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Abstract—The LLC converter is attractive for its small 

volume and comparatively high efficiency. However, the 

application of this converter is limited to the power supply to a 

static load with almost constant output voltage and current 

because the LLC design covering a wide range in the output 

voltage and the load variation can deteriorate the output voltage 

stability and efficiency. This paper addresses this issue by 

proposing a novel control method. Unlike the conventional 

control, which adjusts the operating frequency to stabilize the 

output voltage, the proposed control adjusts the power factor of 

the transformer primary-side to achieve the same excellent 

dynamic performance as the buck chopper. Simulation 

supported the effectiveness of the proposed control at a wide 

load variation range. 

Keywords—control, efficiency, LLC converter, output 

stability, power factor 

I. INTRODUCTION 

The LLC converter [1]–[4] has been emerging as a 
promising dc-dc converter topology with small volume and 
high efficiency, which are attractive for the power supply 
circuit in industry and commercial electronics. The key feature 
of the LLC converter lies in the utilization of the resonance 
between the inductor and the capacitor, unlike the other 
typical dc-dc converters like the buck chopper and the boost 
chopper. The resonance enables the soft-switching operation 
of the switching devices, which reduces the switching loss to 
improve the efficiency. Furthermore, the LLC converter can 
therefore operate at a high frequency, which leads to the size 
reduction of the passive components as the inductors and the 
capacitors.  

Owing to these attractive features, the LLC converters are 
recently expected to replace the conventional buck chopper. 
For example, the LLC converter already found application in 
LED lamp driver [5][6] and battery charger [7][8]. These 
applications are characterized by little change in the output 
voltage and load current. Therefore, they do not need 
sophisticated control to stabilize the output voltage against the 
change in the load current. However, for various applications 
requiring stabilization of the output voltage against the sudden 

load current change under a wide range of the output voltage 
gain and the load current, the LLC converter has still difficulty 
in replacing the conventional buck chopper.  

For example, the researchers are recently investigating the 
application of the LLC converter to the electric vehicles to 
generate the 12.5V dc bus voltage from the high voltage 
battery power [1][2], which tends to have a variation of the dc 
voltage due to the state of charge. In this application, the LLC 
converter is required to stabilize the output voltage against the 
sudden load current change under a wide range of the 
operating condition, i.e. the output voltage gain and the load 
current. However, the dynamic performance of the LLC 
converter is reported to be highly dependent on the output 
voltage gain, as well as the load current, and may exhibit large 
output impedance at certain output conditions [9]–[11].  

Furthermore, the transformer in the LLC converter has 
been required to have small magnetizing inductance for 
improving the output voltage stability according to the 
conventional control method, particularly if the converter is 
designed to cover a wide range of the output voltage gain and 
the load current [12]. Therefore, the LLC converter can suffer 
from worse efficiency at the light load condition due to the 
large primary current. 

As discussed in this paper, this drawback is mainly 
originated from the basic concept of the conventional LLC 
converter control, which is based on the adjustment of the 
operating frequency [13]–[15]. Therefore, to overcome this 
difficulty, this paper proposes an LLC converter control 
method based on the novel idea that adjusts the phase factor 
of the transformer primary winding rather than the operating 
frequency to regulate the output voltage. Circuit analysis 
revealed that the proposed LLC converter control can exhibit 
the same control characteristics as the buck chopper, which is 
commonly utilized for the highly stable fast response dc-dc 
converter as POL converters [16][17] and exhibits stable 
dynamic performance unaffected by the output voltage gain 
and the load current. Therefore, the LLC converter with the 
proposed control can have excellent output voltage stability 
regardless of the output voltage gain and the load current, thus 



offering better output voltage stability than the conventional 
LLC converter control in a wide range of the operating 
conditions. Furthermore, the proposed control enables the 
LLC converter to have higher magnetizing inductance than the 
conventional control, which can reduce the primary current 
and therefore improve the efficiency. 

The remainder of this paper comprises five sections. 
Section II briefly reviews the principles of conventional 
control and analyzes the reason for its drawbacks. Then, 
section III proposes a novel fundamental concept of the 
proposed LLC converter control and discusses how the 
proposed control can overcome these drawbacks. Then, 
section IV proposes a practical control circuit to implement 
the proposed control. Based on this control circuit, section V 
performs the simulation and reports the results of the dynamic 
characteristics, the output voltage stability, and the 
transformer primary current in comparison with the buck 
chopper and the LLC converter with the conventional control. 
Finally, section VI gives the conclusions. 

