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Abstract: In this paper, a new constant-frequency quasi-resonant converter is proposed. Compared
with the traditional LLC converter, the proposed converter can effectively reduce the range of the
operating frequency. The output voltage is changed to adjust the reactance of the resonant cavity.
The proposed converter has a better loss factor. To verify the theoretical analysis and soft-switching
condition, a 250 W, 100 V output prototype was built and compared with the full-bridge LLC converter.
Analysis and experimental results verify that a smaller operating frequency range and volume of
the transformers, a soft-switching condition, and a higher overall efficiency are achieved with the
proposed converter.

Keywords: constant frequency; quasi-resonant; switch-control-capacitor (SCC); zero voltage
switching (ZVS); zero current switching (ZCS); smaller volume; higher overall efficiency

1. Introduction

Given the environmental issues that are induced by the deployment of fossil fuels, renewable
energy sources (RES) are widely adopted in today’s electric grids. It is necessary to develop efficient
and high-performance grid-interactive inverters to interface the RES into the grid [1,2]. To facilitate the
integration of multiple RES simultaneously, parallel power electronic interface inverters are usually
employed at the same time, and sometimes microgrids can be formulated so that dispersed sources
and loads can be managed and controlled in a specific region [3,4].

The LLC resonant converter shown in Figure 1 has been widely applied in the field of
isolated DC/DC transformation, for example, power adapter, communication power, etc. The LLC
resonant converter achieves a first-side MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor)
zero-voltage-switch (ZVS), and a secondary-side rectifier diode zero-current-switch (ZCS), improving
the efficiency of the converter [5]. The LLC converter has an excellent efficiency factor in resonant
point, but the overall efficiency is lower [6–8].

In recent years, with the rise of renewable energy and electric vehicles, LLC resonant converters
have been widely applied in high-power fields, and new problems have appeared.

The input and output voltages of the traditional LLC resonant converter are relatively fixed,
and the converters work at the rated work point. In photovoltaic applications, the input voltage
is not constant whereas the output voltage is constant. In electric vehicle charging applications,
the input voltage is constant, the output voltage is not constant, and the load is not constant [9].
These characteristics introduce new requirements for the voltage regulation capability of LLC
converters. Previous studies focused on using a staggered parallel system to increase the load gain
and capacity of the converter [10]. In [11], additional resonant networks were introduced to increase
the boost gain through multiple tap transformers. In [12], the characteristic curve of voltage regulation
was changed by adjusting the topological structure.
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Figure 1. Conventional isolated LLC resonant converter. 

New resonant converters, such as LCC shown in Figure 2 and LCLC converters, have been 
widely used in industrial applications [13–15]. LCC converters gave better load-adjustment 
characteristics than the LLC converters, but have the disadvantage of significantly changing the 
switching frequency. A fixed frequency LCC resonant converter is proposed by some scholars, which 
has the advantages of a simple control circuit, simple design of magnetic components, and so on. 
However, the fixed frequency LCC resonant converter easily loses the ZVS operation state when the 
input voltage is increased or the load is decreased [16]. 
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Figure 2. Conventional isolated LCC resonant converter. 

A high-efficiency LLC converter with two split resonant branches is proposed in [8]. It offers 
two operating modes to obtain a wide range voltage gain. A half-bridge (HB) LLC converter with a 
single control scheme using one additional switch and small-sized magnetizing LCC was proposed 
in [17]. The resonant capacitance was changed by turning on or off one additional switch. In [18], a 
new control method where the effective duty ratio was used not to regulate the output voltage, but 
to minimize the power loss under light-load conditions for the flyback (FB) LLC resonant converter. 
In conclusion, the frequency modulation mode of the resonant converter, such as the LLC, causes the 
converter to change the switching frequency to satisfy the voltage regulation requirement, and the 
actual operating frequency is often 0.5 to three times of the resonant frequency. The iron core is 
decided by the minimum operating frequency. Increasing the minimum working frequency is an 
effective way to reduce the volume of iron core. 

The SC (switched-capacitor) structure is widely used to improve the performance of resonant 
converters. In [19,20], a quasi-switched-capacitor (QSC) resonant converter was proposed to get a 
higher power density and efficiency for isolated DC/DC conversion. In [21], a quasi-resonant buck 
converter was proposed to achieve ZVS and an improved voltage gain range. 

