also, the converter voltage gain is calculated as follows:

nV, nV,
M, =10 — . (39)
T Vi /2 Vpc/2

To express the converter normalized voltage gain, some
parameters are usually defined as follows:

L QZ\/Zr/Cr7F_J§

tm Js _fr2
Lr ’ Re frl

i F oc e (40)

L, = = .
" fr]
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(d)

FIGURE 28. LLC resonant converter equivalent circuits under the CCM
condition in different states [231], (a) to-t;, (b) t;-t,, (c)t; -t3, and
(d) ts-t,.

1 1
= — = 41
Jn 27VL.C, Ir2 27V, +L)C, @0
F2L,
M, = L4

\/[(L,, + 1) F2 — 1] + [F2 = HFL,Q]

Here, O, L, F, fr1, fr2, and f; are the converter quality
factor, the resonant inductances ratio, normalized switching
frequency, short and open circuited resonant frequencies,
and switching frequency, respectively. The resonant converter
components are given as follows:

1 1
Crzm,erm,LmanLr. (43)
> (%le)
Enurm,L = PT, (44)
= i z (Vmax sImax s + Vmax DImax D)

F. SPACE STATE ANALYSIS

1) DCM ANALYSIS

The LLC resonant converter is analyzed here in both DCM
and CCM operation modes respectively, based on the space
state analysis, which is a relatively accurate technique. In this
section some assumptions have been considered. L, = n’Ly is
transformer secondary side leakage inductor which is trans-
ferred to primary side, k is voltage factor, k;, k, is integral
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FIGURE 29. LLC resonant converter small-signal model from [236].
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FIGURE 30. LLC resonant converter small-signal model [236].

and proportional factors respectively, V¢, is output capacitor
voltage, Vi.r reference voltage.

fyco 1s Voltage Controlled Oscillator (VCO) center fre-
quency, V¢, C; voltage, Vp diode voltage drop, o feedback
variable, x is state vector X=[V¢r irim Ve «]T and u is input
vector u=[Vi, Vief]T. Therefore, the following equations are
obtained [231], [234], [235]:

x'=Ax+Bu, n=1,2,3,4. 45)
x' = Aix + Biu. (46)
There are four operational states, which are shown in Fig. 27.

In the first state (tp-t;), the circuit equation set is given as
follows:

0 l/Cr 0 00
Ls’ L
G L 0 0 00
— —Ly
Av=1| 0 o ool ©D
0 n/Cl —n/C[ 00
B 0 0 0 kk; 0
B 0 0
1 Ly ki+ky Ly
el e I T
_ 5 ki+ky Ly
B = Yy ky — %L_m . (48)
0 kCiR;
L 0 —k;
where,
= (k) o= (L sk
1= Lr k di ) » K2 — Lm k di | » (49)
k - Ly n Ly r VD
3= — 4+ —, kii = .
Ly L, l Vref

Output voltage ripple component is small. So, v, in di,,/dt,
diy/dt, and dv./dt is replaced by V,s/k to enormously
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reduce complexity of the model without decreasing its accu-
racy. In the second operational interval, t; — 7, the following
expressions are obtained, too:

x' = Arx + Bu. (50)
i 0 1/C,0 00
~1/(L-+Ly) 0 000
Ay=| -1/ +Ly) 0 000 (51)
0 0 000
i 0 0 0kk;0
i 0 0
1/ (L + L) 0
By=|1/(Ly+Ln) 0 ) (52)
0 —1/ (kCiRy)
i 0 —k;

Because of the symmetry, circuit operation in the tp ~ t4
subinterval is similar to the ty ~ t, subinterval, but the rela-
tions between different states are as follows:

n
X, = Mixg, +/ AN 4o Bu. (53)
0

1)

Xpy = eAz(tz—tl)xl1 + / eAZ(tz_”)dGBzu. (54)
n

Because of the symmetry and linear relation between x;, and

X1y, their relations could be expressed as follows.