II. REVIEW OF CONVENTIONAL CONTROL 

Figure 1 shows the typical circuit topology of the LLC 
converter. The transformer is expressed by the T-shaped 
network of the leakage inductance Ll and the magnetizing 
inductance Lm. The primary winding is connected with the 
resonant capacitor Cr to form the LC resonator with the 
leakage inductance Ll and the additional resonant inductor Lr. 
This resonator is connected to the output of the half-bridge 
circuit of S1 and S2 to excite the resonance. Then, the 
secondary winding is connected with the rectifier to convert 
the ac power of the LC resonator to the dc output. 

The overall operation characteristics of the LLC converter 
can be simply analyzed by extracting the fundamental wave 
element from the voltage and current waveforms in the circuit 
operation and constructing the equivalent circuit model based 
on the fundamental wave element. Figure 2 illustrates the 
resultant equivalent circuit model. The half-bridge circuit is 
represented by the sinusoidal ac voltage source, whose root-
mean-square value Vac_in is expressed as 

 ,
2

_ ininac VV
π

=  (1) 

where Vin is the dc input voltage. Meanwhile, the rectifier and 
the load resistance Rload are represented by equivalent resistor 
Rac_load. The root-mean-square value Vac_out of the output ac 
voltage, i.e. the ac voltage of Rac_load, is expressed as 

 ,
22

_ outoutac VV
π

=  (2) 

where Vout is the dc output voltage. Therefore, considering that 
Rac_load must consume the same power as the load resistance 
Rload of the real LLC converter, Rac_load can be expressed as 

 .
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According to the circuit theory, Vac_out can be calculated as 
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where ω is the angular frequency and g(ω) is the function 
defined as 
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Therefore, the voltage gain, i.e. the ratio Vin/Vout, can be 
obtained using (1), (2), and (4) as 
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As can be seen in (6), the prominent feature of the voltage 
gain is that the gain equals 1/2N, which is independent of the 
load resistance Rload, when the operating frequency is set at the 
resonant frequency of the LC resonator of Cr and Ll, Lr. Figure 
3(a) plots the theoretically calculated voltage gain as functions 
of the operating frequency at various load resistance. As can 
be seen in the figure, the voltage gain characteristics have a 
unique common point at the frequency identical to the 
resonant frequency fres of the LC resonator of Cr and Ll, Lr. 

Conventionally, the output voltage of the LLC converter 
is controlled by adjusting the operating frequency. In other 
words, the conventional control is designed to observe the 
small deviation of the output voltage from the output voltage 
command value and adjust the operating frequency to 
compensate for the deviation. Therefore, if the voltage gain at 
the operating condition varies according to the change of the 
load resistance, this change of the load current must cause the 
small fluctuation in the output voltage and this motivates the 
controller to adjust the operating frequency to compensate for 
the output voltage deviation. This implies that the less 
dependent on the load resistance the voltage gain 
characteristic is, the smaller output impedance the LLC 
converter will have. Consequently, the LLC converter is 
designed to be operated at fres in the steady operation because 
this frequency is the unique condition in which the output 

 

Fig. 1. Schematic diagram of LLC converter 

 

Fig. 2. Equivalent circuit of LLC converter 
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voltage is not affected by the load resistance and therefore the 
operation at fres exhibits the smallest output impedance. 

This design requirement of the LLC converter with the 
conventional control however suggests that the deviation of 
the operating frequency from fres deteriorates the output 
impedance, damaging the output voltage stability. This 
drawback is inconvenient for designing the LLC converter to 
cover a wide range of the output voltage and the load current. 

Another drawback of this design requirement is that the 
transformer needs to have small magnetizing inductance Lm. 
Because the operating frequency at the steady-state is 
designed close to fres, the voltage gain of the LLC converter 
needs to cover a wide range of voltage gain including 1/2N, 
which is the voltage gain at fres, for implementing a wide range 
of the output voltage or sufficiently fast output regulation. 
However, this does not accept the reactance of Lm, i.e. jωLm, 
to have a far greater value than the equivalent output 
impedance N2Rac_load. The reason is that g(ω) equals 
approximately to N2Rac_load if jωLm >> N2Rac_load and therefore 
the voltage gain can scarcely take a value greater than 1/2N. 
In fact, as seen in Fig. 3(b), large Lm narrows the possible 
range of the voltage gain. Therefore, the magnetizing 
inductance Lm should be designed to have the reactance of at 
most similar order as the smallest possible value of N2Rac_load. 

