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Abstract—In this study, an adaptive DC-link voltage control of 
a two-stage switching power supply with LLC resonant converter 
is proposed. With this control method, the frequency variation 
range can be reduced and the conversion efficiency under different 
load conditions can be improved compared with the conventional 
variable frequency control technique. By operating the LLC reso-
nant converter near its resonant frequency, circulating loss as well 
as the conduction loss can be reduced and optimal design of LLC 
resonant converter can be made possible. Moreover, no additional 
auxiliary circuits are required for the proposed method. The op-
erational principle of the proposed control scheme is verified with 
a 350 W prototyping circuit. The switching-frequency-variation 
range is reduced from 12 to 4 kHz and the efficiency is improved 
from 89.4 % to 90.2 % at full load.

Index Terms—Adaptive DC-link control, LLC resonant converter, 
two-stage switching power supply.

I. Introduction

WITH the prevalence of the Internet and advancements 
in telecommunication technology, demand for power 

supply fields, such as server and telecom power supplies, has 
increased. Additionally, consumers have high requirements for 
power supply efficiency, volume, power density, and reliability 
[1]-[3]. Regarding the application of server and telecom power 
supplies, two-stage switching power supply (SPS) remains the 
mainstream architecture [4], [5]. In addition, two-stage SPS can 
also be employed in plug-in electrical vehicle (PEV) applica-
tions. Power factor correction (PFC) is usually the first stage of 
two-stage SPS, allowing the input current to become sinusoidal 
and in phase with the input voltage to increase the usage of 
mains electricity. The PFC stage usually utilizes a typical boost 
converter architecture that converts alternating current (AC) 
mains electricity to high-voltage direct current (DC). The sec-
ond stage utilizes a DC-DC converter architecture to provide 
isolation as well as a stable output voltage. For two-stage SPS, 
digital signal controllers have increasingly been employed 
because of advancements in their functionalities. The block dia-
gram for two-stage digital SPS is shown in Fig. 1. 

Because most conventional DC-DC converters do not pos-
sess soft switching mechanisms [6], power supply efficiency is 

difficult to improve. Hence, current DC-DC converters typically 
use the phase shift full bridge (PSFB) converter or LLC reso-
nant converter, which has soft switching characteristics. PSFB 
converters can achieve zero voltage switching (ZVS) and are 
suitable for medium- and high-power applications; therefore, 
they are often used in the DC-DC converters of server, telecom 
or PEV power supply systems. Compared with conventional 
full bridge converters, PSFB converters have higher efficiency; 
however, PSFB converters exhibit problems such as difficulty 
in achieving ZVS at light load, duty cycle loss, circulating-cur-
rent loss, and the parasitic ringing phenomenon [7]-[10].

Compared with PSFB converters, LLC resonant converters 
can not only achieve ZVS on the primary side but also attain 
zero current switching (ZCS) on the secondary side. In addi-
tion, problems related to the circulating current on the primary 
side of the LLC resonant converter are less severe. Thus, LLC 
resonant converters are more efficient than PSFB converters 
and have gradually become more prevalent for DC-DC con-
verter applications. However, LLC resonant converters possess 
deficiencies. Generally, the optimal performance of an LLC 
resonant converter occurs when the switching frequency equals 
the resonant frequency [11]-[16]. However, this is difficult to 
achieve without adding mechanisms such as changes to the 
resonant tank parameters [12], [13] or modulation of the LLC 
resonant converter input voltage [14]-[16]. In addition, the LLC 
resonant converter relies on a frequency control mechanism to 
achieve voltage regulation. In conditions of improper design or 
applications where a wide input/output range is required [17]-
[20], the switching frequency of LLC resonant converter may 
vary excessively, causing inefficiency and even leading to prob-
lems in designing magnetic components.