Xy, = Wixy + Wo. (55)
-1 0 000 Vin
0 -1 000 0

Wi=] 0 0 —100(,W,=1|0 . (56)
0 0 010 0
0 0 001 0

The conditions for the state switching between #; and #, is as
follows:

Wsxy, = Waxy,. (57
20 [foco +kp (Wsxi, = Vier) + Wexi, ] = 1. (58)
W3=[01000],W4=[00100]. (59)
Ws=[000k0],We=[00001]. (60)

G. CCM ANALYSIS

Similar to the DCM operation mode, due to the converter
symmetrical operation at tg ~ t; to t; ~ t4, during these time
subintervals the converter has similar space state analyses. Its
equivalent circuits are shown in Fig. 28 during the different
states. Because, the CCM and DCM analyses are similar, only
the equivalent circuits are given and the analyses are ignored.

1) MALL-SIGNAL MODEL
In this section, the LLC resonant converter small-signal
model is introducing based on the Extended Describing
Functions (EDF). To obtain the small-signal model, certain
assumptions are made as follows:
1) The added signal amplitude is very small, and its fre-
quency is much smaller than the switching frequency.
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2) All waveforms in the resonant tank are assumed sinu-
soidal.
3) All switches are considering ideal.

Based on these assumptions, the LLC resonant converter
equivalent circuit is modeled as shown in Fig. 29. Here, C,,
r, R;, and V,;, respectively represent the output capacitor
and its Equivalent Series Resistance (ESR), load resistance,
and the switching network output voltage waveform with an
amplitude of V, [211].

The following equations describe the converter behavior.

dip, dip,,
L, dr +vc, +Lm7 = Vab- (61)
dip,, ) :
m—— = SgNn (er - sz) Vo. (62)
dt
o e _; (63)
Tar
r dve 1
1 —)c o 4 —ve =i —ip |+, (64
( TR R =l i e 6
vo = (i, — gy |+ i) + iy (65)
0o = V+Ri L, Ly, o Ri—i—r Co-
1 /T t
P / iL, vab @) 4y (66)
T 0 Vg

Using the FHA simple analytical approach, the following
equations describe the converter behavior.

iL, ~ iL,, (1) sin (@gt) + ir,, (t)cos (wyr) . (67)
ir,, A ir,, (t)sin (wst) + i, (t) cos (wst) . (68)
ve, A ve,, (t) sin (wst) + ve,. () cos (wst) . (69)

dip, dir,, . .

o ~ (7 — a)lem) sin (wgt)
diy,, .
+ (d—t” + wle,S) cos (wyt) . (70)

% A (d;Lt'”s - a)siLmC) sin (wst)

dig, .
+ (TW + a)lem) cos (wgt) . (71)

% ~ (% - a)svcn,) sin (wst)

dvc,.
+ ( dtn + wsvcm> cos (wyst) . (72)

Using the EDF approach, the following equations describe
the converter behavior. Here, (v, sgn (iL,_ — iLm) i, — i,
i) nonlinear expressions are replaced to the dc components.

k]

Vab ~ fi (vg. d) sin (wst) . (73)
sgn (iL, — iLm) Vo R fo (iLm — 0L vco) sin (wst)
+ f3 (iLye = iLpes Veo) €08 (w31) . (74)

lie, = ir,| A fa (it = ity L = L) - (75)
ig =5 (iL,,- d) - (76)
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Relations with f function, called EDF, are obtained by using
Fourier transform [211]:

4
h (vg, d) = —sin (7w d) vg. 77
T
. . 4 iLI‘T - iLITIY
P2 (iLyy = iLyys Veo) = ——2—"v¢,. (78)
T lp
. . 4L, = iL,,
B (L, = iLyes Veo) = ——“—"v¢,. (79
T lp
. .. . 2.
Ja (iLyy = i i1 = L) = ~ip- (80)
2
/s (iL,_S, d) = —iy,, sin(mwd). (81)
T

\/ ity = i1,)> + (iL,e = iL,)*-
(82)

Ip

By simplifying the described functions and linearization and
approximation of vy = V, + Vg,ip = 0+ ip,d=D + d,
ws = Qs + @, the following relations are achieving.