Accordingly, Lm is designed to have extremely small 
inductance, particularly if the output voltage or the output 
current has a large variation. However, this design damages 
the efficiency due to the large primary current at the light load 
condition. This drawback is also inconvenient for applying the 
LLC converter to the power supply that needs to cover a wide 
range of the output voltage gain and the load current. 

As reviewed above, the aforementioned drawbacks are 
originated from the frequency characteristic of the output 
voltage. However, this may indicate that these drawbacks are 
caused by the conventional control approach, in which the 
operating frequency was adjusted to compensate for the 
deviation of the output voltage from the command value. 
Hence, this paper proposes to control the output voltage by 
adjusting another parameter for avoiding these drawbacks. 

III. PROPOSED CONTROL 

The proposed control rather adjusts the power factor of the 
ac power supplied to the primary winding to regulate the 
output voltage instead of the operating frequency. As 
elucidated in the following discussion, this control approach 
enables the LLC converter to achieve the same excellent 
dynamic performance as the buck chopper, in which the duty 
cycle is used to regulate the output voltage. In the buck 
chopper operation, the output voltage characteristic on the 
duty cycle, i.e. the control parameter, is independent of the 
load resistance at any duty cycle and therefore the small output 
impedance can be obtained regardless of the operating 
condition. 

To analyze the performance of the proposed control, this 
section firstly formulates the state-space model of the LLC 
converter controlled by adjusting the power factor based on 
the equivalent circuit shown in Fig. 2. Therefore, the voltage 
and current of this LLC converter are approximated as the 
sinusoidal waves for simplifying the analysis. The LLC 
converter with the proposed control should be designed to 
have large Lm, because the proposed control has small output 
impedance with large Lm regardless of the operating condition, 
as shown later. Therefore, in the following discussion, the Lm 
is approximated to be infinitely large for simplifying the 
analysis. Furthermore, the characteristic impedance of the LC 
resonator of Cr, Lr, and Ll is assumed to be far greater than 
N2Rac_load so that the operating frequency of the LLC converter 
is close to the resonance frequency of the resonator fres. In 
other words, the Q factor QF of Fig. 2 is assumed to be far 
greater than 1, i.e.  

 
( )

.1
_

2
>>

+
=

loadac

rlr
F

RN

CLL
Q  (7) 

Let θ be the power factor angle between the ac voltage 
source of Fig. 2, which represents the output voltage of the 
half-bridge circuit of S1 and S2, and the transformer primary 
current. The symbols Vac_in and I1 denote the root-mean-square 
values of the ac voltage source and the primary current, 
respectively. Then, the effective power Pin supplied by the ac 
voltage source per unit time can be expressed as 

 .cos1_ θ= IVP inacin  (8) 

Similarly, the effective power Pcap output from the 
secondary winding per unit time can be expressed as 

 ,2_ IVP outaccap =  (9) 

where Vac_out and I2 are the root-mean-square values of the 
output ac voltage and the transformer secondary current.  

Because Lm is assumed to take a large value, the energy 
stored in Lm is negligible compared to the energy stored in the 
LC resonator of Cr, Lr, and Ll, which is denoted by Eres. 
According to the assumption of (7), the LC resonator can be 
approximated to be driven at its resonance frequency. Noting 
that Eres is almost constant during the period of the ac voltage 
when driven at the LC resonant frequency and that the 
instantaneous ac voltage of Cr is zero at the moment of the 
peak current in Lr and Ll, Eres can be formulated as 

 

Fig. 3. Frequency-gain characteristics of LLC converter 
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The difference between Pin and Pcap, i.e. Pin−Pcap, denotes 
the energy charged in the LC resonator per unit time. 
Therefore, from (8)–(10), an equation of I1 can be obtained as 
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For deriving the rightmost equality, the relation I2=NI1 is 
used because large Lm is assumed. By utilizing (1) and (2), 
(11) can be rewritten as 
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Next, Vac_out is analyzed to derive an equation of Vout. The 
dc output power per unit time of the LLC converter, which is 
denoted as Pout, is expressed as 