This paper proposes a constant-frequency LLSC quasi-resonant converter. The resonant 
capacitor is connected with a set of MOSFET (metal oxide semiconductor field effect transistor) in 
reverse series in parallel to adjust the equivalent capacitance in the resonant cavity and adjust the 
reactance. The converter adjusts the output voltage by changing the drive delay. The primary-side-
MOSFFETs work in the ZVS condition. The additional MOSFETs have an excellent loss factor. 
Compared with the LLC converter, the proposed converter has a better overall efficiency. 

This paper is divided into the following sections. Section 2 provides an improved topology to 
describe the commutation process. Section 3 describes the voltage gain factor. Section 4 describes the 

Figure 1. Conventional isolated LLC resonant converter.

New resonant converters, such as LCC shown in Figure 2 and LCLC converters, have been widely
used in industrial applications [13–15]. LCC converters gave better load-adjustment characteristics
than the LLC converters, but have the disadvantage of significantly changing the switching frequency.
A fixed frequency LCC resonant converter is proposed by some scholars, which has the advantages
of a simple control circuit, simple design of magnetic components, and so on. However, the fixed
frequency LCC resonant converter easily loses the ZVS operation state when the input voltage is
increased or the load is decreased [16].
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A high-efficiency LLC converter with two split resonant branches is proposed in [8]. It offers 
two operating modes to obtain a wide range voltage gain. A half-bridge (HB) LLC converter with a 
single control scheme using one additional switch and small-sized magnetizing LCC was proposed 
in [17]. The resonant capacitance was changed by turning on or off one additional switch. In [18], a 
new control method where the effective duty ratio was used not to regulate the output voltage, but 
to minimize the power loss under light-load conditions for the flyback (FB) LLC resonant converter. 
In conclusion, the frequency modulation mode of the resonant converter, such as the LLC, causes the 
converter to change the switching frequency to satisfy the voltage regulation requirement, and the 
actual operating frequency is often 0.5 to three times of the resonant frequency. The iron core is 
decided by the minimum operating frequency. Increasing the minimum working frequency is an 
effective way to reduce the volume of iron core. 

The SC (switched-capacitor) structure is widely used to improve the performance of resonant 
converters. In [19,20], a quasi-switched-capacitor (QSC) resonant converter was proposed to get a 
higher power density and efficiency for isolated DC/DC conversion. In [21], a quasi-resonant buck 
converter was proposed to achieve ZVS and an improved voltage gain range. 
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MOSFFETs work in the ZVS condition. The additional MOSFETs have an excellent loss factor. 
Compared with the LLC converter, the proposed converter has a better overall efficiency. 
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Figure 2. Conventional isolated LCC resonant converter.

A high-efficiency LLC converter with two split resonant branches is proposed in [8]. It offers
two operating modes to obtain a wide range voltage gain. A half-bridge (HB) LLC converter with
a single control scheme using one additional switch and small-sized magnetizing LCC was proposed
in [17]. The resonant capacitance was changed by turning on or off one additional switch. In [18],
a new control method where the effective duty ratio was used not to regulate the output voltage, but to
minimize the power loss under light-load conditions for the flyback (FB) LLC resonant converter.
In conclusion, the frequency modulation mode of the resonant converter, such as the LLC, causes the
converter to change the switching frequency to satisfy the voltage regulation requirement, and the
actual operating frequency is often 0.5 to three times of the resonant frequency. The iron core is decided
by the minimum operating frequency. Increasing the minimum working frequency is an effective way
to reduce the volume of iron core.

The SC (switched-capacitor) structure is widely used to improve the performance of resonant
converters. In [19,20], a quasi-switched-capacitor (QSC) resonant converter was proposed to get
a higher power density and efficiency for isolated DC/DC conversion. In [21], a quasi-resonant buck
converter was proposed to achieve ZVS and an improved voltage gain range.