d,l:LrY ~ > ~ d,l:Lan
r dll = Qerle + Ele;‘ —VC,y — Lm?
+ QLyir,,. + Exfs + Eqd + K, Vg. (83)
dip,. - PO
Lr? = _Qerle + Erofs — VCs
d 4 A
— Lmd—l — QsLpir,,. — Excfs. (84)
t Lms
d;LmS 2 7 ~
Lm? = QsLrig,,. + Exfs + 2KV,
+ 8pis (QL,S - ?me) — &ps (?Lm - 2Lm) . (85)
dir,, . 5 R
m dt = QerleS + Ebxfs + 2K Vo
+ gPiC (;ch - ;me) - gPC (;Lrs - ;Lms) . (86)
d‘A’Cm 2 ~ 2 2
Cr— " =i+ GiVe, s =i + s &7)
dﬁcm B ~ 7 o
" dt =1L, — GSvCrs - Jl(lf:? =1L, — Je. (88)
dv,
Cp=—2
°T dr
R;

= Rir I:KS (ng _§Lms) +K,. (?ch —;me) +§0:| .
(39)

where, Gg, fs, d , and ;(, are small signal variables. The rectifier
network small signal model has been calculated as follows.

rR; ~ 2 ~ A A
Vo = Ritr [Ks (le - leS) + K. (lL,C - lec) + lo]
P (90)
Ve, .
Ri+r C
A 24 .
ig = —ip, sin(wd) . ©n
b
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FIGURE 31. Design procedure of conventional LLC resonant converter.

Ly

So, the converter small-signal model can be constructed,
as shown in Fig. 30.

GGLI})
IN = (5
IPmax ];S
GV
Ecy = 5——
Pmax TS
Sy = —— (VmaxsImaxs + VmaxpImaxp)
Pmax
Crelativve = (3 (VmaxsImaxs) + VMaxpImaxp)
max
92)
n=1— LOW nomber of Components
n = 1.25 - MEDIUM nomber of Components
n = 1.5 — HIGH nomber of Components
(93)

H. LLC RESONANT CONVERTER DESIGN PROCEDURE
Improving the control and design of transformers and other
active components in LLC resonant converters can signifi-
cantly increase overall efficiency. Here are several ways to
achieve this:

1) OPTIMIZED CORE DESIGN

Using high-quality magnetic materials and optimizing the
core design can reduce core losses, leading to higher
efficiency. Techniques such as using amorphous or nanocrys-
talline cores can help minimize hysteresis and eddy current
losses.
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2) HIGH-FREQUENCY OPERATION

Operating the converter at higher frequencies can reduce
the size and weight of the transformer, as well as decrease
the number of turns required, reducing copper losses and
improving efficiency.

3) IMPROVED WINDING TECHNIQUES

Employing techniques such as interleaved windings or dis-
tributed windings can reduce leakage inductance and improve
coupling between windings, leading to better performance
and efficiency.

4) ENHANCED COOLING

Efficient cooling techniques, such as using high-thermal con-
ductivity materials or incorporating liquid cooling, can help
dissipate heat more effectively, reducing losses and improv-
ing efficiency.

5) ADVANCED CONTROL ALGORITHMS

Implementing advanced control algorithms can optimize the
operation of the transformer and other active components,
reducing losses and improving efficiency under varying load
and operating conditions.

6) LOSS MINIMIZATION TECHNIQUES

Utilizing soft-switching techniques, such as zero-voltage
switching (ZVS) or zero-current switching (ZCS), can reduce
switching losses in active components like switches and
diodes, improving overall efficiency.

7) INTEGRATED DESIGN

Integrating the transformer and other active components into
a single, compact module can reduce parasitic elements, such
as stray inductance and capacitance, improving efficiency and
performance.

8) EFFICIENT ISOLATION

Using advanced isolation techniques, such as capacitive or
inductive coupling, can improve isolation performance while
minimizing losses, enhancing overall efficiency.

By implementing these improvements in the control and
design of transformers and other active components, LLC
resonant converters can achieve higher efficiency, making
them more suitable for a wide range of applications.

