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ABSTRACT In this paper, the FHA model including the stray capacitance is analysed. The causes of the
voltage gain distortion are studied. Limiting the working frequency is an effectivemethod to solve the voltage
gain distortion problem. A new type of the LLSC converter is proposed in the paper. It can regulate the voltage
at a constant frequency. At the same time, the soft switch can be realized if the parameter design is reasonable.
The proposed converter can overcome the voltage gain distortion problem and obtain the high efficiency at
the light load condition. Some mathematical analyses are used to prove that the proposed converter can
avoid the voltage gain distortion problems. The simulation and experimental results based on a 200W LLSC
converter prototype confirm the correctness of the topology.

INDEX TERMS Constant-frequency voltage regulation, soft switching, voltage gain distortion, high
efficiency.

NOMENCLATURE
Symbol Quantity
Ceq Equivalent capacitance
C Basic capacitance
a phase shift
M Voltage gain
fr Resonant frequency
fs Switching frequency
k Inductance ratio
Q Quality factor
Lr Resonant inductance
Lm Transformer inductance
Cr Resonant capacitance
Cs Stray capacitance
Rac Equivalent AC load
ILr Resonant current
Ibyp Bypass current
Pt Apparent power
Kg Magnetic core geometric
Kf Waveform factor
BAC Window factor
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I. INTRODUCTION
Nowadays the LLC (inductor-inductor-capacitor) resonant
converter shown in Fig. 1 is employed in numerous applica-
tions including photovoltaic systems, such as energy storage
system, electric vehicle charging system, and so on [1]–[4].
Compared with the non-isolated converter, the advantages
of the LCC resonant converter with high efficiency are
summarized as follows: ZVS (Zero Voltage Switching) is
realized for the primary-side MOSFETs and ZCS (Zero
Current Switching) is realized for the secondary-side rectifier
diodes [5], [6]. Some problems appear in this new appli-
cation. In the photovoltaic systems and the electric vehicle
charging applications, the voltage gain distortion problem
has received more and more attention. As a traditional LLC
converter, the voltage gain decreases with the increase of
switching frequency in the buck mode. In fact, the voltage
gain decreases and then increases with the increase of switch-
ing frequency in the buck mode that is called the voltage gain
distortion.

Some complex resonant converters are used to solve the
problem of voltage gain distortion and improve the light-load
stability, such as the LCC (inductor-capacitor-capacitor) con-
verters and the LCLC (inductor-capacitor-inductor-capacitor)
converters [7]–[10]. Although the LCC converter has better
load-adjustment characteristics than the LLC converter, it has
the disadvantages of complex parameter design and variable
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FIGURE 1. Conventional isolated LLC resonant converter.

switching frequency. Also, the LCC converters lose ZVS
under the light-load condition, and then the converter’s losses
are increased. The LCLC converter add more resonance ele-
ments. Most importantly, the additional resonance elements
make the transfer function of the system produce new poles.
The effect of these new poles on the complexity of the control
system is identical to the voltage gain distortion problem
under the light-load condition.

In [11], some analyses of the light-load regulation are
made through impedance asymptote. An additional capacitor
is added in parallel with Lr . In [12], an intermittent control
method is introduced to increase the equivalent load in light-
load condition which increases the complexity of control
system.

The above research focuses on solving the voltage gain dis-
tortion problem, instead of finding the cause of the problem.
In general, the fundamental harmonic approximation (FHA)
model is suitable for analysing the output voltage of the
ideal LLC resonant converter that works under light-load
conditions [11], [13]–[18]. For the actual LLC converter,
the junction capacitor of the secondary-side rectifier diodes
and the stray capacitance of the transformer consists of the
stray capacitance of the converter [19]–[21]. Meanwhile,
the stray capacitance induces an additional extreme point
that causes the voltage gain distortion under the light-load
condition [11], [17]–[23].

