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LLC converters are used for linking renewable energy and smart grids. However,

the output is higher than the reference caused by its own characteristics,

especially in the light load, and the output is limited. A new control method

is proposed in this paper based on a new model considering parasitic

capacitance, which plays a vital role in keeping the output constant in the

light load conditions and widening the output range. In addition, the definition

of the light load is given in this paper, which ensures an accurate control. In the

switching process, a transition period is set to avoid the components frombeing

damaged due to sudden switching and ensures a smooth output and the

stability of the control. Finally, this control method based on the new model

is proved valid on a 400 V-36 V-1 kw prototype.
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1 Introduction

As smart grids advanced, great challenges were faced with power electronic devices

(Hu et al., 2022; Wang et al.). The converter connects the smart grid to renewable energy,

which requires the output constant, high power density, and high efficiency (Ma et al.,

2022). DC–DC converters have two types on account of the transformer (Wang et al.,

2022b; Hu et al., 2022). The non-isolated converters are applied to this solution, where the

input and output have little difference. The isolated DC–DC converters are applied when

the input and output greatly differ in value. Considering the bidirectional energy, DAB

has a symmetrical structure that includes an inductor and a transformer (Huang et al.,

2016; Liao et al., 2021). In addition, there was too much loss due to the limited range of

soft-switching and reflux power, which can strengthen the reactive power (Song et al.,

2018; Jeung and Lee, 2019). In Lu et al. (2018), a new topology was proposed to achieve

soft-switching and ensure stability but backflow power was not addressed. A new control

method that mixes power balance and unified phase shift was discussed, but only the

current spike was optimized and additional losses were added (Hou et al., 2019). Although

there are many ways to reduce the loss, the problems caused by the structure are not
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completely solved. Compared with DAB, LLC has many

advantages such like soft-switching, less power loss, and lower

stress.

The LLC converter is widely used as an intermediate link in

the transmission of energy to keep the voltage constant, which

can achieve soft-switching due to its topology. There are one

capacitance and two inductors that cause the current flow

through the resonance cavity before voltage in this topology

(Lee et al., 2014). Many problems come with advantages, such as

the loss of the diodes. The transformer current sensing triggers

the drive signal for the synchronous rectifier to reduce loss

(Zhang et al., 2012). In addition, the transformer coil is added

to eliminate the influence of excitation inductance so as to obtain

an accurate synchronous rectification conduction time (Wang K.

et al., 2022). The additional driver circuits in the aforementioned

method also add new losses. By analyzing the small-signal

characteristics of the resonant capacitor, the control method

has been proposed for precise output voltage (Kang et al., 2017).

Hence, digital control is used to avoid extra loss. The drain-to-

source voltage of the synchronous rectifier is detected for the

synchronous rectifier, but the current caused by the

electromagnetic interference can be rough (Feng et al., 2010)

By the pulse width-locked loop to get the synchronous rectifier

conduction time, the diodes loss is diminished (Feng et al., 2013).

Although the proposed control method has a fast reaction speed,

the programmer is too complex to finish hard (Li et al., 2020).

The reference is lower than the output voltage when the light load

condition, the hybrid-adjustable switching-frequency-duty-cycle

modulation, is proposed for adjusting the output and improving

efficiency (Awasthi et al., 2021). A two-stage voltage modular for

LLC converters is discussed by Fei et al. (2017), which can reduce

the loss of switches, but add extra circuit loss. In addition, one

method is adjusted to avoid noise in the light load condition

(Yoon et al., 2018). The commutation direction can be obtained

by analyzing the phase between switches to reduce the loss

(Kundu et al., 2017). The two stages of converters based on

the full load condition are given to the lower output voltage,

which is applied to a meagre output (Ahmed et al., 2017). The

new topology has been applied for widening the output voltage

range but with the addition of an extra loss (Xue et al., 2021). The

addition of a switch and a capacitor to is provided to improve

efficiency (Lee et al., 2015), and this paper proposes to add SCC

to the topology for keeping voltage (Hu et al., 2014). But the loss

has been increased invisibly. Meanwhile, the LLC converter has a

DC bias in the reversed mode. The symmetric topology called

CLLC is proposed for reducing the deviation (Jung et al., 2013).

The LLC andDAB converter are combined for dismissing the DC

bias with complicated calculations (Liu et al., 2017). In addition,

an extra inductor is eliminated to the DC bias in the reversed

mode (Jiang et al., 2015), which is adopted in this paper, and a

bidirectional three-level LLC resonant converter is given for a

widened output (Jiang et al., 2016). The DC bias is eliminated by

controlling the synchronous rectification signal, whereas it is too

complex to be applied (Li et al., 2022; Li et al., 2022).