Numerous studies have adopted measures to enhance the 
overall efficiency of LLC resonant converters. A dual-trans-
former strategy was utilized in [19] to handle relatively wide 
input voltage ranges. Compared with the conventional LLC res-
onant converter, this design developed more operating modes, 
such as the increased flexibility to minimize the magnetizing 
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Fig. 1.  Block diagram of a two-stage digital SPS.
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current and reducing copper and iron loss from the transformer 
to enhance overall efficiency; however, the auxiliary circuit, 
winding of the dual transformers, and two rectification output 
stages complicate the circuit. An auxiliary LC circuit (containing 
an inductor and a capacitor) was used in [21], which functioned 
as a variable inductor, providing substantial magnetizing in-
ductance at all times according to the switching frequency to 
reduce the circulating current of the LLC resonant converter, 
thereby improving the overall efficiency. Nonetheless, the trans-
former size becomes larger than that of a conventional LLC 
resonant converter if the LC auxiliary coil should be winded 
into the transformer. The research team in [22] modified the 
design of the transformer and the winding method to improve 
the overall efficiency of the LLC resonant converter; however, 
the improvement was limited. In [23], researchers suggested 
a dynamic adjustment of the dead time (DT) of LLC resonant 
converters to enhance overall efficiency; this means DT is short 
when the load is large, and vice versa. This method detected the 
center point voltage between the high side and low side MOS-
FET to determine the optimal timing for ZVS. However, this 
DT adjustment method is only suitable for region 1 operation 
of the LLC resonant converter, in which the frequency is higher 
than the resonant frequency. If employed in other regions of the 
LLC resonant converter, this method improves efficiency only 
to a limited extent. When operating in a region with a frequency 
lower than the resonant frequency, the resonant current value 
that enables the MOSFET to achieve ZVS is irrelevant to load 
level but is related to the value of the magnetizing inductance.

Studies have improved LLC resonant converter efficiency by 
adjusting LLC input voltage to keep the switching frequency 
close to the resonant frequency. This methodology comprises 
three methods: The first method controls LLC resonant con-
verter in an open loop manner [14]-[16]; this method adjusts 
the input voltage by detecting variations of the output voltage, 
ensuring that the input-to-output voltage gain of LLC resonant 
converter stays at 1, as shown in Fig. 2.

The first method is often employed in systems with a variable 
output voltage, such as battery charging, where an LLC reso-
nant converter only has to provide system isolation and high-ef-
ficiency voltage conversion. Additionally, this type of system 
does not need to consider the transient response. 

The second method lets the switching frequency track the 
resonant frequency [3]. When the switching frequency of the 
LLC resonant converter deviates from the resonant frequency, 
step-size adjustment is used to adjust the input voltage step by 
step. This process continues until the switching frequency falls 
into the setting frequency range, as shown in Fig. 3. However, 
the step-by-step adjustment of the PFC’s input voltage may 
cause the PFC’s output voltage to change frequently, which is 
unfavorable for regulating voltages at subsequent stages, and 
the output voltage may oscillate.

The third method is the use of a variable resonant inductor 
[13], which engender unsaturated, partially saturated, and satu-
rated resonant inductance values according to various loads and 
operating points. In addition to the difficulty in controlling the 
saturation point, this method is unfavorable for realizing com-

mercialization of mass production. The block diagram regard-
ing the function of this architecture is shown in Fig. 4.

This study proposed a novel method for improving efficiency 
that does not require changes in system architecture and reso-
nant tank components. The proposed method simply utilizes the 
LLC resonant converter’s voltage gain and the switching fre-
quency’s open loop relationship under various loads to rapidly 
estimate the required input voltage compensation, enabling the 
switching frequency to stay consistent with the resonant fre-
quency. When the load varies, the variable frequency control of 
the conventional LLC resonant converter changes the switching 
frequency to alter the voltage gain to compensate for the drop 
(rise) in the output voltage caused by the increase (decrease) 
of the load. If the input voltage can be altered while the load 
changes, voltage gain can thus be changed to achieve optimal 
operational efficiency under the premise of little variation in the 
switching frequency. The proposed method is presented in Fig. 5. 
Because the proposed method does not require a step-by-step 

Fig. 2.  Block diagram of the first method.