This paper proposes a constant-frequency LLSC quasi-resonant converter. The resonant capacitor
is connected with a set of MOSFET (metal oxide semiconductor field effect transistor) in reverse
series in parallel to adjust the equivalent capacitance in the resonant cavity and adjust the reactance.
The converter adjusts the output voltage by changing the drive delay. The primary-side-MOSFFETs
work in the ZVS condition. The additional MOSFETs have an excellent loss factor. Compared with the
LLC converter, the proposed converter has a better overall efficiency.
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This paper is divided into the following sections. Section 2 provides an improved topology to
describe the commutation process. Section 3 describes the voltage gain factor. Section 4 describes the
switching condition. In Section 5, comparisons are made on the efficiency factor, loss, and volume of
iron core. Section 6 makes conclusions.

2. The Proposed LLSC Converter and Its Operational Principle

In this chapter, the structure of the LLSC is proposed and is shown in Figure 3. Cr is connected in
parallel with a group of inverse series MOSFET to form an adjustable capacitance. The bypass branch’s
forward conduction condition is the conduction of the forward MOSFET and body diode of the reverse
bypass MOSFET.

Energies 2018, 11, x 3 of 14 

 

switching condition. In Section 5, comparisons are made on the efficiency factor, loss, and volume of 
iron core. Section 6 makes conclusions. 

2. The Proposed LLSC Converter and Its Operational Principle 

In this chapter, the structure of the LLSC is proposed and is shown in Figure 3. Cr is connected 
in parallel with a group of inverse series MOSFET to form an adjustable capacitance. The bypass 
branch’s forward conduction condition is the conduction of the forward MOSFET and body diode of 
the reverse bypass MOSFET. 

Q1 Q2

Q4 Q3

Q5 Q6

Lr

Cr

D1 D2

D3D4

Lm
C0 R0Vin

 

Figure 3. A novel LSCC converter. 

The full-bridge have a set of complementary drivers with dead zones, which is the same as an 
LLC converter. Different from LLC converters, the operating frequency of the LLSC converter’s Q1–
Q4 is constant. The additional MOSFET’s Q5 and Q6 have another set of complementary drivers, 
whose operating frequency is the same as Q1–Q4’s. 

Because the operating frequency of the LLSC converter does not change, the working range is 
divided by the way of the boost mode and the buck mode. Figure 4 shows the key waveforms of the 
LLSC converter. Figure 5 shows the equivalent circuits for each switching state. 

 
Figure 4. Commutation process of the LLSC converter in the boost mode. 

Boost mode: State 1 [t0–t1] (Figure 5a): Before t0, switches Q2 and Q4 are turned on. At t0, Q2 and 
Q4 are turned off. The forward bypass MOSFET Q5 keeps a high driver. Because the resonant 
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Figure 3. A novel LSCC converter.

The full-bridge have a set of complementary drivers with dead zones, which is the same as
an LLC converter. Different from LLC converters, the operating frequency of the LLSC converter’s
Q1–Q4 is constant. The additional MOSFET’s Q5 and Q6 have another set of complementary drivers,
whose operating frequency is the same as Q1–Q4’s.

Because the operating frequency of the LLSC converter does not change, the working range is
divided by the way of the boost mode and the buck mode. Figure 4 shows the key waveforms of the
LLSC converter. Figure 5 shows the equivalent circuits for each switching state.
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Figure 5. Conduction circuit of the LLSC converter in the boost mode. (a) Stage 1; (b) Stages 2, 3 and 5;
(c) stage 4; and (d) Stage 6.

Boost mode: State 1 [t0–t1] (Figure 5a): Before t0, switches Q2 and Q4 are turned on. At t0,
Q2 and Q4 are turned off. The forward bypass MOSFET Q5 keeps a high driver. Because the resonant
capacitor’s voltage is negative, the body diode of the reverse bypass MOSFET cannot conduct, so the
bypass branch is not conducted, the resonant capacitor is involved in the resonance, and the capacitor
voltage is increasing. The current reversely flows through the body diode and continuously decreases.
When the secondary diodes, D1 and D3, are conducted, the field inductor, Lm, is clamped by the output
voltage, and the field current is linearly reduced. During this period, the ZVS is achieved.

State 2 [t1–t2] (Figure 5b): Q1 and Q3 are turned on, and the voltage in the resonant cavity becomes
positive. The resonant current decreases. At t2, the resonant current is zero and the resonant capacitor’s
voltage reaches its peak.
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State 3 [t2–t3] (Figure 5b]: The capacitor’s voltage decreases with the increase of resonant current.
At t3, the capacitor’s voltage is zero. The body diode of the reverse bypass MOSFET conduct.
The resonant capacitor is bypassed.