 .
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Noting that Pcap indicates the ac power per unit time supplied 

to the rectifier, Pcap−Pout can be interpreted as the energy 
charged in the output smoothing capacitor per unit time. If Ecap 
denotes the total energy stored in the output smoothing 
capacitor, Ecap can be expressed as 

 .
2

1 2
outoutcap VCE =  (14) 

Therefore, an equation of Vout can be obtained from (2), (9), 
(13), and (14) as 
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Consequently, from (12) and (15), the state-space model of the 
LLC converter operated with the proposed control is 
constructed as 
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This resultant state-space model is fundamentally the same 
as that of the buck chopper. In fact, the state-space model of 
the buck chopper, depicted in Fig. 4, can be formulated as 
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where D is the duty cycle of the switch S1. Therefore, the two 
models, i.e. (16) and (17), exhibit accurately the same 
performance if the circuit parameters are set according to 
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It is worth noticing that the power factor of the LLC 
converter corresponds to the duty cycle of the buck chopper. 
The proposed control adjusts the power factor to regulate the 
output power in the same fashion as the buck chopper. 
Therefore, the LLC converter with the proposed control has 
the same dynamic performance as the buck chopper. The 
proposed control can hence utilize the existing design know-
hows for the buck choppers. For example, sophisticated 
compensation circuits of the buck chopper, such as the 3-pole-
2-zero compensator [18]–[20], can be also applied and 
designed for the proposed control in the similar fashion as the 
buck chopper. 

As is similar to the buck chopper, the proposed control has 
attractive merit that the output voltage gain is dependent only 
on the power factor and independent of the load resistance at 
any output voltage. Furthermore, the LLC converter for the 
proposed control is designed to have large magnetizing 
inductance LM, which can avoid the excessive primary current 
under light load conditions. Consequently, the proposed 
control can be expected to mitigate the aforementioned 
problems of the conventional control, thus possibly improving 
the output voltage stability and increasing the efficiency. 

IV. CIRCUIT IMPLEMENTATION OF PROPOSED CONTROL 

The proposed control adjusts the power factor of the ac 
power supplied to the transformer primary winding according 

 

Fig. 4. Schematic diagram of buck chopper 
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to the output voltage deviation from the command value. 
Therefore, practical implementation of the proposed control 
needs a control circuit that can set the power factor at the 
required value. However, to the best of the authors’ 
knowledge, such a circuit has never been proposed. Therefore, 
this section proposes a control circuit of the power factor. 

Figure 5 illustrates the schematic diagram of the LLC 
converter with the proposed control circuit of the power factor. 
Figure 6 shows the operating waveforms. The operating 
principles of the proposed control circuit is described hereafter. 

A. Switching Timing for Achieve Required Power Factor 

The overall operation of the LLC converter is commonly 
analyzed based on the equivalent circuit of Fig. 2, in which the 
voltage and current waveforms are approximated to be 
sinusoidal. However, the voltage and current waveforms in the 
actual LLC converter are known to be significantly deformed 
from the sinusoidal waves. Therefore, the power factor angle 
cannot be simply determined from the time difference of the 
zero-crossing timing between the voltage and the current of 
the primary winding. For this reason, the proposed control 
circuit does not estimate the power factor PF by calculating the 
power factor angle θ from the zero-crossing timing and 
determine PF according to PF=cosθ.  

Instead of the zero-crossing timing, the proposed control 
circuit estimates the power factor by the instantaneous voltage 
of the resonant capacitor Cr. Let vinv(t) and i1(t) be the 
instantaneous voltage outputted from the half-bridge circuit 
and the instantaneous transformer primary current. The 
effective power supplied to the transformer primary winding 
per unit time, which is denoted as Pin, can be expressed as 

 ( ) ( ) ,
1

0

1=

T

invin dttitv
T

P  (19) 

where T is the switching period of the half-bridge circuit. As 
is natural for the half-bridge circuit of the LLC converter, 
vinv(t) has the following waveform:  
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Therefore, substituting (20) into (19) yields 
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where vcr(t) is the instantaneous voltage of the resonant 
capacitor. The resonant capacitor voltage vcr(t) is the sum of 
the dc component, which is identical to Vin/2, and the ac 
component, which is denoted as vcr_ac(t). Because of the 
symmetry of the ac component of vinv(t) between the former 
half switching period and the latter half period, vcr_ac(t) bas the 
following relation:  

 ( ) ( ).02 __ accraccr vTv −=  (22) 

Therefore, substituting (22) into (21) yields 

 

( ) ( ){ }

( )
.