Fig. 3.  Block diagram of the second method.

Fig. 4.  Block diagram of the third method.
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adjustment mechanism, the output response is relatively rapid. 
Compared with the variable frequency control of a conventional 
LLC resonant converter, the proposed technology can increase 
efficiency by 0.8% at full load. 

This paper is organized as follows. Section II describes the 
relationship between the conversion efficiency and the output 
voltage of PFC. Section III presents the loss analysis of LLC 
resonant converter operating at the resonant frequency. Section 
IV derives the proposed control technique. Section V reports the 
experimental results. Section VI draws some conclusions.

II. The Relationship Between the Efficiency and 
Output Voltage of the PFC Stage

In this paper, an adaptive DC-link voltage control technique 
is proposed to keep the switching frequency of the LLC reso-
nant converter close to the designed resonant frequency. That is, 
the output voltage of the PFC stage should be adjustable. In this 
subsection, the relationship between the conversion efficiency 
and the output voltage value of the PFC stage is investigated. 
Fig. 6 shows the block diagram of the PFC stage used in this 
study. 

From Fig. 6, the utilized PFC is a boost converter operated in 
average current mode [24], [25]. The input voltage range of the 
utilized 380 W PFC stage is from 90 VAC to 264 VAC with AC 
line frequency ranges from 47 Hz to 63 Hz, the nominal output 
voltage is 380 VDC (programmable), and the full load current 
is 0.92 A. According to [26], the losses of the power MOSFET 

Q, freewheeling diode D, and output capacitor Co relate to the 
value of the output voltage Vo. TABLE I shows the key compo-
nents of the implemented PFC stage. Using the parameters in 
TABLE I, total losses of the PFC stage can be obtained [26].

Fig. 7 shows the calculated total losses of the PFC stage un-
der different output voltage Vo and power level Pin. From Fig. 7, 
the power losses become larger/smaller when Vo increases under 
300 W/600 W power level. Nonetheless, it can also be observed 
from Fig. 7 that the variation of power losses for the full voltage 
swing (Vo = 320 V to Vo = 420 V) is rather small (0.045 W (0.015 
%) for 300 W level and -0.25 W (0.042 %) for 600 W level). 
Therefore, changing the output voltage of PFC will have little 
effect on the overall efficiency.

III. Optimal Operating Point and Loss Analysis of 
LLC Resonant Converter

A. Comparison of Three Operating Points of the LLC Reso-
nant Converter

The key waveforms of the resonant current of LLC converter 
operating at different switching frequencies are depicted in Fig. 
8. If the switching frequency is lower than the resonant frequen-
cy as shown in Fig. 8(a), a large circulating current exists in the 

Fig. 5.  Block diagram of the proposed method.

Fig. 6  Block diagrams of the PFC stage utilized in this study. 

TABLE I
Key Components of the Utilized PFC Stage

Key Components Manufacturer and Parts Specifications

Bridge diode (Bd) Fairchild, GBU8J VRRM : 600 V, IF(AV) : 8 A

MOSFET (Q) Infineon, IPP60R199CP VDS: 650 V, RDS(on):0.199 Ω, 
ID:9 A

Freewheeling 
diode (D) Cree, C3D10060G VRRM: 600 V, IF:10 A

Output Capacitor 
(Co)

Panasonic, 
ECOS2WP221CX 450 V/220 μF

Controller TI, UCD3138 Integrated Digital Controller

Fig. 7.  Total losses of the PFC stage utilized in this study.
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resonant tank, and it will cause high conduction loss. When the 
switching frequency equals the resonant frequency, the switch-
ing loss and conduction loss are reduced as seen in Fig. 8(b). When 
the switching frequency is higher than the resonant frequency, 
the MOSFETs are turned off with higher current as shown in 
Fig. 8(c); hence, the switching loss increases. TABLE II shows 
the comparison of the LLC resonant converter operating under 
different switching frequency [14]. From TABLE II, the LLC 
resonant converter achieves its best efficiency when operating 
at the resonant frequency.