State 4 [t3–t4] (Figure 5c]: Because of the exit of the resonant capacitor, the resonant current
decreases in a line. At t4, the forward bypass MOSFET Q5 is given a low driver and is turned off.
The resonant capacitor participates in the resonance. The reverse bypass MOSFET is given a high
driver. Because the resonant capacitor’s voltage is positive, the body diode of the forward bypass
MOSFET cannot conduct.

State 5 [t4–t5] (Figure 5b]: The resonant current decreases. At t5, the resonant current and field
current are equal. The circuit enters the intermittent state. The field inductor, Lm, is no longer clamped
by the output voltage, and participates in the resonance.

State 6 [t5–t6] (Figure 5d]: The circuit works in the intermittent state. At t6, Q1 and Q3 are turned
off. The circuit enters the dead time. The parasitic capacitors of the MOSFETs perform the energy
conversion under the field current, which is a preparation for the ZVS.

Because of the symmetry of the full bridge converter, the lower half cycle is identical to the
upper half.

Buck mode: The difference between the boost and buck modes is the driver delay of Q5 and Q6.
The length of the delay is related to the load and the resonance parameters. The commutation process
is similar to the boost mode, which is not mentioned in this article.

3. Voltage Gain Characteristic of the LLSC Converter

In Section 2, the operational principle of the LLSC converter is described. In this section,
the voltage gain and soft-switching of the LLSC converter are discussed.

3.1. The Relationship between Equivalent Capacitance and Driver Delay

The SC structure was first proposed in [22]. The principle of the work is not described in detail in
this article. The working state of the SCC can be divided into two categories: Full wave and half wave.
Because the use of the SC is used as a resonant capacitor, the full wave switch-control-capacitor (SCC)
structure is adopted in this paper.

The equivalent capacitance of a full wave SCC are derived as follows and is shown in Figure 6:

Ce

C
=

1
2− (2α− sin 2α)/π

(1)

where Ce is the equivalent capacitance and C is the basic capacitance.
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There are two linear regions that can be chosen. The first one is gentle, but has a small-range.
The second one is steep, but has a large range. It is necessary to select the appropriate linear region by
combining the voltage gain model.

3.2. The Relationship between the Voltage Gain and Equivalent Capacitance

After we simplify the SCC structure, the LLSC converter has the same structure as the LLC
converter. Therefore, the fundamental harmonic analysis (FHA) model can be used to describe the
voltage gain of the LLSC converter.

The LLC’s gain of the FHA model can be expressed by the following equation:

G =
nVo

Vin
=

1√[
1 + 1

k

(
1− f 2

r
f 2
s

)]2
+
(

fs
fr
− fr

fs

)2
Q2

(2)

where k = Lm
Lr

, Q =

√
Lr
Cr

Rac
, fr =

1
2π
√

LrCr
.

The FHA model describes the relationship between the voltage gain and operating frequency.
The LLSC converter is a constant frequency converter, and the FHA should describe the relationship
between the voltage and the equivalent capacitance. Therefore, some changes should be made for the
FHA model.

G =
1√[

1 + 1
k (1− x2)

]2
+
(

1
x − x

)2
Q2

(3)

where x = 1
2π
√

LrCr fs
.

Equation (3) has two free degree, x and Q, which contain Cr. With the increase of Cr, x decreases.
Therefore, the gain curve of the LLSC converter has the same trend as the LLC converter. The voltages
are shown in Figure 7.
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From Figure 7, it is clear that a small range of the equivalent capacitance is needed to achieve the
remainder of the voltage adjustment. Therefore, the linear region 1 is selected for the LLSC converter.