In this paper, the FHA model including the stray capaci-
tance is analysed. The causes of the voltage gain distortion
are studied. Limiting the working frequency is an effec-
tive method to solve the voltage gain distortion problem.
The constant-frequency LLSC quasi-resonant converter is
proposed to solve the voltage gain distortion under the light-
load condition. The primary-side resonant capacitor is paral-
lelly connected with a set of reverse series MOSFETs. The
primary-side equivalent capacitance is adjusted by control-
ling the turn-on and turn-off of the MOSFETs. Therefore,
the output voltage can be adjusted at the constant frequency.
Furthermore, the proposed converter has better overall effi-
ciency and power density.

The rest sections of this paper are organized as follows:
Section 2 analyses the operating principle of the proposed
converter; Section 3 analyses the voltage gain of the proposed
converter; Section 4 discusses the cause of the light-load
problem; Section 5 analyses the proposed converter through
experimental results. Finally, the conclusions are drawn in
Section 6.

FIGURE 2. The proposed LLSC converter.

II. THE PROPOSED LLSC CONVERTER AND ITS
OPERATIONAL PRINCIPLE
Fig. 2 depicts an improved LLSC converter structurally
different from the LLC converter. For the improved LLSC
converter, a resonant capacitor is combined with a set of anti-
series MOSFETs to form a SCC (switch controlled capacitor)
module. The frequency of the bypass MOSFET is identi-
cal to the frequency of the MOSFET which makes up the
converter’s primary side, and there is a certain phase shift
between Q1 and Q5. The shift decides the bypass period of
the resonant capacitor. The output voltage can be changed
adjusting the phase shift between Q1 and Q5.
The LLSC converter’s operational principle is identical to

the operational principle of the LLC converter. Dead time is
the first period in switching cycle shown in Fig. 3 (t0-t1). The
second period is a resonant state. In this state, the resonant
inductor, excitation inductor and resonant capacitor shown
in Fig.3 participate in resonance (t1-t3). Specially, the exit of
resonant capacitor should be noticed shown in Fig. 3 (t3-t4).
The resonant cavity only has two inductors in some periods,
so the LLSC converter is called the quasi-resonant converter.

In this paper, the effect of parasitic parameters is mainly
discussed. Detailed analysis of the LLSC converter’s opera-
tional principle can be found in [24].

III. VOLTAGE GAIN MODEL OF LLSC CONVERTER
The improved converter is also a resonant converter, so the
FHA model of the LLC converter can be used to analyse the
voltage gain.

A. THE RELATIONSHIP BETWEEN THE EQUIVALENT
CAPACITANCE AND THE DRIVER DELAY
The SC structure was first proposed in [25]. 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 SC is used as a resonant capacitor,
the full wave SCC structure is used in this paper.

The equivalent capacitance of a full wave SCC is derived
as follows and shown in Fig. 5.

Ceq
C
=

1
2− (2α − sin 2α) /π

(1)

where Ce is the equivalent capacitance and C is the basic
capacitance.

There are two linear regions (I, III) and one non-linear
regions (II) to be chosen. The first gain range of the equivalent
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FIGURE 3. Commutation process of the LLSC converter (a)Boost mode
(b)Buck mode.

capacitance is narrow (0,3) and its rate of change is slow. The
second region (II) has a wider gain range (3,20) and moderate
rate. The last region has the widest gain range (0,+∞) but the
rate of change is so quick that there are potential risks in the
control system. The FHA model should be analysed before
deciding the working region.

B. THE VOLTAGE GAIN MODEL BY THE FUNDAMENTAL
WAVE ANALYSIS
The fundamental harmonic analysis (FHA) model can be
used to analyse the voltage gain of the proposed converter.

FIGURE 4. Equivalent circuit diagram of the LLSC converter.

FIGURE 5. Relationship between the equivalent capacitance and the
phase shift between Q1 and Q5.

TABLE 1. Resonant parameters.

Different from the LLC converter, there are two methods
of changing the operating frequency of the converter and the
driver delay. The FHA model of the improved converter can
be organized into the following form

M =
1√(

1+ 1
k −

k
λ2

)
+

Lr
Cr

1
R21

(
λ− 1

λ

)2 (2)

where λ = fs/fr , k = Lm/Lr
Two sets of converter parameters are designed in Table 1

and shown to plot the gain curves.
Fig. 6 shows the voltage gain factor of the designed LLC

converter. According to Eq.(3), a 3D surface can be obtained
shown in Fig. 7, which describes the voltage gain through
the change of Cr and fs. Especially, the proposed converter
can regulate the voltage through changing the equivalent
capacitance shown in Fig. 8.
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FIGURE 6. LLC converter voltage gain according to FHA model.