B. Loss Analysis for LLC Resonant Converter Operating at 
the Resonant Frequency

For the proposed control technique, the DC-link voltage will 
be adjusted to keep the switching frequency of LLC resonant 
converter near its resonant frequency. Therefore, loss analysis 
for LLC resonant converter operating at its resonant frequency 
will be performed first. For the LLC resonant converter utilized 
in this study, as shown in Fig. 9, the loss model for each compo-
nent will be briefly derived and described as follows:

1) Losses of MOSFET Q1 and Q2
Conduction loss of MOSFET Q1 and Q2 can be expressed as 

[15]:

 	 (1)

where Ip_rms is the RMS current of the primary side, transformer 

turns ratio n = Np/Ns, Np is the number of turns on the prima-
ry side, Ns is the number of turns on the secondary side, Lm is 
the magnetizing inductance, Vo is the output voltage, RL is the 
equivalent load resistance and Ts is the switching period.

Due to its ZVS nature, the turn-on loss of Q1 and Q2 can be 
neglected. However, there still exists a turn-off loss. The turn-
off loss of MOSFETs can be depicted as [14]

 	 (2)

where Ipeak is the peak value of the magnetizing current, tf is the 
rise time of the MOSFET,  fs is the switching frequency, COSS 
is the output capacitance of MOSFET.

2) Losses of the Isolation Transformer
According to [31], the AC-to-DC resistance ratio FR_n_Tr can 

be calculated by Dowell’s equation, as shown in (3)

  	 (3)

where FR_n_Tr is the AC-to-DC resistance ratio at nth harmonic 
frequency, Rac_Tr and Rdc_Tr are the AC and DC resistance of the 
transformer, respectively. Xn = h/δn is the ratio of wire thickness 
h and the skin depth of nth harmonic current, m is the layer 
number.

Hence, the AC copper loss of primary and secondary side can 
be obtained by summing the losses from DC to nth harmonics.

 	 (4)

 	 (5)

From (4) and (5), the total copper loss of the transformer can be 
derived as:

TABLE II
Comparison of the LLC Resonant Converter Operating Under Different 

Switching Frequency

LLC Performances fs < fr fs = fr fs > fr

 Turn on loss of primary MOSFET
 Turn off loss of primary MOSFET
 Circulating current in the primary side
 Secondary diode
 Conduction loss
 Switching loss
 Harmonics
 Overall performance

ZVS
Low
High
ZCS
High
Low
Low

Medium

ZVS
Low
Low
ZCS
Low
Low
Low
Best

ZVS
High

Medium
No

Medium
High
High

Medium

Fig. 8.  Key waveforms of the resonant current iLr of LLC resonant convert-
er operating under different switching frequency.

Fig. 9.  LLC resonant converter utilized in this study.
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 	 (6)

The core loss of the transformer can be calculated using the 
empirical Steinmetz equation [27], [28], as shown in (7):

 	 (7)

where Kcore is the Steinmetz coefficient of the core, Ve is the 
volume of the core and ΔBTr is the flux swing of the transformer 
and can be calculated as:

 	 (8)

where VLM is the voltage of magnetizing inductance, D is 
the duty ratio, Ts is the switching period, Ae is the effective 
cross-sectional area of the core.

3) Losses of the Resonant Inductor
The losses in the resonant inductor include copper loss and 

core loss, and can be obtained as [14], [31]:

 	 (9)

where the AC-to-DC resistance ratio FR_n_Lr=Rac_Lr/Rdc_Lr, Rac_Lr 
and Rdc_Lr are the AC and DC resistance of the resonant induc-
tor, respectively. ILr is the RMS value of the resonant inductor 
current.