0
2

02

_

__

T

v
CV

vTvC
T

V
P

accr
rin

accraccrr
in

in

−=

−=

 (23) 

 

Fig. 5. LLC converter with proposed control circuit 
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Fig. 6. Operating waveforms of LLC converter with proposed control 

circuit 
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Now, we consider to imaginary turn on and off the switch 
S1 at the time when vcr_ac(t) takes the minimum and maximum 
values, respectively. Noting that the time from the minimum 
vcr_ac(t) to the maximum vcr_ac(t) equals T/2, this is a possible 
operation of the LLC converter and will maximize Pin. 
Therefore, this maximum Pin can be regarded as the apparent 
power Sin. Hence, Sin is obtained as 
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where Vcr_amp is the peak value of vcr_ac(t). Because the power 
factor PF is the ratio of Pin to Sin, PF can be calculated as 
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The above discussion describes the estimation method of 
the power factor for the given switching pattern of S1 and S2. 
Contrarily, this discussion can also be used to determine the 
switching timing of S1 and S2 for achieving the required 
power factor. According to the above discussion, vcr_ac(0) and 
vcr_ac(T/2) are identical to −PFVcr_amp and PFVcr_amp. Therefore, 
to achieve required PF, S1 should be turned on and off when 
vcr_ac(t) coincides with −PFVcr_amp and PFVcr_amp, respectively. 

B. Operating Principles 

The proposed control circuit generates the switching gate 
signals to achieve the given power factor PF. The proposed 
circuit comprises four subcircuits: 1. resonant capacitor 
voltage detection circuit, 2. amplitude detection circuit, 3. dc 
multiplication circuit, and 4. gate signal generation circuit. 

The resonant capacitor voltage detection circuit eliminates 
the dc component and attenuates the resonant capacitor 
voltage by dividing the voltage by two small capacitors Ca and 
Cb. The output of this voltage divider is further conducted to 
the rectifying circuit. Consequently, the output of this circuit 
corresponds to |vcr_ac(t)|.  

The signal of |vcr_ac(t)| is conducted to the amplitude 
detection circuit. In Figure 5, the amplitude detection circuit 
is made as a simple rectifying circuit with a low-pass filter. 
The output of this circuit corresponds to Vcr_amp. 

The output signal of the amplitude detection circuit is 
conducted to the multiplication circuit. In this circuit, the 
signal is multiplied by the dc voltage representing the power 
factor command value, which is supplied by the compensation 
circuit. The output of this circuit corresponds to PFVcr_amp. 

The compensation circuit generates the power factor 
command value according to the deviation of the output 
voltage from the output voltage command value. The same 
compensation circuits as for the buck choppers can be utilized 
for the proposed control, as discussed in the previous section. 

Finally, the output signals of the resonant capacitor 
voltage detection circuit and the multiplication circuit are 
conducted to the gate signal generation circuit. The gate signal 
generation circuit firstly compares the two signals using a 
comparator to detect the timing at which vcr_ac(t) coincides 
with −PFVcr_amp or PFVcr_amp. The output of the comparator is 
conducted to a D-FF finally to generate the switching gate 
signals of S1 and S2. 

V. SIMULATION 

The simulation was carried out to verify the performance 
of the LLC converter with the proposed control. This section 
firstly compares the simulated bode plots of the various 
dynamic characteristics between the LLC converter with the 
proposed control and the buck chopper to confirm that these 
two power converters have the same dynamic performance, as 
predicted by the theory. Then, this section compares the output 
impedance of the LLC converter, as well as the root-mean-
square value of the transformer primary current, between the 
proposed control and the conventional frequency control to 
confirm the effectiveness of the proposed control.  

For this purpose, the simulation models of the LLC 
converters with the proposed control and the conventional 
control, as well as the buck chopper, were constructed in the 
model space of the circuit simulator. The software used in this 
simulation was PSIM (Powersim Inc.)  

