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Abstract: Owing to the advantages of high efficiency, high energy density, electrical isolation, low electromagnetic interference

(EMI) and harmonic pollution, magnetic integration, wide output ranges, low voltage stress, and high operation frequency, the LLC

resonant converters are widely used in various sectors of the electronics-based industries. The history and development of the LLC

resonant converters are presented, their advantages are analyzed, three of the most popular LLC resonant converter topologies with

detailed assessments of their strengths and drawbacks are elaborated. Furthermore, an important piece of research on the industrial

applications of the LLC resonant converters is conducted, mainly including electric vehicle (EV) charging, photovoltaic systems, and

light emitting diode (LED) lighting drivers and liquid crystal display (LCD) TV power supplies. Finally, the future evolution of the

LLC resonant converter technology is discussed.
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zero-voltage switching (ZVS) turn-on

1 Introduction

The LLC resonant converter structure was first
invented in 1988 "], but due to its complicated control
and intricate parameter design, it has not received
enough attention, nor has it been used much in
practical applications for a long time.

With the recent demand for high energy density,
supply (SMPS) was

developed to operate with higher frequencies, which

the switch mode power

is an inevitable trend in the evolution of power

[2-3]

electronics . However, high-frequency means high

switching energy consumption and high electromagnetic
interference (EMI) pollution ). Therefore, the resonant
converters with a soft-switching function and
high-frequency feature have attracted the attention and
research of scholars all over the world in the most recent

decade .

Compared with the series LC resonant
converter and the parallel LC resonant converter, the

LLC resonant converter combines the advantages of
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those other resonant converters, including DC isolation,
stable no-load operation, low requirements on current
ripple of capacitor filter and adjustment of resonant
current as load, and provides advantages in the voltage
adjustment and soft-switching range. Hence, scholars
have started conducting extensive research on it. With
the development of a large number of control integrated
circuits (ICs) and substantial research on the resonant
converters, the LLC resonant converters have become
increasingly more mature, and have been applied in
wide-ranging industrial applications.

As shown in Fig. 1, the LLC resonant converter
can be divided into three parts, i.e., the square wave
generation system, the resonant network and the

rectifier network.
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Fig. 1 The three parts of the LLC resonant converter

The square-wave generator is composed of two

switches (including their body diodes and parasitic
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capacitors) with the complementary duty ratio of 0.5.
The resonant network includes a high-frequency
transformer (including resonant inductor L, and
magnetizing inductor L,) and a resonant capacitor C..
The rectifier network is usually composed of two or
four diodes, and a capacitor filter.

As shown in Fig. 2, the LLC resonant converter is

able to achieve zero-voltage switching (ZVS) turn-on

(7]

by using parasite parameters ' -, zero-current switching

(ZCS) turn-off of the diodes at the secondary side of

the transformer ), electrical isolation from power grid Bl

10

low EMI and harmonic pollution A voltage

[11] [12]

stress © ', magnetic integration ' “', and a wide-output

13

range (3] without auxiliary equipment. Thus, it can

improve the overall efficiency of the converter,
prevent the load from affecting the power grid, and
reduce the size and complexity of the power supply
system, and is suitable for different loading conditions.
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Fig.2 Advantages of the LLC resonant converter

Due to the above mentioned advantages, the
applications based on LLC resonant converters have
been developed at a burgeoning rate for over ten years,
including an electric vehicle (EV) charging station ">,
laptop adapter''®, liquid crystal display (LCD) TV
power supply!'”, LED lighting driver™, battery
] and photovoltaic system®™. The LLC

resonant converter is mainly responsible for electrical

charger

isolation, high energy density, and soft-switching

functions!?!

, contributing to an increased product
safety, low EMI and harmonic pollution, reduced
product weight, and high efficiency.