According to the aforementioned disadvantages, a switching

control method for bidirectional LLC converters is proposed

under light load conditions to improve the efficiency and keep

the output constant and widen the output range. This paper

contributes the following.

1) One LLC converter model with parasitic capacitance is

discussed, which can more accurately describe the

situation, especially under the light load. The gain curve of

this more realistic model is more accurate than that of the

traditional model.

2) A control method is presented to make the output voltage

close to the reference value and improve the efficiency under

the light load, which includes two modes. The HB mode and

FB mode are applied in this paper for maintaining the output

voltage and widening the output range.

3) The definition of the light load is given in this paper, which is

calculated by the gain curve of this new model. The HB and

FB switching points vary under different load conditions for

precise control. In addition, the switching period is adjusted

to ensure the output smoothly and the stability of the control.

The paper is organized as follows. The new model

considering parasitic capacitance is given in Section 2. The

control method based on this and the definition of the light

load is discussed in Section 3. Also, the principle is proved valid

in Section 4 by a 400 V-36V-1 kW prototype.

2 The model considering the parasitic
capacitance

2.1 The traditional model

There are two inductances that play an essential role in

excitation, while another one and capacitance are in

resonance. The forwarding mode is only mentioned, and the

forwarding mode and reversed mode have the same state due to a

symmetrical topology, as shown in Figure 1A. The gain curve of

this topology is shown in Figure 1B. The soft-switching is

achieved on the right of peak, an ideal operating area for the

LLC converter. The peak goes down with the increasing load. The

PI controller has been used in this model, which adjusts the

output voltage by adjusting the switching frequency. The

frequency is varied on the basis of the gain curve: the

switching frequency increases when the load decreases. The

duty ratio maintains 50%, and S1 and S2 keep

complementary, the same as S3 and S4. The synchronous

rectification strategy, which reduces the switching loss, is that

the secondary switches are controlled by the PI controller, and
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the drive signal frequency of those switches keeps pace with the

primary switches.

Many problems are faced in the traditional model, especially

at the light load condition, where the output voltage is limited by

its character. The voltage is higher than the reference, which is

settled in advance. When the frequency increases to a certain

value, the voltage increases instead, which is inconsistent with the

obtained gain curve. Therefore, a newmodel has been established

so that the traditional model runs counter to the reality under the

light load condition.

2.2 The model with parasitic capacitance

The parasitic capacitance of the transformer is considered in

this new model, which is more realistic than the traditional

model. The transformer has two windings and stray

capacitances, C1 and C2, which are the self-capacitances of the

transformer. C0 is the mutual capacitance between the primary

and secondary sides. Generally, the parasitic resistances of

windings are ignored due to the value being too small, as

shown in Figure 2A. The secondary side is converted to the

primary side, where the stray capacitances are expressed as in Eq.

1, and the windings are replaced by the inductance and magnetic

core in Figure 2B. The stray capacitance can be simplified as in

Eq. 2 which is calculated by the two-port net approach (Lu et al.,

2003) since the effort of Cs0 is insignificant. The SR junction

capacitance is included in this model, and the parasitic

capacitance can finally be described by Eq. 3. The capacitance

circled in red is equivalent to the resulting parasitic capacitance

in Figure 2D.

⎧⎪⎨⎪⎩
Cs1 � C1 + (1 − n)C0

Cs2 � n2C2 + n(n − 1)C0

Cs0 � nC0

(1)

Cstr ≈ Cs1 + Cs2 (2)
CP ≈ Cstr + CSR (3)

Some things are known before analyzing the LLC converter.

The switching model is idealized without loss. In addition, the

parasitic capacitance is placed in front of the transformer.

Voltage commutation and current commutation exist in every

cycle, in which the first half and the second half of the cycle are

the same. Hence, only the half-cycle has been described based on

the PI controller under the light load condition in the following.

Mode1 (t0-t1): S1 and S4 are turned on and S2 and S3 are

turned off. At this period, Lr and Cp are in resonance owing to the

value of the magnetic inductors being higher than the resonant

inductor and the Cp being higher than the Cr. Therefore, the

voltage of the resonance cavity is approximately zero, and the

current increases gradually as shown in Figure 3A.