Similarly, the core loss of the resonant inductor can be ob-
tained using the empirical Steinmetz equation [14], [27], [28], 
as depicted in (10)

 	 (10)

where Kcore_Lr is the Steinmetz coefficient of the resonant induc-
tor, Ve_Lr is volumn of the resonant inductor, and ΔBLr is the flux 
swing of the resonant inductor, as shown in (11)

 	 (11)

where nLr is the number of turns on the resonant inductor, Ae_Lr 
is the effective cross-sectional area of the resonant inductor and 
Vdc is the input voltage of the LLC converter.

4) Losses of the Synchronous Rectifier (SR) S1 and S2
The conduction loss of synchronous rectifier can be calculat-

ed as:

 	 (12)

where Is_rms can be expressed as [35]

 	 (13)

When operating at its resonant frequency, the SR of LLC reso-
nant converter exhibits ZCS; hence, the switching loss of SR is 
neglected.

5) Total Losses of the LLC Resonant Converter
Based on the above derivation, the total losses of the LLC 

resonant converter can be obtained by summing up the losses of 
each component shown in Fig. 9.

IV. Operating Principle of the Proposed Method

In this paper, a novel adaptive DC-link control technique is 
proposed. With this approach, the LLC resonant converter will 
automatically adjust its input voltage to keep the switching 
frequency of the LLC resonant converter close to the resonant 
frequency so that the conversion efficiency of the LLC resonant 
converter can be optimized across the whole load range. According 
to the First Harmonic Approximation (FHA) technique, the 
voltage gain of the LLC resonant converter can be expressed as:

  	 (14)

where Ln = Lm/Lr is the ratio of the magnetizing inductance and 
resonant inductance, fn = fs/fr is the ratio of switching frequency 
and resonant frequency. In (14), the quality factor Qe can be de-
picted as

 	 (15)

where the equivalent load resistance Re can be obtained as

 	 (16)

Fig. 10 shows the voltage gain curves of different values of 
load current. From Fig. 10, the voltage gain is irrelevant to the 
load current if the switching frequency is fixed at the resonant 
frequency. However, if non-idealities such as losses in power 
switches, magnetics, and diodes are taken into account, the ac-
tual output voltage will vary according to the load current [36]. 
When load increases/decreases, the output voltage will drop/
rise accordingly. Hence, a closed-loop controller is typically re-
quired to adjust the switching frequency to compensate the volt-
age variation. That is, to compensate for the effect of the varied 
load value, a conventional LLC resonant converter operates un-
der a wide switching frequency variation range. However, wide 
frequency variation complicates the design of the LLC resonant 
converter and leads to a decrease of efficiency.

To deal with this problem, an adaptive DC-link voltage 
control method is proposed in this study. From (14), the output 
voltage under ideal condition can be expressed by:

L. -C. SHIH et al.: ADAPTIVE DC-LINK VOLTAGE CONTROL OF LLC RESONANT CONVERTER
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  	 (17)

Taking all the non-idealities into consideration, the actual 
output voltage can be modified as:

 	 (18)

where RT is the equivalent resistance represents the cumu-
lative effect of all losses and can be obtained through experi-
ments.

Fig. 11 shows the gain curve of the utilized LLC resonant 
converter under different load conditions when taking all the 
non-idealities into account. From Fig. 11, the gain value varies 
even when the operating frequency is fixed at the resonant fre-
quency. Therefore, some control technique should be employed 
to compensate for this gain variation.

Fig. 12 shows the changes of the gain curves of the LLC res-
onant converter to explain the concept of the proposed control. 