In this paper, the advantages of the LLC resonant
converter will be presented and its operating principles
will be analyzed. Moreover, this paper contains a
comparison of the different popular structures of LLC
resonant converters, an overview of the practical

applications of the LLC resonant converter in various

industries, and an indication of the future development
path of the LLC resonant converters.

The rest of this paper is organized as follows:
Section 2 elaborates on the advantages of the LLC
resonant converter; Section 3 shows the three most
popular LLC resonant structures used in industrial
applications; then, an overview of the LLC resonant
converter applications in various industries is
presented in Section 4; in Section 5, the future
direction of the LLC resonant converter is presented;

finally, the conclusion is presented in Section 6.
2 Advantages of the LLC resonant converter

A number of advantageous functions, which are
detailed below, can be achieved in the LLC resonant
converters without auxiliary circuits and special
control strategies.

2.1 ZVS turn-on

When the LLC resonant converter works in the
inductive region, the resonant current lags the input
voltage. Thus, when the switching state is changed, the
direction of the resonant current cannot be abruptly
changed, and the current continues to flow in the
original direction. At this time, due to the parasitic
capacitors at both ends of the switches, the resonant
current will discharge one of them (e.g. Cs;) and
charge the other one (e.g. Cs;), as shown in Fig. 3 (22]
When the parasitic capacitor is fully discharged, the
body diode (e.g. Ds;) is turned on. There is no
intersection between the voltages and the switching
current when the resonant current is reduced to zero
and the switch S; is turned on, hence no active power
is generated. Switching losses are avoided and
soft-switching is achieved.
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Fig. 3 Operation modes of the ZVS condition of S,

2.2 ZCS turn-off

The magnetizing inductor in the transformer
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periodically participates in the resonance, allowing for
the ZCS. As shown in Fig. 4, when the magnetizing
inductor does not take part in the resonance, the
resonant current flows into both the magnetizing
inductor and primary side of the transformer, and the
magnetizing inductor is clamped by output voltage
across the diode. Therefore, the diode is turned on and
the energy is transferred from the power source to the
load. When the resonant current is equal to the current
flowing through the magnetizing inductor, no current
flows through the primary side of the transformer, and
the diode rectifier on the secondary side of the
transformer is turned off due to the reverse voltage.
Therefore, the magnetizing inductor participates in the
resonance, which creates a period that avoids the
simultaneous conduction of two diodes, avoiding the
reverse recovery effect of the diodes. Thus ZCS
protects the switching devices and improves the
stability and efficiency of the LLC resonant converter.

Resonant current

I
ILm
—

Fig. 4 Operation modes of the ZCS condition

2.3 High efficiency

The LLC resonant converter can realize both
ZVS and ZCS, reducing switching losses and avoiding
the reverse recovery effect of the diodes. Therefore,
the losses of all switching components are reduced,
thus improving the overall efficiency of the converter.

2.4 Magnetic integration

Since the magnetizing inductor and resonant
inductor are integrated in the high-frequency transformer,
as shown in Fig. 5, the leakage inductor is fully utilized
in the LLC resonant converter[23], so that the LLC
resonant converter can not only achieve electrical
isolation and voltage conversion, but also save the

inductor costs, reducing the overall size of the
converter and increasing the energy density.
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Fig. 5 Magnetic integration of the resonant inductor,
magnetizing inductor and transformer
2.5 High energy density

Due to the high
transformer volume can be reduced. Besides, the

switching frequency, the
magnetizing inductor and resonant inductor are
integrated in the transformer, so the LLC resonant
converter is able to achieve a high energy density.

2.6 Electrical isolation

Due to the use of the high-frequency transformer,
the LLC resonant converter isolates the load from the
power supply. Therefore, the load cannot affect the
power grid, which prevents it from polluting the power
grid.