Mode2 (t1-t2): All switches are all off in this period as shown

in Figure 3B. The voltage changes its direction, and voltage Vab is

reversed. The Lr and CP keep resonance until the resonance

current equals the magnetic current, as shown in Figure 3D.

Mode3 (t2-t3): The resonance current is smaller than the

magnetic current. Therefore, the voltage drop is limited by the

secondary side. In this period, the resonance cavity has been in

resonance where Cr and Lr occur, and there is no other

resonance. This mode lasts when the current in LM2 equals to

the current in the resonator. The current reversal ends when this

mode ends, and the second half period is the same due to the

symmetric structure.

FHA is adopted for analyzing this model, which only leaves

the fundamental component as the object of the study. The

circuit, as shown in Figure 4, can be simplified, in which Vab is the

voltage at the midpoint of the two bridge arms and Req is

converting the actual load to the original side. The

relationship between the input voltage and Vab is described as

FIGURE 1
(A) Traditional bidirectional LLC model. (B) Gain curve of traditional topology.
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in Eq. 4, and the same can be the relationship between the output

voltage and Vcd (Eq. 5).

Vab � 4Vin

π
sinωt (4)

Vcd � 4nVout

π
sinωt (5)

G � Vout

Vin
� 1�����������������������������(1 + 1

k − λx2 − 1
kx + λ)2 + (x − 1

x)2Q2
√ (6)

Q �
��
Lr
Cr

√
Req

, x � f s
f r

, k � LM1

Lr
, λ � Cp

Cr
(7)

The voltage gain shown in Eq. 6 can be obtained by

substituting the formula and simplifying it based on the

voltage partition principle. λ is the ratio of the parasitic

capacitance and resonant capacitance. Q is the quality factor,

in which the value equals the ratio of the reactive power to active

power. The switching frequency is standardized and shown as x,

and the resonant frequency is taken as the reference. k is the ratio

of the excitation inductance to the resonant inductance. The

aforementioned parameters can be expressed by Eq. 7. The gain

curve is shown in Figure 5, which has two voltage peaks. The

circuit has come into the inductive region, where soft-switching

can be achieved after the first peak, and the circuit works in this

region generally. The secondary peak caused by the parasitic

capacitance significantly impacts the output voltage, and the gain

curve, when Q is fixed, is greater the parasitic capacitance, the

higher the peak value.

3 The control method for the model
considering the parasitic capacitance

The control method for the new model considering the

parasitic capacitance is proposed to solve the problem under

the light load condition, which includes two modes: half-bridge

(HB) mode and full-bridge (FB) mode. This proposed control

method is applied for widening the output range and is kept

constant under the light load condition. According to Figure 5,

the boundary between the light and heavy load can be calculated.

Taking the derivative of the gain, Eq. 8 can be obtained.

F(x) � 2λ2x8 + [2
k
(1 + 1

k
+ λ) − Q2]x2 − [2λ(1 + 1

k
+ λ)

− Q2]x6 − 2k2 (8)

f (x) � R2
eq −

LrCr

2[C2
p + CrCp(1 + LM1

Lr
)] (9)

Req � 8n2

π2
*
V2

O

P
(10)

The curve with two spikes can be denoted as the light load,

and the parameters are substituted into Eq. 9. The light and heavy

loads are divided by Eq. 9. Req, which is the equivalent resistance

of the secondary side (10), belongs to the pure resistance load, as

expressed by Eq. 10, which can be regarded as under the light

load condition caused by the load being very small. After

sampling the output voltage and current, the calculated

resistance is substituted into Eq. 9. When the equation is

FIGURE 2
(A–D) The model considering parasitic capacitance.
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greater than zero, the load is deemed as the light one. When the

frequency is at the left of the switching point, a traditional PI

controller mentioned previously is adopted under light load

conditions. At this period, the topology is in the FB mode, in

which S3 and S4 keep in sync with S2 and S1. The topology

becomes HB mode when the switching frequency is higher than

the switching point.

FIGURE 3
(A–C) Mode analysis and (D) waveforms of the circuit in full-bridge.

FIGURE 4
The simplified model considering the parasitic capacitance.

FIGURE 5
Gain curve when Q is fixed.
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S3 keeps off normally, while S4 keeps on in the HB mode, as

shown in Figure 6A. The first bridge arm has maintained 50%

duty approximately and remained complementary, and the

frequency of switches is controlled according to the gain curve

shown in Figure 6B. Vab becomes half in the FB mode. The

secondary side switches are consistent with the primary side in

frequency as a synchronous rectification scheme. The working

state of the resonator in the HBmode is the same as that in the FB

mode, in which the parasitic capacitance and resonance are in

resonance before current commutation.