Based on the given analyses, a design procedure is outlined
as follows for the basic LLC resonant converter topology:

1) Determine the maximum and minimum values of the
input and output voltages based on the design specifi-
cations.

2) Calculate the transformer turns- ratio, i.e., Np/Ns, using
the input and output voltage values, obtained in the
previous step.

3) Determine the boundaries for the minimum and maxi-
mum voltage gain values, based on the design require-
ments and constraints.
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4) Calculate the required values of Q (quality factor) and
L, (inductances ratio), based on the gain-frequency
characteristics of the LLC resonant converter.

5) Finally, calculate the values of the resonant tank com-
ponents (L., L,, and C,) using the equations and
formulas, derived from the design procedure.

A more detailed illustration of the LLC resonant converter
design procedure is given in Fig. 31. This step-by-step pro-
cess helps to select appropriate components values and to
optimize the performance of the LL.C resonant converter for
the desired application [233].

V. CAMPARISION OF THE LLC RESONANT CONVERTER
AND SOME OTHER BASIC POWER ELECTRONIC
CONVERTER

Here, the LLC resonant converter and other basic power
electronics converters are comparing, in summary. The
LLC-based resonant converters offer several advantages,
including high efficiency, low switching losses, high fre-
quency operation, high power density, and improved electro-
magnetic compatibility performance.

The buck converter is a DC-DC step-down converter
commonly used for voltage reduction and DC motor speed
control. It employs an active switch and a low-pass filter for
harmonic elimination [237], [238]. The Flyback converter
is an AC-DC or DC-DC converter that shares similarities
with a buck-boost converter and provides input-output iso-
lation [239], [240]. The forward converter is a DC-DC
converter with a structure similar to the Flyback converter but
operates like a buck converter. Unlike the Flyback converter,
the power is transferred to the secondary side when its switch
is turned on and vice versa [241], [242]. The push-pull con-
verter is a DC-DC converter with two switches that turn on
and off in opposite phases, applying a square voltage wave-
form to the transformer, which supplies the load [243], [244].

The LC series resonant converter is a DC-DC converter,
where the input voltage is connected to the switching net-
work. The output square voltage waveform is applied to the
LC resonant tank, which eliminates harmonics before passing
through the transformer to supply the load. This resonant
tank has a maximum voltage at its resonant frequency [245].
The parallel-LC resonant converter is another DC-DC con-
verter similar to the series-LC resonant converter, but with
a different resonant tank configuration, including a parallel
component. Unlike the series resonant converter, the paral-
lel resonant converter provides a voltage gain higher than
unity [215]. The LCC resonant converter is another DC-DC
converter similar to the LLC resonant converter, but it incor-
porates two capacitors in its resonant tank.

In summary, the LLC resonant converter stands out as
a promising solution in modern power electronics. While
it presents certain challenges and complexities in control
and design, ongoing research and development efforts offer
opportunities for further improvements. It has gained sig-
nificant attention and it finds many applications in various
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domains. Continued advancements in this field will likely
lead to enhanced performance, efficiency, and reliability of
the LLC resonant converter technology.

As mentioned before, the LLC resonant converter is a
powerful DC-DC converter with various advantages. Here,
it is comparing to other basic power electronics converters,
in summary:

1) Buck Converter:

e Application: The buck converter is primarily used for
voltage step-down applications, such as in DC-DC con-
verters for powering electronic devices, controlling DC
motor speeds, and low-power battery charging where
soft switching is not critical.

e Structure: It consists of an active switch and a
low-pass filter for harmonic elimination [237], [238].

2) Flyback Converter:

e Application: The Flyback converter is commonly used
in AC-DC and DC-DC converters that require input-
output isolation. It is also suitable for low-power WPT
systems and applications where high voltage and low
current are involved.

e Structure:Similar to a buck-boost converter [239],
[240].

3) Forward Converter:

e Application: Similar to the buck converter but with
the additional feature of input-output isolation, the for-
ward converter is suitable for low-power applications
requiring isolation, such as low-power battery charging
and certain WPT applications, due to its hard-switching
nature.

e Structure: Similar to the Flyback converter, but power
is transferred to the secondary side when the switch is
turned on and vice versa [241], [242].