2.7 A wide output range

The LLC resonant converter can change the
switching frequency by pulse frequency modulation
(PFM) control, and then change the impedance of the
resonant elements, so that the gain is changed to
regulate the output according to the gain expression of
the LLC resonant converter

2
ST R 1L,
GLLC(S): 1 B 8’
—+er+L2RO//sLm
sC T

T

where 7 is the turns ratio of the transformer; R, is the
load; C; is the resonant capacitor value; L, is the
resonant inductor value; L, is the magnetizing
inductor value.

In this way, the LLC resonant converter can work
in different loading conditions. Even if the load
changes suddenly or the voltage source experiences a
certain failure, the LLC resonant converter can also
adjust the output voltage or output current by PFM
control to ensure operating stability and enhance its

adaptability.
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2.8 Low EMI and harmonic pollution

Because the waveform of the resonant current
is close to a sinusoidal wave, there is no voltage
and current spike on the diode rectifier, which
means that the LLC resonant converter has excellent
electromagnetic compatibility and low EMI and

harmonic pollution.

2.9 Low voltage stress

As the magnetizing inductor plays a filtering role,
an inductor filter is removedin the secondary side of
the transformer, and the voltage stress of the diode
rectifier is reduced.

3 Three popular LLC resonant structures
used in industrial applications

The LLC resonant converter has several main
structures used in industry applications, including the
half-bridge LLC resonant converter, the full-bridge
LLC resonant converter, and the three-level (TL) LLC

resonant converter.

3.1 Half-bridge LLC resonant converter

As shown in Fig. 6, the half-bridge LLC resonant
converter is composed of two switches, resonant
components, two diodes, and an output capacitor. The
half-bridge LLC
applied to the conditions with high input voltage and

resonant converter is always
low input current, and low output voltage and high
output current. This topology is widely used in EV
charging stations, LED lighting drivers, on-board
power grid, LCD TV power supplies, computer and

communication power supplies, microwave power

supplies, battery chargers, and wireless heating
systems.
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Fig. 6 The half-bridge LLC resonant converter topology

Compared with other LLC resonant converter
structures, the half-bridge LLC resonant converter has

the following advantages and disadvantages.

Advantages:

(1) The current flowing in the primary side of the
transformer flows in during the entire period, which
ensures the full use of the magnetic core and avoids
magnetic bias.

(2) The voltage stress in the primary side of the
transformer is low.

(3) The structure is simple and the component
costs are relatively low.

Disadvantages:

(1) The current stress through the switches and
primary side of the transformer is twice that of the
full-bridge LLC resonant converter, and will cause
large losses in the bridge capacitors.

(2) The current ripples in the secondary side of
the transformer are large, which may lead to voltage
spikes and oscillations.

(3) When the input voltage range is large, the
switching frequency range needs to be increased
accordingly. Thus, the potential high input will cause
excessively high switching frequency and will
intensify the adverse effects of the parasitic parameters,
which may affect the converter system.

(4) In order to adapt to a wide range of input
voltages, the magnetizing inductor is required to be
small, which causes increasing resonant current, so
that the conduction loss and hysteresis loss would
increase, hence reducing the converter efficiency.

(5) With a wide input voltage range, if only
selecting the power devices with high voltage
tolerance, the conduction losses at the low-voltage
state will also increase significantly, which will reduce

the overall efficiency of the converter.

3.2 Full-bridge LLC resonant converter

As shown in Fig. 7, the full-bridge LLC resonant
converter is composed of four switches, resonant
components, two diodes, and an output capacitor. This
converter is suitable for high and medium power
transfers. This topology is widely used in EV charging
stations, photovoltaic systems, battery chargers,
welding systems, computer and communication power
induction heating and X-ray

supplies, systems,

machine power supplies.
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Fig. 7 The full-bridge LLC resonant converter topology

Compared with other LLC resonant converters,
the full-bridge LLC resonant converter has the
following advantages and disadvantages.

Advantages:

(1) It has continuous input current and small
current ripple, which can reduce the EMI pollution and
improve the reliability of the converter.

(2) The switches’ voltage and current stresses are
low, thus this type of converter is suitable for medium
and high-power conditions.