When switching the modes, the output voltage is kept

constant without a giant ripple so that the ratio of the voltage

and frequency tends to be zero. The ratio is equal to the value of

the derivative approximately. In the heavy load, Eq. 8 has only

one solution greater than zero, which is the minimum switching

frequency. The maximum switching frequency related to the gain

range of the output is artificially limited and is defined as fP2. If

the output voltage is required to be large, the value of fp2 is high,

while if the output voltage is required to be small, the value of the

fp2 is low, as shown in Figure 7A. The switching frequency fs is

greater than fp1 at the heavy load when the switching frequency

increases and the output voltage decreases.

When Eq. 8 equals zero under the light load, two of the

solutions are chosen as the switching point, named fs1 and fs2,
respectively, as shown in Figure 7B. Due to the parameters in

this circuit, there are three possible values of fs2, greater than

1, less than 1, and equal to 1. It is of no sense to discuss the

solutions that fs2 is less than or equal to 1 due to the reason of

the extreme parameter values. The solution of fs2 greater than

one is discussed as follows. Under the light load, the switching

frequency, fs, is greater than fs1 and less than fs2, and the

output voltage decreases with the increase of switching

frequency. When the switching frequency is greater than

fs2, the output voltage increases with the increase in the

switching frequency. Also, the switching points in the half-

bridge mode and full-bridge mode are the same.

In the HB mode, the switching frequency decreases when the

load increases. When the frequencies of S1 and S2 decline to fp1 or

fs1 and the output is still less than the reference value, the mode is

switched to the FB mode and the frequencies of S1 and S2 keep

FIGURE 6
(A) The gain curve in the HB mode; (B) the driver signal in the HB mode, and (C) the LLC converter circuit structure.
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FIGURE 7
(A) Switching topology in the heavy load. (B) Switching topology under the light load.

FIGURE 8
Drive signal during transition.
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varying. In the FB mode, the load decreases and the switching

frequency increases. When the switching frequency increases to

fp2 or fs2 and the reference value is less than the output voltage,

the mode is switched to the HB mode.

Suppose the signals of S3 and S4 vary in one period after

arriving at the switching point, then the inductors lose the

volt-second balance, and the components may be penetrated

after reaching saturation due to the tremendous impact

caused by topology mutation. Since the controller has a

slow signal corresponding to this circuit, the switching

time is extended to reduce the influence caused by

topology change.

The duty cycle changes in the process of mode switching.

The S3 duty cycle changes from 0 to 50%, and the S4 duty

cycle changes from 100 to 50%. Mode switching is

implemented in several cycles to prevent voltage spikes

and current spikes in the changing process. In the

variation, S1 and S4 end simultaneously in one cycle,

while S2 and S3 end simultaneously, which is kept

FIGURE 9
Control process.

FIGURE 10
(A) The prototype. (B) The parameter calculation procedure.

Frontiers in Energy Research frontiersin.org08

Han et al. 10.3389/fenrg.2022.1052004

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1052004


complementary to ensure that the circuit is running

correctly, as shown in Figure 8. During transition, the

switching frequencies of S1 and S2 continue to be

regulated by the PI controller. The switching frequencies

of S1 and S2 are adjusted without considering the duty cycle

changes of S3 and S4 for maintaining the output constant.

The switching frequency of the first arm bridge decreases

with the increasing load and increases with the

TABLE 1 Detailed parameters in the prototype.

Parameter Value

Resonance inductor Lr = 101 μH

Resonance capacitance Cr = 24.6 μH

Magnetic inductance LM1 = LM2 = 606 μH

Ratio of transformer n = 12

Resonance frequency 100 k

FIGURE 11
(A) Waveforms in the HB mode and (B) waveforms in the FB mode.

FIGURE 12
Reference change: (A) Graph of an oscilloscope. (B–D) The waveform monitored by the upper computer.
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decreasing load. The overall control process is shown in

Figure 9.