A. Comparison with Buck Chopper 

The dynamics characteristics were compared between the 
simulation circuits of the LLC converter with the proposed 
control and the buck chopper. The circuit shown in Fig. 5 was 
utilized for the LLC converter with the proposed control. (The 
compensator was eliminated. Instead, a fixed power factor 
value was input to the multiplier circuit.) The circuit shown in 
Fig. 4 was utilized for the buck chopper. The power circuits of 
these converters were designed to theoretically have the same 
dynamic characteristic according to (18). Consequently, the 
circuit parameters were set as listed in Table I. 

In this simulation, the power factor or the duty cycle was 
set constant at 0.5. Then, the bodes plots of the command 

TABLE I.  SIMUATION PARAMETERS FOR SUBSECTION V.A 

 

 

Fig. 7. Simulation results of dynamic characteristics of LLC converter 

with proposed control circuit and buck chopper. (a) Command value 

fluctuation vs. output voltage characteristic Gcv(ω). (b) Input voltage 
fluctuation vs. output voltage characteristic Gvv(ω). 
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value, i.e. power factor or duty cycle, fluctuation vs. the output 
voltage characteristic Gcv(ω) and the input voltage fluctuation 
vs. the output voltage characteristic Gvv(ω) were calculated. 

Figure 7 shows the simulation results. The LLC converter 
with the proposed control exhibited almost the same 
characteristics in Gcv(ω) and Gvv(ω). Certainly, the constant 
gap was found between the two models in Gvv(ω). However, 
this gap is originated from the natural difference of the voltage 
gain: the LLC converter with the proposed control has the 
voltage gain 1/4 time as small as the buck converter. Therefore, 
the simulation results supported the theoretically predicted 
dynamical equivalence between the LLC converter with the 
proposed control and the buck converter. 

B. Comparison with Conventional Control 

Next, the output impedance, as well as the root-mean-
square value of the primary current, was compared between 
the LLC converters with the proposed control and the 
conventional control. The circuit shown in Fig. 5 and Fig. 8 
were utilized for the LLC converter with the proposed and 
conventional control including the compensation circuit. The 
circuit parameters are listed in Table II. 

Because the LLC converter with the proposed control is 
equivalent to the buck chopper, the nominal power factor was 
set close to 0.5, which results in the output voltage close to 
0.5Vinv/2N. On the other hand, the conventional control is 
commonly designed to be operated at the operating frequency 
close to fres, which results in the output voltage close to 
Vinv/2N. Hence, the turn ratio N of the proposed control was 
set at the half value of that of the conventional control.  As a 
result of this difference, we designed Lr+Ll and Cr of the 
proposed control to be 1/4 time and 4 time, respectively, as 
large as those of the conventional control because the load 
resistance seen from the primary side is 1/4 times as large in 
the proposed control as that in the conventional control and 
therefore the characteristic impedance of the LC resonator in 
the proposed control should be set 1/4 of that of the 
conventional control to have the same quality factor of the 
resonator. 

The transformer of the LLC converter with the proposed 
control was designed to have a sufficiently large magnetizing 
inductance than the leakage inductance. Meanwhile, the 
transformer of the LLC converter with the conventional 
control was designed to cover the same voltage gain range as 
the LLC converter with the proposed control, i.e. 
Vin/Vout=0⁓1/4, at the nominal load resistance 1 Ω. 

Both of these two simulation circuits adopted the 3-pole-
2-zero compensation circuit, which has the transfer function 
T(s) expressed as 

 ( ) ,
2

5
3

4

32
2

1

ssAsA

AsAsA
sT

++

++
=  (26) 

where s is the complex variable, A1–A5 are the constants 
characterizing the transfer function. However, the two 
simulation circuits adopted different values for A1–A5 so that 
the loop transfer function Gov(ω) of these LLC converters have 
the same cross-over frequency of 1 kHz, the same gain margin 
of 20 dB, and the same gain of 20 dB at 100 Hz when the 
nominal output voltage is 12.5 V and the nominal load 
resistance is 1 Ω. The values of A1–A5 are listed in Table II. 
The resultant Gov(ω) at Vout=12.5 V and Rload=1 Ω is presented 
in Fig. 9. 