Disadvantages:

(1) The topology structure and peripheral circuits
are complex, leading to complex design.

(2) It requires four switching drivers, thus the
cost of switch components is very significant.

(3) The current ripple in the secondary side of the
transformer is large, and there may be problems with
voltage spikes and oscillations.

3.3 TL-LLC resonant converter

As shown in Fig. 8§, the TL-LLC resonant
converter is composed of four switches, resonant
components, four diodes, and three capacitors. The
TL-LLC resonant converter is always applied to high
power conditions with a wide output range. This
topology is widely used in EV charging stations.
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Fig. 8 The TL-LLC resonant converter topology

Compared with other LLC resonant converters,
the TL-LLC resonant converter has the following

advantages and disadvantages.

Advantages:

(1) The voltage stress on the switches is reduced
to half of the input voltage, thus it is suitable for high
power conditions and for use in narrowing the
switching frequency range (24]

(2) Low harmonic in the output voltage.

Disadvantages:

(1) There are four dead times to be designed,
leading to complex preparatory work.

(2) The TL-LLC resonant converter structure has
4 diodes and requires 4 switches, which also increases
the complexity of the converter.

(3) In order to achieve a stable output voltage
with a low voltage input, a large voltage gain is
required. However, the efficiency at a low voltage
input is low, and the stress of the resonant elements is
large, so it can only solve the problem of input

fluctuation in a small range 23]

4 LLC resonant converter uses in industry

As an advantageous topology with electrically
isolated features, a soft-switching function, high
energy density, and high-frequency operation potential,
the LLC resonant converters are widely used in EV
charging stations, LED lighting drivers, photovoltaic
systems, LCD TV power supplies, and other practical

products.

4.1 LLC resonant converter for LED light driver

Due to its small size, long lighting life, low

energy losses, environmental-friendliness, high
adjustability, and wide applicability, LED lighting has
been recognized as the most promising lighting

solution?*2"!,

However, LED drivers based on
uncontrollable rectifier bridges have various defects,
leading to energy losses, and EMI and harmonic
pollution (28] Therefore, it is imperative to design an
LED driver with wide adaptability, high stability, and
low energy losses. As an extremely important part of
the LED lighting equipment, the LED driver also
needs to have a small size, high energy density, low
economic cost, and high electromagnetic compatibility.
Therefore, the LLC resonant converter is widely used
in LED driving devices (291,

Generally, in order to adapt to the household AC
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power, a Boost power factor correction (PFC)
converter is connected in front of the LLC resonant
converter to form a two-stage structure aimed to
improve the power factor and reduce the EMI and

harmonic pollution[30'3l].

The widely used Boost
structures include the traditional Boost PFC converter
and interleaved parallel Boost PFC converter, as
shown in Figs. 9-10. The second-stage LLC resonant
converter is responsible for producing constant current

and electrical isolation.
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Fig. 9 LED driver of Boost PFC + LLC resonant converter
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Fig. 10 LED driver of interleaved Boost PFC + LLC

resonant converter

4.2 LLC resonant converter in LCD TV

LCD TVs have been developed because of their
environmental-friendliness and excellent display
effects %, Due to the demand for thin and light LCD
TVs, manufacturers have put forward high
requirements for their built-in power supplies,
including small size, small interference, and light
weight, especially for the large-size (more than 101.6
cm) LCD TVs . Because of the high power, it is
difficult to meet these requirements with traditional
converter solutions such as flyback or forward
converters. The high switching frequency enables the
transformer in the LLC resonant converter to achieve
small size, light weight, and -electrical isolation,
reducing harmonics and EMI pollution. Moreover, since
the LLC resonant converters can perform soft switching,
they can achieve high efficiency. Therefore, power
supply systems based on the LLC resonant converter are
widely used in LCD TV power supplies **>°.