4 The experiment

The prototype is connected to an energy storage device at one

end and a smart grid at the other, as shown in Figure 10. The

input voltage is limited from 360 V to 440 V, and the output

voltage is kept constant at 36 V. The maximum output current in

the forwarding mode equals 27 A, and 2.5 A in the reversed

mode, whereas the maximum power is 1 kW. The resonance

frequency is set as 100 k, the same as the switching frequency in

the full load in theory. Due to the components having parasitic

parameters, the actual resonant frequency has some differences

from the theoretical one. Considering the current and voltage

FIGURE 13
Load change. (A,B) Graph of oscilloscope (C–E) waveform monitored by the upper computer. (F) Output waves without considering the
parasitic capacitance.
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stress, the components have 2–3 times margin. The digital

control can be more flexible in various situations compared

with the analog control, with the computing power and speed

required for existing integrated chips. In this prototype, DSP,

TMS320F28335 (Tohid et al., 2018) published by Texas

Instruments as the digital controller, plays a role that occurs

in the driving signal, performing the digital to analog conversion,

sampling unit, and so on. The switching frequency is calculated.

The output current and voltage, which are sampled by the Hall

element, are converted to a digital form by the analog to a digital

converter in DSP. The main converter parameters are shown in

Table 1. It is worth mentioning that the prototype is only for

principle verification, so the power density is not considered in

the design.

Figure 11A shows the waves, including the H-bridge voltage

and the resonant current. The voltage is around 400 V in the HB

mode, where S3 keeps 0% and S4 keeps 100% duty. Figure 11B shows

the H-bridge voltage and current in the FB mode, where S3 and S4
keep 50% duty. The voltage varies from +400 V to −400 V. The

modes are switched due to the input voltage and load variable.

In Figure 12, the load is constant and the reference value is

changed. Figure 12A shows the oscilloscope waveform, and Figures

12B-D show thewaveforms displayed by the host computer. Point B,

point C, and point D are simultaneous and the reference voltage

changes from 36 V to 48 V. The reference value increases, the mode

switches to full bridge mode, and the frequency drops. Point A

indicates that the reference value changes from 48 V to 36 V. The

reference value drops, switching from the FBmode to the HBmode.

Themode is switched when the reference has been changed, and the

output range is widened.

In Figure 13, the reference value is constant at 36 V and the

load is changed. Figures 13A, B show the waveforms on the

oscilloscope and Figures 13C–E show the waveforms on the

host computer. At point A, the load decreases, the current

decreases, and the converter is handed over from the FB mode

to the HB mode. At point B, the load increases and the

converter is handed over from the FB mode to the HB

mode. When the load changes, the output voltage

transitions smoothly and can maintain the constant voltage

under a light load. Although controlled by PI, the reaction

speed is faster. A green wave indicates the voltage of the

H-bridge, a red wave indicates the current of the resonator,

and the black wave indicates the output voltage. At the C point,

the load is decreased but the reference is kept constant. There

is only switching frequency controlled by PI in the traditional

control method.

Compared with the conventional method, S1 and S2 are

complementary conduction according to 50% duty cycle in

the proposed method of the light load. S3 is kept always on

and S4 is kept always off. Therefore, S3 and S4 have lower

switching losses. Therefore, the efficiency is improved

compared with the traditional method in the light load.

The proposed control method is the same as the

conventional method, and hence, the efficiency is the

same. In Figure 14, the horizontal axis represents the load

and the vertical axis represents efficiency. As the load

increases, the efficiency gradually increases. The efficiency

is the highest when the load reaches 80%, after which the

efficiency decreases with the load. The loss can be divided

into two types, the fixed loss and the variable loss. The fixed

loss includes the transformer loss, the switching loss, and the

line loss. Under the light load, the fixed loss accounts for a

larger proportion, so the efficiency is low. As the load

increases, the proportion of the fixed loss becomes smaller

and smaller, with the highest efficiency at about 80% load.

With the increase of load, the current increases, the heat loss

increases, and the efficiency decreases.

5 Conclusion

The control method is based on the new model considering

parasitic capacitance, which plays a vital role in adjusting the

output voltage and broadening the output range. In this paper,

the model considering parasitic capacitance is more realistic

than before, in which the gain curve has two spikes. In

addition, the definition of the light load is given on the

basis of the gain. Also, the switching frequency, which

varies under different load conditions, has been adjusted

depending on the gain curve by the PI controller, and there

are two modes in this control: the HB mode and the FB mode.

The output can be maintained constant under light load

conditions and can be widened. The variation of the driving

signal is also given to avoid topological mutation causing

damage to other devices in transition. It is proven that the

model and control method presented in this paper is effective

in a 400V-36V-1 kW prototype. Compared with the previous

methods, it can improve the efficiency and ensure the constant

output voltage under the light load (Wang et al., 2022c).

FIGURE 14
Efficiency comparison.
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