4) Push-Pull Converter:

e Application: The push-pull converter utilizes two
switches that turn on and off in opposite phases, making
it useful for battery charging and some fuel cell appli-
cations.

e Structure: Applies a square voltage waveform to the
transformer, which supplies the load [243], [244].

5) Series-LC Resonant Converter:

e Application: The series-LC resonant converter is used
as a DC-DC converter with the input voltage connected
to the switching network. It is beneficial for WPT and
medium-power battery charging applications.

e Structure: The output square voltage waveform is
applied to the series-LC resonant tank to eliminate
harmonics. It has a resonant tank with a maximum unity
voltage gain [245].

6) Parallel-LC Resonant Converter:

o Application: Similar to the series-LC resonant con-
verter, the parallel-LC resonant converter is advanta-
geous for WPT and medium-power battery charging
applications, as well as some medium-voltage direct
current (MVDC) applications.
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e Structure: Has a different resonant tank configuration
with a parallel component, resulting in a voltage gain
higher than unity [215].

7) LCC Resonant Converter:

e Application: The LCC resonant converter is akin to the
LLC resonant converter but is used in a narrower range
of power applications, particularly for high voltage and
low current applications.

e Structure: Similar to the LLC resonant converter
but with two capacitors in its resonant tank. Its
gain-frequency characteristic is the same as the LLC
resonant converter but mirrored along the Y-axis [246],
[247].

These different basic converters are comparing in Fig. 32 and
Table 8, in detail.

VI. CHALENGES AND FUTURE OPPERTUNITIES

In this section, we delve into the challenges and future oppor-
tunities associated with the LLC resonant converter, aiming to
provide insights into potential avenues for improvement and
innovation in this field. While the LLC resonant converter
offers numerous advantages, it also faces certain limita-
tions that need to be addressed for further optimization and
enhancement. Below, we outline some of these challenges
along with potential pathways for improvement:

A. HIGH INPUT STRESS VOLTAGE

The LLC resonant converter may encounter high voltage
stress at the input, leading to voltage spikes and potential
reliability issues. To mitigate this challenge, advanced control
algorithms and circuit designs can be implemented to regulate
the input voltage and minimize stress on the converter com-
ponents. Additionally, the integration of voltage clamping
techniques and transient voltage suppressors can help to limit
voltage spikes and ensure stable operation.
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TABLE 8. Comparison of Some Basic Converters and LLC Resonant
Converter.
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B. TRANSFORMER SECONDARY SIDE CURRENT STRESS
The current stress on the secondary side of the transformer
poses a significant challenge and can impact the overall
performance of the LLC resonant converter. To address this
issue, innovative transformer designs, such as interleaved
windings and advanced core materials, can be employed to
reduce current stresses and improve efficiency. Moreover,
optimizing the transformer design parameters and enhancing
thermal management techniques can further alleviate current
stress and enhance the converter’s reliability.

C. COMPLEXITY OF MULTILEVEL STRUCTURE

LLC resonant converters with multilevel structures often
exhibit increased complexity, requiring meticulous design
and control methodologies. To simplify the design process
and enhance efficiency, innovative topology optimization
techniques and advanced control strategies can be employed.
Moreover, the integration of modular and scalable archi-
tectures can streamline the implementation of multilevel
converters, facilitating easier deployment and maintenance in
practical applications.

D. LOW EFFICIENCY AT LIGHT LOADS

LLC resonant converters may experience reduced efficiency
at light loads, presenting a challenge for applications requir-
ing high efficiency across a wide load range. To improve
efficiency under light load conditions, dynamic load adap-
tation techniques and adaptive control algorithms can be
utilized to optimize the converter’s operating parameters in
real-time. Additionally, the integration of low-power mode
operation and energy-saving features can help to minimize
power losses and enhance efficiency at light loads.