In order to adapt to commercial power, an

AC-DC converter is usually added in front of the LLC

resonant converter to achieve power factor correction,
realize a wide range of input, and increase the voltage
level to 400 V P31 As shown in Fig. 11, the structure of
a first-stage Boost PFC converter and second-stage
half-bridge LLC resonant converter is the most
popular topology, in which the LLC resonant converter
is responsible for reducing the voltage to 24 V, 12 V or
5.5 'V, respectively, and achieving safe -electrical

isolation.
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Fig. 11 LCD TV power supply of Boost PFC + half-bridge

LLC resonant converter

4.3 LLC resonant converter in an EV charging
station

Thanks to their low environmental contamination
and clean energy consumption, electric vehicles are
becoming the future of the transportation system "¢,
However, the development of EV charging piles is
constrained by the charging technology, including
sufficient driving mileage, high-power and fast
charging, and convenient charging devices 2%,
When designing EV chargers, because of the charging
devices’ high power level and high switching
frequency, energy losses in the EV chargers cannot be
overlooked. Additionally, considering the construction
cost of the integrated power stations, the converter
devices cost cannot be excessive and the EV charging
stations volume must be as small as possible *°\. Thus,
the charging converter needs to have high efficiency,
high energy density, light weight, high reliability, and
401, Therefore, with their

soft-switching function, high magnetic integration,

excellent shock resistance

wide output range, and high efficiency, the LLC
resonant converters play a significant role in the
electric vehicle chargers '),

In order to adapt to the working conditions of a
wide-range input and output, a Boost PFC + LLC
two-stage topology is usually applied to the on-board
controller (OBC) ™). The Boost-stage boosts the
wide-range input voltage of 200-400V to the bus

voltage of 410 V, improving the power factor and
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eliminating the EMI pollution, while the LLC resonant
stage is responsible for wide-output range, high
efficiency, and electrical isolation. Moreover, the
Bidirectional (Bi) OBC has gained attention with its
forward mode charging and reverse mode outputting
AC voltage to the power grid.

(1) OBC of Boost PFC + full-bridge LLC
resonant converter.

As shown in Fig. 12, the single-phase Boost
converter has a simple structure and low hardware
cost, and is suitable for high voltage, but the current
stress and current ripple are large with a huge filter

volume.

Full-bridge

Boost PFC LLC
converter resonant

converter

Fig. 12 OBC of Boost PFC + full-bridge LLC resonant

converter

(2) OBC of bridgeless PFC + full-bridge LLC
resonant converter.

As shown in Fig. 13, the bridgeless converter has
a high efficiency advantage, because it does not have a

rectifier bridge, but the power factor is difficult to
improve and the current ripple is large. This
topology is suitable for wide input range. However,
the common mode EMI of the bridgeless PFC
converter is large, and in order to achieve accurate
control, it is necessary to use expensive Hall
sensors. Thus, some scholars and engineers suggest
using the differential sampling method to reduce the

manufacturing cost.
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Fig. 13 OBC of bridgeless Boost PFC + full-bridge LLC

resonant converter

(3) OBC of bridgeless Boost PFC + LLC resonant
converter with double transformers.

As shown in Fig. 14, double transformers are able
to reduce the transformer’s high and improve the
energy density. Besides, it is easy to regulate it in
practice. However, the double transformers also
increase OBC’s volume and weight.
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Fig. 14 OBC of bridgeless Boost PFC + full-bridge LLC resonant converter with double transformers

(4) OBC of interleaved parallel Boost PFC +
full-bridge LLC resonant converter.

As shown in Fig. 15, the first-stage interleaved
parallel Boost PFC converter has the following
advantages: (D it has a high energy density and
small current ripple; @ it can reduce the current
switches stress, which is responsible for stabilizing
the output voltage from the wide-range input; @ it
can significantly reduce the inductor and capacitor
values in the converter; @ the input current is
shared by two channels, which is more conducive to
a small radiator design and it improves the converter
reliability. However, it still suffers from the large
equivalent series resistance, leading to unnecessary

energy loss.