4. The Soft Switching Character of the LLSC Converter

For the LLC converter, the turn-off current and operating frequency are the influential factor of
the loss. The ZVS condition must be achieved to achieve a high efficiency. The LLSC converter works
at a constant operating frequency that has some different characteristics to the LLC converter.
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4.1. The ZVS Character of the LLSC Converter

There are six MOSFETs, which are divided in two sets (Q1–Q4) (Q5, Q6). The first set’s work
condition is similar to the LLC converter. To achieve the ZVS, enough positive resonant current should
be satisfied. From the impedance’s angle, the resonant cavity must be inductive. In the design of
the LLC converter, the minimum operating frequency is set to ensure that the circuit has enough
forward resonant current to achieve the ZVS. In the FHA model, the ZVS problem is described in the
following form:

There are two resonant points in the FHA model, which are named as the first resonance point and
the second resonance point. The first means that only Lr and Cr participate in the resonance. The second
means that Lr, Cr, and Lm participate in the resonance. At the second resonance, the resonant cavity’s
impedance is zero. The minimum operating frequency must be higher than the second resonance point.
However, in fact, the minimum operating frequency can only guarantee the direction of the resonant
current, which can not guarantee enough resonant current. In the case of operation, the possibility of
ZVS failure exists in the LLC converter.

For the LLSC converter, the ZVS problem is decided by the means of the basic capacitance, C.
The LLSC changes the resonant cavity’s equivalent impedance through the bypassing of the resonant
capacitor. When the bypass branch does not work, the capacitive impedance is the largest. This means
the basic capacitance decides the ZVS condition. If a suitable capacitance value is selected, the converter
keeps the ZVS state in the full range of work. This is the first advantage of the LLSC converter compared
with the LLC converter.

4.2. The Turn-Off Loss of the LLSC Converter

The shut down current and operating frequency are two main factors that affect shut down loss.
In the boost mode, the turn-off loss occupies most of the loss. Reducing the shut down current is

an effective means to reduce the turn-off loss. Compared with the LLC converter, the LLSC converter
can offer a smaller shut down current.

The resonant current can be divided into three parts. The first part represents the stage in which
the capacitance is involved in the resonance. This part can be described in the following equation:

Ir = ws Irmax (4)

where ws =
1√

LrCr
.

Compared with the LLC converter, the LLSC converter has a smaller resonant capacitance,
which can offer a faster change rate of the resonant current. In the first part, the LLSC converter can
transfer more power.

In the second part, only the resonance inductor participates in the resonance and the resonant
current tends to be gentle.

In the third part, the resonance inductor and excitation inductor participate in the resonance.
From Figure 8, the LLSC converter’s turn-off current is smaller than that of the LLC converter’s.
In the buck mode, the LLSC converter works at a lower operating frequency that can effectively

reduce turn-off loss.
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4.3. The Loss Character of the LLSC Converter’s Additional MOSFETs

The forward bypass branch consists of the forward MOSFET and the body diode of the reverse
bypass MOSFET. Therefore, the forward conduction conditions are that the forward MOSFET has
a high driver, the resonant cannot have a negative voltage, and the resonant current must be positive.
The waves are shown in Figure 9.

At t1 point, the forward MOSFET has a high driver. The forward bypass branch cannot conduct
because the resonant current is negative. At t2 point, the resonant current is positive and the resonant
capacitor’s voltage decreases to zero. The bypass branch conducts. At t3 point, the forward MOSFET
has a low driver and turn-off.

This mode of work leads to a small switching loss. The conduction loss is the main factor of
additional MOSFETs.
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5. The Comparison between the LLSC Converter and LLC Converter

A LLSC converter prototype was built to verify the impedance voltage regulation method.
The final parameters of the LLSC converter and LLC converter are listed in Table 1. To verify the
voltage gain curve trend of the LLSC converter, a small value capacitance was selected.

Table 1. Experiment parameters.

Parameters LLSC LLC

Input voltage 200 V 200 V
Output voltage 50–250 V 50–250 V

Resonant inductance 50 uH 50 uH
Resonant capacitor 20 nF 50 uF

Magnetic inductance 100 uH 100 uH
Transformer ratio 2:1 2:1

Operating Frequency 100 kHz 65–300 kHz
Power rating 250 W 250 W

The output voltage was changed by adjusting the driver delay of Q5 and Q6. In the experiment,
the driver delay increases 5% of the period per time. Figure 10 shows the relationship between the
voltage gain and drive delay. The output voltage first increases and then decreases with the increase in
capacitance, which is consistent with the analysis in Section 3.
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Figure 11 shows the curves in the steady state. The first curve is the driver of Q1, and the second
curve is the driver of Q5. The third curve is ILr.
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Figure 12 shows the curves in the switching diagram. The first curve is the voltage of the resonant
capacitor, and the second curve is the driver of Q5. The third curve is ILr, and the fourth curve is the
current of the bypass branch.
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To better demonstrate the advantage of the constant frequency converter in the design of magnetic
original parts, a comparison of transformer and converter loss were made.