In conventional frequency control, when the load current varies 
from light load to heavy load condition, the gain curve changes 
from g1 (solid line) to g2 (dotted line). To maintain the output 
voltage, the controller adjusts the switching frequency of the 
main switches Q1 and Q2 from fs,A to fs,B to regulate the out-
put voltage, as shown in Fig. 12 (a). On the other hand, when 
the load current changes from light load to heavy load in the 
proposed control, the output voltage is regulated by adjusting 
the input voltage (which consequently changes the gain curve) 
instead of the switching frequency as shown in Fig. 12 (b). That 
is, the gain curve changes from g2 (dotted line) to g2’ (dashed 
line) to achieve a constant gain at the resonant frequency fr.

The derivation of the proposed control mechanism can be 
explained as follows. According to (18), the output voltage vari-
ation Vo, drop equals to the voltage drop across RT, that is, Vo,drop 
=Io*RT. To compensate for this voltage drop, the required volt-
age variation of input voltage ΔVin can be calculated as

 	 (19)

Fig. 10.  Gain curves of the LLC resonant converter under different load 
conditions (ideal case).

Fig. 11.  Gain curves of the LLC resonant converter under different load 
conditions (non-ideal case).
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Fig. 12.  Changes of gain curve under load variation in conventional and 
proposed control methods.
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Since the gain value of the LLC resonant converter is always 
close to 1.0 when operating at the resonant frequency, (19) can 
be approximated as

 	 (20)

 Fig. 13 shows the flowchart of the proposed method. At first, 
the controller will determine whether the load detection time 
has been reached. In this study, the load detection time is 0.3 
second. If yes, the load current value Io will be measured and 
the controller will check if the load change has occurred or not. 
Otherwise, only original closed-loop control will be performed. 
If the load level changes, the required compensation voltage 
can be obtained using (20). In (20), the equivalent resistance RT 
which represents the cumulative effect of all losses can be ob-
tained by operating the LLC resonant converter at the resonant 
frequency using open loop control and recording voltage drop 
value under various load conditions. By adjusting the input volt-
age value and hence changing the gain curve shape, switching 
frequency of the resonant LLC converter can be kept around its 
resonant frequency. Since the adaptive DC-link voltage control 
scheme leads to reduced frequency variation range, optimal 
design of the LLC resonant converter and high efficiency under 
all-load conditions can be guaranteed. It should be noted that 
the load detection time should be slower than the bandwidth of 
the voltage control loop of PFC stage; otherwise the proposed 
method may fail to perform correctly. 

The block diagram of the realized two-stage SPS with adap-
tive DC-link voltage control is illustrated in Fig. 14. From Fig. 
14, the only measured signals are the output voltage Vo and 
output current Io. After calculating the required input voltage 
variation ΔVin, this command will be sent to PFC front stage via 
universal asynchronous receiver transmitter (UART) and the 
PFC stage will adjust its output voltage accordingly. Instead of 
continuously adjusting the input voltage as proposed in [3], the 
input voltage only changes once for the proposed method each 

time the load changes. Hence, the transient response can be im-
proved and the output voltage oscillation phenomenon can be 
avoided.

V. Experimental Results

In order to validate the correctness and effectiveness of the 
proposed method, a 350 W prototyping circuit is first construct-
ed. The input voltage range of the implemented LLC resonant 
converter is from 350 VDC to 420 VDC, the output voltage is 
fixed at 12 VDC and the full load current is 29 A. Table III shows 
the specific components utilized in the implemented prototyp-
ing circuit and their corresponding values. 

Fig. 15 displays the procedure for obtaining the equivalent 
resistance RT. In Fig. 15, the realized LLC resonant converter 
operates at the resonant frequency using open loop control, 
and the load current changes from 1 A to full-load 29 A with an 
interval of 1 A. After measuring the voltage variation Vo,drop, RT 
can be approximated by calculating the slope of the Vo,drop versus 
Io curve. In this study, RT  = 37.9 mΩ  when load current is low-
er than 5 A and RT  = 15.0 mΩ when load current is higher than 
5 A, as shown in Fig. 15.