Full-bridge
LLC
resonant
converter

Interleaved
Boost
converter

Fig. 15 OBC of interleaved parallel Boost PFC converter and

full-bridge LLC resonant converter

(5) Bi-OBC of Bi-LLC resonant converter.

As shown in Fig. 16, the Bi-LLC resonant
converter can achieve a wide range of bidirectional
output and high bidirectional efficiency, and it replaces
two converters, thus reducing the converter volume
and further improving the energy density 4 However,
it is complicated to appropriately tune or design the
parameters. When working in full-power or low-output

condition, a large reactive power flows in the resonant
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network, and the resonant and switch-off currents are
both large. Besides, the increase in the number of

By & %csz
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magnetic components leads to a decrease in energy

density and an increase in energy losses.

I T ISq]
Sfm & T &
L, LT TT

Dss Css [Dgg Cs

= [J&,

mrzz q Vi L

7Ds7 Cs7

Fig. 16 OBC of Bi-LLC resonant converter

4.4 LLC resonant converter in photovoltaic systems

Given the energy crisis, photovoltaic power
generation has been widely used and industrialized,
due to its environmental-friendliness™. As an
essential part of the photovoltaic system, the
photovoltaic grid-connected inverter is the key to
improving the efficiency and reliability of the whole

photovoltaic power generation system, extend its

46-47
(4647, However,

lifespan and reduce economic costs
due to the parasitic capacitor between the photovoltaic
panel and the ground, current leakage will occur,
which not only poses a threat to human safety, but also
damages the electronics components. Therefore, the
electrical isolation of the photovoltaic systems is
necessary[48]. Since the LLC resonant converter can
realize the soft-switching of power devices, electrical
isolation and magnetic integration, it can greatly

reduce the switching losses of power devices,
significantly improving efficiency, expanding the
devices’ life cycle, and improving the power quality
and safety %,

The photovoltaic inverter includes three parts: the
DC-DC Boost PFC stage, the DC-DC LLC resonant
stage, and the DC-AC inverter stage.

(1) Photovoltaic inverter system of Boost PFC +
full-bridge LLC resonant converter + full-bridge
inverter.

The structure of a typical LLC photovoltaic
17. The

DC-DC Boost converter is responsible for boosting the

grid-connected inverter is shown in Fig.

wide-range input from the solar cell array and realizing
the maximum power point tracking (MPPT) %, The
LLC resonant converter is responsible for the high
frequency operation and electrical isolation. The
inverter is connected to the power grid and provides

the power to the load.
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Fig. 17 Photovoltaic inverter system of Boost PFC +

full-bridge LLC resonant converter + full-bridge inverter

(2) Photovoltaic system of interleaved parallel
Boost PFC + full-bridge LLC resonant converter +
full-bridge inverter.

As shown in Fig. 18, the interleaved Boost
converter is able to raise the wide-range output voltage
from the photovoltaic array to the rated bus voltage,
track the maximum power point, and reduce the filter

size.

Full-bridge

LLC Full-bridge
resonant inverter

converter

Interleaved
Boost
converter

Fig. 18 Photovoltaic system of interleaved parallel Boost PFC
+ full-bridge LLC resonant converter

(3) Photovoltaic system of Boost converter +
Bi-LLC resonant converter + full-bridge inverter.
19, the bidirectional LLC

resonant converter has the capability of a bidirectional

As shown in Fig.

power flow, regulating power, achieving electrical
isolation, recovering energy, and maintaining the
stability of the photovoltaic system. Besides, the
inverter plays the role of peak cut, feeding excess

energy to the load or power grid.