FIGURE 7. LLSC converter’s voltage gain curve in 3D.

FIGURE 8. LLSC converter’s voltage gain according to FHA model.

As shown Fig. 8, the voltage gain changes faster between
10-150nF. The region I is too narrow to meet the requirement.
The region III can meet the requirement but it is difficult
to control. The region II is an appropriate region which has
appropriate range and speed of change.

Compared with Fig. 8, the proposed converter can offer
larger voltage regulation range. In the boost mode, the res-
onant capacitance and switching frequency decide the max
voltage gain. The proposed converter can obtain higher
voltage gain through increasing the equivalent capacitance
instead of decreasing the frequency. This is beneficial to
improving the power density of the converter. On the other
hand, the proposed converter can obtain higher voltage gain
through increasing the equivalent capacitance and decreasing
the frequency at the same time.

IV. THE VOLTAGE GAIN DISTORTION PROBLEM
At the light loads, the voltage gain distortion is a serious
problem for the conventional LLC converters. This problem
occurs in the Buckmode under the light load condition.When
the operating frequency of the system is high, the output
voltage increases as the operating frequency increases. This
phenomenon is called voltage gain distortion and mainly
caused by the stray capacitance in the circuit. To better
explain this phenomenon, it is necessary to establish an FHA
model including the stray capacitance parameters.

Cs (stray capacitance) of the LLC converter consists of
three parts: the rectifier diode junction capacitance, the trans-
former, and the output filter capacitor. After converting the
stray capacitance parameters to the primary side, the circuit
can be simplified into the following form.

The voltage gain FHA model considering the stray capac-
itance can be expressed by the following Eq. (3).

H (s) =
sLm//Rac// 1

sCs
1
sCr
+ sLr + sLm//Rac// 1

sCs

(3)

Equation (3) can be simplified as follows

M =
kλ2√[(

1− λ2
) (
kαλ2 − 1

)
+ kλ2

]2
+
[
λkQ

(
λ2 − 1

)]2
(4)

where λ = fs/fr , α = Cs/Cr , k = Lm/Lr

FIGURE 9. Equivalent circuit diagram of the LLC converter considering Cs.

FIGURE 10. Voltage gain curve by Eq.(5) LLC converter (a)different load
(b)different Cs/Cr .

Figure. 10 depicts Eq.(4) with different parameters. With
the load reducing, the voltage gain distortion appears and
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FIGURE 11. Voltage gain curve by Eq. 5 with different loas forthe LLSC
converter.

FIGURE 12. Experimental waveforms(a)full load (b)light load.

TABLE 2. Experiment parameters.

increases with the increase in stray capacitance. To better
analyse the causes of the voltage gain distortion, the poles
of FHA models with the stray capacitors are analysed. The
pole of Eq. (3) can be found through Eq. (5).√√√√(1+ 1

k
−

k
λ2

)
+
Lr
Cr

1

R21

(
λ−

1
λ

)2

= 0 (5)

TABLE 3. Experiment parameters.

FIGURE 13. LLSC converter voltage gain experiment curve at 100kHz
(a)full load (b)light load.

Simplify

a1λ4+b1λ3+c1λ2+d1λ+e1 = 0 (6)

where a1 =
Lr
CrR21

, b1 = 0, c1=1+ 1
k−

2Lr
CrR21

, d1 = 0, e1 = 1−k

According to the root formula of the quaternary equation
of one variable, there is no real root in Eq. (6). Thus there is
no poles in the working frequency range in Eq. (2). There-
fore the poles are not the cause of the maximum gain. The
denominator of Eq. (5) is analysed by derivation, and when
the denominator of Eq. (2) has a minimum value, the voltage
gain of the converter is the largest.

The denominator of Eq. (4) is√[(
1− λ2

) (
kαλ2 − 1

)
+ kλ2

]2
+
[
λkQ

(
λ2 − 1

)]2 (7)

There is no zero point in Eq. (7). Similar to Eq. (5), extreme
points should be considered.
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FIGURE 14. Loss comparison experiment between LLSC converter and LLC
converter. (a)40� Load,output voltage 250V (b) 80� Load,output voltage
50V.