Energies 2018, 11, 1961 11 of 14

The magnetic core geometric constant method (Kg) was used to design a transformer.
The apparent power of the iron core is the sum of the primary side and the secondary side power:

Pt = Ptp + Pts (5)

Ke can be described as the following equation:

Ke = 0.145K2
f f 2B2

AC × 10−4 (6)

where K f = 4.44, BAC = 0.05.
Kg can be described as the following equation:

Kg =
Pt

2Keα
(7)

where α = 0.5% means the adjustment rate.
According to Kg, the suitable iron core was chosen. The iron loss can be expressed by the

following equation:
PFe = (mW/g)

(
WtFe × 10−3

)
(8)

The following equation is used to estimate the wire turns, which are related to the copper loss:

J =
Pt × 104

K f KuBAC f AP
(9)

Np =
Vp × 104

K f BAC f Ac
(10)

Ap and Ac come from the parameters of the iron core.
From Table 2, it is clear that the LLSC converter uses a smaller volume, lighter weight, and fewer

wire turns transformer, which means a smaller loss.

Table 2. Magnetic substance parameters.

Parameters LLSC LLC

Power rating 250 W 250 W
Minimum operating frequency, f 100 kHz 65 kHz

Kg of transformer 0.0699 cm5 0.1656 cm5

Iron core model PQ26/25 PQ32/30
Iron core weight 36 g 55 g

Primary side’s wire turns 76 86
Secondary side’s wire turns 38 43

Iron loss 0.11 W 0.17 W
Copper loss 1.88 W 2.32 W

Total loss 2 W 2.5 W

Finally, the loss parameters and efficiency are compared.
Both converters can achieve the ZVS, therefore, the turn-off is a main factor of the switching loss.
The turn-off loss can be estimated through the following equation:

Po f f =
1
T

1∫
0

iQ1(t)vQ1(t)dt =
1

48Co
I2
mt2

f f (11)



Energies 2018, 11, 1961 12 of 14

From Figure 13, it is clear that the LLSC converter performs well in terms of switching losses.
Due to the larger resistance (0.3 ohm) of MOSFET in the experiment, the conduction accounts for the
maximum. The LLSC converter is more efficient with the MOSFET (40 mohm).

Figure 14 is a comparison of the efficiency between the LLSC converter and the LLC converter.
In the buck mode, the LLSC converter has a significant advantage. The LLSC converter has
a gentle efficiency curve, which means the LLSC converter is suitable for large range voltage
regulation applications.
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Figure 14. Efficiency comparison between the LLSC converter and LLC converter. (a) 100% load and
(b) 50% load.
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6. Conclusions

In this paper, a new LLSC quasi-resonant converter was proposed, which achieved impedance
voltage regulation at a constant frequency. The proposed converter has a better soft switching factor
and higher efficiency. The proposed converter has the following features compared with a traditional
LLC converter:

(1) The proposed converter works at a constant frequency, and the volume of the iron core can be
reduced by 30%. The number of winding’s turns, winding loss, and iron loss can be reduced;

(2) The output filter capacitance value can be reduced;
(3) The ZVS condition of the MOSFET of the primary side can be ensured using reasonable

resonance parameters;
(4) The turn-off loss of the primary side MOSFETs can be reduced by 30% to 50%;
(5) The overall efficiency is improved in wide output-voltage applications; and
(6) A new reactance voltage regulation method is proposed.

The validity of the LLSC converter has been confirmed using a 250 W experimental prototype.
The experiment results show that the LLSC converter has the above features. Worth watching, with the
application of low on-resistance devices, such as SiC and GaN, the proposed converter achieves
a higher efficiency.
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Nomenclature

Ce Equivalent capacitance
C Basic capacitance
α phase shift
G Voltage gain
fr Resonant frequency
fs Switching frequency
k Inductance ratio
Q Quality factor
Lr Resonant inductance
Cr Resonant capacitance
Pt Apparent power
Ptp Apparent power of primary side
Pts Apparent power of secondary side
Co The output capacitance of MOSFET
Im The turn-off current of MOSFET
tf The turn-off time of MOSFET
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