Fig. 16(a) and (b) shows the key waveforms of the conven-
tional and proposed converters in full load condition, respec-
tively. From Fig. 16, the operating frequency of the conven-
tional LLC resonant converter is 57.25 kHz and the operating 
frequency of the proposed method is 78.64 kHz, which reduces 

L. -C. SHIH et al.: ADAPTIVE DC-LINK VOLTAGE CONTROL OF LLC RESONANT CONVERTER

TABLE III
Components Utilized in the Implemented LLC Resonant Converter

Key Components Manufacturer and Parts Specifications

MOSFET (Q) Infineon, 
SPW20N60CFD

VDS: 650 V, 
RDS(on): 0.22 Ω, 

ID: 20.7A

Synchronous Rectifier Infineon, 
IRLB3036GPbF

VDS: 60 V, 
RDS(on): 1.9 mΩ, 

ID: 195 A

Transformer Np:48, Ns:3, Ns:3 Lm: 520 μH

Output Capacitor (Co) Nichicon, 
PLF1C471MD01 16 V/470 μF * 5

Controller TI, UCD3138 Integrated Digital 
Controller

Fig. 14.  Block diagram of the proposed method.

Fig. 13.  Flowchart of the proposed method.
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the circulating loss and the switch turn-off loss in the primary 
side. Moreover, the proposed converter achieves ZVS over the 
entire load conditions. In Fig. 16(b), the input voltage changes 
from 380 V to 407 V to maintain the switching frequency near 
the resonant frequency.

Fig. 17 shows the operating frequency range and the input 
voltage variation of the LLC resonant converter for both the 
conventional and the proposed method. As shown in Fig. 17, 
the frequency range of the convention technique is from 85 kHz 
to 73 kHz. In contrast, the frequency variation is from 76 kHz to 

80 kHz for the proposed control method. It can also be observed 
from Fig. 17 that the input voltage of the conventional LLC res-
onant converter is fixed at 380 V while the input voltage of the 
proposed scheme changes from 389 V at light load to 407 V at 
full load. From Fig. 17, the DC-link voltage can be effectively 
adjusted to keep the switching frequency of LLC resonant con-
verter near its resonant frequency.

Fig. 18 shows the measured efficiency curves of the proposed 
adaptive DC-link voltage control method and the conventional 
variable frequency control technique as load changes from 5 A 
to 29 A. From Fig 18, the proposed control technique achieves 
higher efficiency under all load conditions as compared to con-
ventional LLC resonant converter, the efficiency improvement 
percentages are 0.13%, 0.27% and 0.88% under light-load, 
half-load and full-load conditions, and the averaged efficiency 
improvement is 0.427%. In addition, the highest measured effi-
ciency is 90.22%.

VI. Conclusion

In this study, an adaptive DC-link voltage control technique 
for a two-stage SPS with LLC resonant converter is proposed. 
With this presented technique, the DC-link voltage increases to 
compensate for the voltage drop caused by load variation, which 
facilitates the resonant LLC converter to operate near its reso-
nant frequency. This decreases the circulating energy and makes 

(a)

(b)

Fig. 16.  Key waveforms at full load. (a) Conventional control (b) Proposed 
control.

Fig. 15.  Obtaining RT via experiments.
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Fig. 17.  Comparison of the operating frequency range and input voltage 
variation.

Fig. 18.  Measured efficiency curves of the proposed adaptive DC-link volt-
age control method.
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the optimal design of an LLC resonant converter possible. 
Consequently, efficiency improvement can be achieved without 
any additional auxiliary circuits. According to the experimental 
results, the switching-frequency-variation range is reduced from 
12 kHz to 4 kHz and the efficiency of the proposed method can 
be improved up to 0.13%, 0.27% and 0.88% under light-load, 
half-load, and full-load conditions, respectively.
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