Eq. (7) is arranged in the following Eq. (8), (9) and (10)[
A (λ) f

(
λ2
)
+ k

]2
+

[
B (λ) f

(
λ2
)]2

(8)

A (λ) f
(
λ2
)
+ k (9)

B (λ) f
(
λ2
)

(10)

where A (λ) = 1− kαλ2 + k , B (λ) = λkQ,

f
(
λ2
)
= λ2 − 1

Eq. (10) monotonously increases when λ > 1. The neces-
sary and insufficient condition for the existence of extreme
points in Eq. (8) is that the derivative of Eq. (10) is less than
zero. Derivation of Eq. (9) can be simplified into

λ2 ≥
kα + 1+ k

2kα
(11)

α ≥
1+ k

2kλ2 − k
(12)

This shows that high operating frequency and large stray
capacitance are the necessary conditions for the voltage gain
distortion problem. Fig. 11 can prove the above conclusion.
Therefore the voltage gain distortion can be eliminated by
limiting λ and decreasing α. The proposed converter is a
constant frequency converter, where α decreases with the

FIGURE 15. Efficiency comparison experiment between LLSC converter
and LLC converter. (a)40� load. (b)80� load.

decrease in voltage gain. Therefore the proposed converter
can overcome the voltage gain distortion problem.

V. EXPERIMENTAL RESULTS
To prove the theoretical effectiveness of the proposed con-
verter, the LLC converter and proposed converter are built.
Figure 12. shows some key waveforms of the proposed con-
verter. The experiment conditions are shown in Table 2.
Table 3 shows the component list of the proposed and the LLC
converters. The experimental and theoretical gain curves are
shown in Fig. 13(a). The FHA model describes the resonant
current as sine mode, so there are some differences between
the experimental and theoretical results. Fig. 13(b) shows the
voltage gain curve at full and light loads. Thus the voltage
gain distortion problem can be overcome through regulating
the voltage at the constant frequency.

The magnetic core geometric constant method (Kg) is used
to design a transformer shown in Eq. (13).The lowest oper-
ating frequency of the LLSC converter is higher than the
LLC converter’s lowest operating frequency so the volume
of magnetic element can be reduced.

Kg =
Pt

2× 0.145K 2
f f

2B2AC × 10−4α
(13)

where Kf = 4.44, BAC = 0.05
The proposed converter’s min switching is higher than

the LLC converter’s. According to Eq. (13), the proposed
converter has a smaller Kg, which means the size of the
magnetic core can be reduced significantly. Theoretically,
the core can be reduced to a quarter of the LLC converter.
In practice, it is necessary to consider the actual core.
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Fig. 14 discusses the loss of the LLC converter and the
proposed converter at different loads. The lower switching
current and frequency can reduce the switching loss. The
proposed converter has a bigger conduction loss because of
the additional MOSFETs. However, it can be significantly
reduced through changing the MOSFETs into the MOSFETs
which has 0.02� conduction resistance. The proposed con-
verter has a smaller transformer which can reduce the iron
and copper loss.

Fig. 15 is a comparison between the LLSC converter and
the LLC converter in efficiency. In the buck mode, the LLSC
converter has a significant advantage. The LLSC converter
has a gentle efficiency curve. Thus the LLSC converter is
suitable for large range voltage regulation application.

VI. CONCLUSIONS
In this paper, an improved FHAmodel is analysed. Compared
with the traditional FHA model, an additional pole is found
which causes the voltage gain distortion under the light-load
condition. According to the analysis of this pole, a higher
working frequency and the light-load condition are the nec-
essary conditions for the voltage gain distortion. Limiting the
maximum working frequency is an effective method to solve
the problem under the light-load condition. A new quasi-
resonant LLSC converter is proposed, which can regulate the
voltage at the constant frequency. Experiments and analyses
prove that the proposed converter can adjust output voltage at
constant working frequency. Compared with the traditional
LLC converter, the proposed has better overall efficiency and
larger power density.
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