E. CIRCULATING CURRENT DUE TO PFM CONTROL

The PFM control, while effective in regulating output voltage,
can result in increased circulating currents and additional
losses, particularly at low load conditions. To mitigate this
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challenge, innovative control strategies such as hybrid mod-
ulation techniques and predictive control algorithms can
be employed to minimize circulating currents and optimize
converter efficiency. Furthermore, the implementation of
advanced current sensing and feedback mechanisms can help
to accurately regulate circulating currents and improve over-
all converter performance.

F. LIMITED INPUT/OUTPUT VOLTAGE RANGE

The efficiency of the LLC resonant converter may decrease
outside a certain input/output voltage range, limiting its
applicability in diverse operating conditions. To expand the
converter’s voltage range and enhance versatility, novel volt-
age scaling techniques and adaptive control schemes can be
utilized to optimize performance across a wider range of
voltage levels. Additionally, the integration of voltage conver-
sion stages and cascaded converter architectures can extend
the operating range of the LLC resonant converter, enabling
compatibility with a broader range of applications.

G. INCREASED SWITCHING HARMONICS

As the LLC resonant converter operates, increasing the
switching harmonics, leading to potential electromagnetic
interference (EMI) issues and performance degradation.
To mitigate harmonics and reduce EMI, advanced filtering
techniques such as passive LC filters and active power factor
correction (PFC) circuits can be implemented. Moreover,
innovative modulation schemes and interleaved converter
topologies can help to minimize harmonic distortion and
improve overall converter efficiency.

In conclusion, while the LLC resonant converter faces
certain challenges, there are numerous opportunities for inno-
vation and improvement to overcome these limitations and
enhance its performance. By leveraging advanced control
algorithms, innovative circuit designs, and optimized com-
ponent technologies, the LLC resonant converter can achieve
higher efficiency, wider voltage range, improved reliabil-
ity, and enhanced compatibility with various applications.
Through ongoing research and development efforts, the LLC
resonant converter holds great promise for addressing the
evolving needs of modern power electronics and driving
advancements in energy conversion technology [13].

VII. CONCLISION

In conclusion, the LLC resonant converter is a DC-DC
power converter that offers numerous advantages, including
input/output isolation, step-up and step-down operation, high
efficiency and power density, soft-switching, low EMI noise,
compatibility with various applications, and the ability to be
connected in series or parallel configurations. These advan-
tages have made the LLC resonant converter a popular choice
for both home and industrial applications.

Throughout the review, different LLC structures have been
examined, and it has been concluded that multilevel con-
verters have the lowest voltage stress on switches and EMI
noise. The interleaved boost and LLC resonant converter,
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on the other hand, demonstrate high efficiency in power
factor correction (PFC) applications. Multi-phase converters
excel in high voltage and current applications, while bidirec-
tional converters are suitable for battery charging and electric
vehicle (EV) industrial applications. Additionally, due to the
presence of a transformer and resonant capacitor in the LLC
structure, the converter can be modified for wireless power
transfer (WPT) applications.

Comparison tables have been provided for each subsection,
facilitating a better understanding of the different converters
and their characteristics. It has been observed that the LLC
resonant converter is strongly influenced by the quality factor,
with lower quality factors resulting in higher voltage gain in
the gain-frequency characteristic, and vice versa.

The review has covered various aspects of the LLC
resonant converter, including its introduction, analysis of
soft-switching operation, converter operation and switching,
small signal model, FHA model, converter state space anal-
ysis, and analysis of component waste. Transformer and
other active components have been identified as the most
wasteful components, and improving their control can lead
to increased efficiency.

Different control approaches have been presented, with
pulse frequency modulation (PFM) being the most common.
However, PFM control can result in circulating current issues
at switching frequencies far from the resonant frequency.
Combined control approaches offer better performance but
come with their own challenges.

Lastly, the review has highlighted the wide range of
applications for the LLC resonant converter, highlighting its
versatility and widespread usages.

Overall, the LLC resonant converter is a highly advanta-
geous power converter with significant potential for further
improvement and development. Its favorable characteristics
make it a favored choice in various industries, and ongoing
research aims to enhance its performance and expand its
applications.
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