+ +

Boost BI-LLC Full-bridge

resonant .
converter mverter
converter

Fig. 19 Photovoltaic system of Boost converter + Bi-LLC

resonant converter + full-bridge inverter
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4.5 LLC resonant converter in other industrial
applications

(1) Since an LLC resonant converter can achieve
wide output and input ranges, it is suitable for power
supply in gas shielded welding, wireless heating,
X-ray machine, and battery charger.

(2) Due to the light-weight characteristics of the
LLC resonant converter, it is also suitable for power
conversion in aviation, communication and computers.

(3) The LLC resonant converter is capable of
electrical isolation and eliminating the EMI pollution,
so it is also suitable as a DC-DC converter in a

microgrid system and microwave.

5 The future evolution of the LLC resonant
converter

Although the research on the LLC resonant
converter has been very extensive, there are still a lot
of open topics for research in this area.

(1) The applications of SiC and GaN devices.

Silicon-based devices require multiple components
to be connected in parallel or in a series to ensure the
stability and reliability of converters, resulting in
increased device costs and increased switching
losses.

SiC-based devices with better voltage withstanding
characteristics, wide band gap, high drift saturation
speed, high thermal conductivity, and high critical
breakdown electric field can be wused for better

(51-52], Thus, silicon-based devices can be

performances
replaced by SiC-based devices to reduce the number of
devices and further improve the efficiency and
stability of the converters ). Besides, SiC devices are
conducive to the further evolution of the power
electronic converters towards light weight, small size,
and modularization, laying a solid foundation for a
technological breakthrough in photovoltaic inverters
and energy storage converters in distributed power and
microgrid applications (54

The GaN device has a small on-voltage threshold
range, fast switching, no reverse recovery loss, low
on-resistance, and good high-frequency characteristics,
and is able to switch voltage of hundreds of volts in a

few nanoseconds™>"!

, which can replace silicon-
based equipment even in high-frequency conditions of

over 1 million Hz.

(2) The balance between radiator and transformer.

Due to the high switching frequency, high-
frequency transformers can be applied to the LLC
resonant converter, reducing the size of the transformer.
However, the increase in the switching frequency will
result in increased switching losses and larger radiator
devices, which would lead to an increase in the size of
the radiation system!®®. Therefore, it is necessary to
seek an appropriate trade-off between the transformer
volume and the radiator volume to further optimize the
energy density of the converter system.

(3) Magnetic integration technology.

A large number of magnetic components will
cause reduced energy density and increased losses,
especially in Bi-LLC resonant converters. Therefore, it
is important to use magnetic integration technology to
combine multiple discrete magnetic components into
an integrated magnetic component, and reduce the
volume and weight of the converter to reduce energy
losses and output ripples, and to improve the overall
performance of the converter.

(4) Trade-off between switching and circulating
conduction losses.

When the converter works at the resonant point,
the efficiency is the highest, and the circulating current
is small. However, when the switching frequency is
changed, and the operating point moves from the
resonant point to the sub-resonant region, the
switching loss decreases and the circulating current
increases, which causes increased conduction loss.
When the operating point moves to the super-resonant
region, the circulating current decreases, but the
secondary fails to realize ZCS, which causes increased
switching losses. Therefore, it needs to be carefully
evaluated in a small operating region with a narrow
gain range and high efficiency. Loss distribution near
the resonant point should also be considered in order
to optimize the system design.

6 Conclusions

In this paper, the history of the LLC resonant
converter is reviewed. Then, the advantages of the
LLC resonant converters and details of the three most
common LLC resonant converter topologies are
specifically analyzed, including the half-bridge LLC
resonant converter, the full-bridge LLC resonant



82

Chinese Journal of Electrical Engineering, Vol.6, No.3, September 2020

converter, and the TL-LLC resonant converter, with

their respective advantages and disadvantages in

industrial applications. Moreover, the LLC resonant

converter

applications in various industries are

reviewed, mainly including LCD TV power supply,

LED driver, photovoltaic system, and OBC. Finally,

the future evolution of the LLC resonant converter

technology is discussed and predicted.
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