 Figure 10 shows the simulation result of the output 
impedance at Vout=12.5 V, 9 V, and 6 V with Rload=1 Ω, 
respectively. The results revealed that the proposed control 
exhibited the smallest output impedance than the conventional 
control at the low-frequency region regardless of the output 
voltage. As the low-frequency fluctuation of the load current 
tends to have large amplitude and therefore be the main 
contributor of the output voltage fluctuation in common 
applications, these results indicate that the proposed control 
can offer excellent output voltage stabilization compared to 
the conventional control in a wide range of the output voltage. 

The proposed control showed far better output voltage 
stabilization also at Vout=12.5 V, although the output voltage 
gain is not dependent on the output current in both of the 
controls at this output voltage. Therefore, the improvement of 
the output voltage by the proposed control cannot be entirely 
attributed to the difference in the output voltage gain vs. the 
output current characteristics, which was anticipated by this 
paper. Hence, this paper cannot give a complete explanation 
for the mechanism of this improvement, although future 
research will investigate the reason for this improvement. 

 

Fig. 8. Similation circuit of LLC converter with conventional control 

TABLE II.  SIMUATION PARAMETERS FOR SUBSECTION V.B 
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Fig. 9. Loop transfer function of LLC conveters with proposed and 

conventional controls at Vout=12.5 V and Rload=1 Ω 
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Figure 11 shows the simulation result of the transformer 
primary current at Vout=12.5 V. The result indicated that the 
proposed control can effectively reduce the primary current 
particularly under light load condition, which implies a 
possible improvement in the efficiency at the light load. 
Consequently, the simulation supported the effectiveness of 
the proposed control. 

VI. CONCLUSIONS 

The LLC design covering a wide range in the output 
voltage gain and the load current can deteriorate the output 
voltage stability and efficiency.  For mitigating this problem, 
this paper proposed a novel control method that adjusts the 
power factor rather than the operating frequency. This paper 
elucidated that the dynamic performance of the LLC converter 
with the proposed control is equivalent to the buck chopper. 
Therefore, the proposed control can offer excellent output 
voltage regulation regardless of the output voltage gain and 
the load current, thus possibly improving the output voltage 
stability than the conventional control. Furthermore, this paper 
proposed a practical control circuit to implement the proposed 
control. The simulation verified the improvement of the 
output voltage stability and reduction in the primary current, 
which is the cause of the efficiency deterioration, suggesting 
the promise of the proposed control.   

REFERENCES 

 
[1] G. Yang, P. Dubus, and D. Sadarnac, “Double-phase high-efficiency, 

wide load range high- voltage/low-voltage LLC DC/DC converter for 

electric/hybrid vehicles,” IEEE Trans. Power Electron., vol. 30, no. 4, 
pp. 1876-1886, Apr. 2015. 

[2] C. Duan, H. Bai, W. Guo, and Z. Nie, “Design of a 2.5-kW 400/12-V 
high-efficiency DC/DC converter using a novel synchronous 
rectification control for electric vehicles,” IEEE Trans. Transportation 
Electrification, vol. 1, no. 1, pp. 106-114, Jun. 2015. 

[3] J.-B. Lee, J.-K. Kim, J.-H. Kim, J.-I. Baek, and G.-W. Moon, “A high-
efficiency PFM half-bridge converter utilizing a half-bridge LLC 
converter under light load conditions,” IEEE Trans. Power Electron., 
vol. 30, no. 9, pp. 4931-4942, Sept. 2015. 

[4] C. Fei, R. Gadelrab, Q. Li, and F. C. Lee, “High-frequency three-phase 
interleaved LLC resonant converter with GaN devices and integrated 
planar magnetics,” IEEE J. Emerg. Select. Topics Power Electron., vol. 
7, no. 2, pp. 653-663, Jun. 2019. 

[5] C. Cheng, C. Chang, T. Chung and F. Yang, “Design and 
implementation of a single-stage driver for supplying an LED street-
lighting module with power factor corrections,” IEEE Trans. Power 
Electron., vol. 30, no. 2, pp. 956-966, Feb. 2015. 

[6] Y. Wang, Y. Guan, K. Ren, W. Wang and D. Xu, “Single-stage LED 
driver based on BCM boost circuit and LLC converter for street 
lighting system,” IEEE Trans. Ind. Electron., vol. 62, no. 9, pp. 5446-
5457, Sept. 2015. 

[7] J. Deng, S. Li, S. Hu, C. C. Mi and R. Ma, “Design methodology of llc 
resonant converters for electric vehicle battery chargers,”  IEEE Trans. 
Veh. Technol., vol. 63, no. 4, pp. 1581-1592, May 2014. 

[8] H. Wang, S. Dusmez and A. Khaligh, “Design and analysis of a full-
bridge LLC-based PEV charger optimized for wide battery voltage 
range,” IEEE Trans. Veh. Technol., vol. 63, no. 4, pp. 1603-1613, May 
2014. 

[9] R. Beiranvand, B. Rashidian, M. R. Zolghadri, and S. M. H. Alavi, “A 
design procedure for optimizing the LLC resonant converter as a wide 
output range voltage source,” IEEE Trans. Power Electron., vol. 27, 
no. 8, pp. 3749-3763, Aug. 2012. 

[10] C.-O Yeon, J.-W. Kim, M.-H. Park, I.-O. Lee, and G.-W. Moon, 
“Improving the light-load regulation capability of LLC series resonant 
converter using impedance analysis,” IEEE Trans. Power Electron., 
vol. 32, no. 9, pp. 7056-7067, Sept. 2017. 

[11] Z. Fang, J. Wang, R. Liu, L. Xiao, J. Zhang, G. Hu, and Q. Liu, “Energy 
feedback control of light-load voltage regulation for LLC resonant 
converter,” IEEE Trans. Power Electron., vol. 34, no. 5, pp. 4807-
4819, May 2019. 

[12] J.-H. Kim, C.-E. Kim, J.-B. Lee, Y.-D. Kim, H.-S. Yount, G.-W. Moon, 
“A simple control scheme for improving light load efficiency in a full-
bridge LLC resonant converter,” in Proc. IEEE Intl. Power Electron. 
Conf., Hiroshima, Japan, May 2014, pp. 1743-1747. 

[13] H.-P. Park and J.-H. Jung, “Power stage and feedback loop design for 
LLC resonant converter in high-switching-frequency operation,” IEEE 
Trans. Power Electron., vol. 32, no. 10, pp. 7770-7782, Oct. 2017. 

[14] M. F. Menke, A. R. Seidel, and R. V. Tambara, “LLC LED driver 
small-signal modeling and digital control design for active ripple 
compensation,” IEEE Trans. Ind. Electron., vol. 66, no. 1, pp. 387-396, 
Jan. 2019. 

[15] Z. Fang, J. Wang, S. Duan, K. Liu, and T. Cai, “Control of an LLC 
resonant converter using load feedback linearization,” IEEE Power 
Electron., vol. 33, no. 1, pp. 887-898, Jan. 2018. 

[16] M. Orabi and A. Shawky, “Proposed switching losses model for 
integrated point-of-load synchronous buck converters,” IEEE Power 
Electron., vol. 30, no. 9, pp. 5136-5150, Sept. 2015. 

[17] Y. Yan, F. C. Lee, and P. Mattavelli, “Comparison of small signal 
characteristics in current mode control schemes for point-of-load buck 
converter applications,” IEEE Power Electron., vol. 28, no. 7, pp. 
3405-3414, Jul. 2013. 

[18] G. Abbas, J. Gu, U. Farooq, M. I. Abid, A. Raza, M. U. Asad, V. E. 
Balas, and M. E. Balas, “Optimized digital controllers for switching-
mode DC-DC step-down converter,” MDPI Electronics, vol. 7, 412, 
Dec. 2018. 

[19] H. J. Zhang, “Modeling and loop compensation design of switching 
mode power supplies,” Linear Technology Application Note, AN-149, 
Jan. 2015. 

[20] S. W. Lee, “Demystifying type II and type III compensators using op-
amp and OTA for DC/DC converters,” Texas Instrument Application 
Report, SLVA662, Jan. 2015 

 

 

Fig. 10. Output impedance of LLC conveters with proposed and 

conventional controls with Rload=1 Ω at Vout=12.5 V, 9 V, and 6 V. 

 

Fig. 11. Simulation result of the root-mean-square values of the 

transformer primary current of LLC conveters operated at Vout=12.5 V. 
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