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Abstract 

 

This paper proposes a multimode hybrid control strategy that can achieve zero-voltage switching of primary switches and 
zero-current switching of secondary rectifier diodes in a wide input voltage range for full-bridge LLC resonant converters. When 
the input voltage is lower than the rated voltage, the converter operates in Mode 1 through the variable-frequency control strategy. 
When the input voltage is higher than the rated voltage, the converter operates in Mode 2 through the VF and phase-shift control 
strategy until the switching frequency reaches the upper limit. Then, the converter operates in Mode 3 through the constant- 
frequency and phase-shift control strategy. The secondary-side diode current will operate in the discontinuous current mode in 
Modes 1 and 3, whereas it will operate in the boundary current mode in Mode 2. The current RMS value and conduction loss can 
be reduced in Mode 2. A detailed theoretical analysis of the operation principle, the voltage gain characteristics, and the 
realization method is presented in this paper. Finally, a 500 W prototype with 100–200 V input voltage and 40 V output voltage 
is built to verify the feasibility of the multimode hybrid control strategy. 
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I. INTRODUCTION 

With the development of society and economy, renewable 
energy sources have been used widely in recent years. They 
have become more competitive than traditional energy 
sources. However, new energy sources have the disadvantage 
of a wide range of output voltages. Therefore, developing a 
DC/DC converter with high efficiency over a wide voltage 
range is necessary [1]-[3]. 

During last two decades, LLC resonant converter, which 
can realize soft switching and achieve high power density, 
has become a popular research subject. Normally, the LLC 
resonant converter operates through the variable-frequency 
(VF) control strategy. The operating frequency range has to be 
limited, which is unsuitable for applications with wide input 
voltage ranges [4-6]. To solve this problem, many approaches 
have been proposed from new topologies and control strategies. 

In [7], a hybrid three-level (TL) LLC resonant converter 
capable of operating under TL and two-level modes is 
proposed. Although this converter integrates the advantages 
of two modes, which can realize high efficiency in a wide 
voltage range through the constant-frequency (CF) control 
strategy, not all the switches endure half of the input voltage 
under the TL mode, and two modes imply more complicated 
control. 

A TL LLC resonant converter consisting of two half- 
bridges in series is proposed in [8]. When the input voltage is 
low, the resonant tank voltages are controlled at Vin and 0. 
When the input voltage is high, the resonant tank voltages are 
controlled at Vin/2 and 0. In this way, the converter can 
operate in a wide voltage range. However, two modes cannot 
realize smooth transition. At the transition point, the frequency 
and the DC bias voltage on the resonant capacitor can change 
abruptly, which can lead to unstable operation. 

In [9], a modified high-efficiency LLC resonant converter 
with two transformers is proposed. By operating in four 
different modes, the normalized DC voltage gain range can 
be as wide as four times the minimum input voltage. However, 
the parameter design procedure is extremely complicated. 
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Besides, the various modes cannot realize smooth transition. 
In [10], a hybrid control strategy based on the full-bridge 

(FB) LLC resonant converter is proposed. This control strategy 
combines the traditional VF and CF control strategies. All the 
switches can realize zero-voltage switching (ZVS), and the 
rectified diodes can achieve zero-current switching (ZCS) in 
a wide input voltage range. However, when the input voltage 
is higher, with the phase-shift angle becoming larger, the 
current peak value of the primary and secondary sides will 
increase and the converter efficiency will decrease. 

This paper proposes a multimode hybrid control strategy 
that adopts the FB LLC resonant converter as the circuit 
topology. In Mode 2 with the VF and phase-shift (VF–PS) 
control strategy, the current flowing through the secondary 
diodes operates in the boundary current mode (BCM) to reduce 
the current RMS value and achieve only a low conduction loss. 
Although the input voltage increases, the converter can 
exhibit high efficiency. 

 

II. OPERATION PRINCIPLE OF LLC CONVERTER 

A. VF Control 

Fig. 1 shows the main circuit topology of the FB LLC 
resonant converter. The resonant tank is composed of Lr, Lm, 
and Cr. n and RL are the transformer turns ratio and the load 
resistance, respectively. 

In [10], when the switching frequency is lower than the 
resonant frequency, the VF control strategy is used. When the 
switching frequency is higher than the resonant frequency, 
the CF-PS control strategy is used to satisfy the requirements 
of the wide input voltage range. The hybrid control strategy 
can realize ZVS of the primary switches and ZCS of the 
secondary diodes. Although it is simple, when the input 
voltage is higher, the phase-shift angle can increase to reduce 
the voltage gain, thereby increasing the current peak value of 
the primary and secondary sides. Meanwhile, the primary- 
side circulation loss can increase, which results in low work 
efficiency and more difficulty for the selection of the switches 
and diodes. 

B. VF-PS Control 

In this paper, the VF-PS control strategy is proposed for the 
secondary-side current to operate in the BCM when the 
circuit works in buck mode. The main operating waveforms 
of the converter are shown in Fig. 2. 

The figure shows eight operation stages in one switching 
period with the proposed control strategy, whose corresponding 
equivalent circuits are shown in Fig. 3. The operation is 
described in detail as follows. 

In Stage 1 [before t0] (Fig. 2(a)), Q1 versus Q2 are turned on 
and Q3 versus Q4 are turned off. During this time interval, the 
resonant tank voltage vAB is zero, and the magnetizing 
inductor voltage is clamped at -nVo. The converter operates in  

 
Fig. 1. FB LLC resonant converter. 
 

 
Fig. 2. Main waveforms of LLC converter with VF-PS control 
strategy. 
 
this stage until the resonant current iLr is equal to the 
magnetizing current iLm. The rectifier diode DR2 is turned off, 
with the ZCS avoiding reverse recovery. 

In Stage 2 [t0–t1] (Fig. 2(b)), Q2 is turned off at t0. During 
this time interval, the primary resonant current iLr begins to 
charge C2 and discharge C4 and the resonant tank voltage vAB 
increases. This interval is short and thus can be ignored. 

In Stage 3 [t1–t2] (Fig. 2(c)), the drain-source voltage of Q4 

decreases to 0 at t1 while the body diode conducts, thereby 
ensuring that the ZVS turn-on of switch Q4 can be achieved 
subsequently. The magnetizing inductor voltage is clamped at 
nVo, and the magnetizing current iLm increases linearly. The 
resonant tank voltage vAB is equal to Vin. The primary resonant 
current iLr is sinusoidal due to the resonance between Lr and 
Cr, and the rectifier diode DR1 is conducting at the same time. 
The resonant current iLr, the magnetizing current iLm and the 
resonant capacitor voltage vCr can be expressed as follows: 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 3. Equivalent circuit with VF-PS control strategy: (a) Stage 
1; (b) Stage 2; (c) Stage 3; (d) Stage 4; (e) Stage 5. 
 

where r =1/ඥܮ௥ܥ௥ is the resonance angular frequency, Z0 

=ඥܮ௥/ܥ௥	 is the characteristic impedance, and Im is the 

magnetizing current. 
In Stage 4 [t2–t3] (Fig. 2(d)), Q1 is turned off at t2 while the 

resonant current iLr begins to charge C1 and discharge C3. 
And the resonant tank voltage vAB starts to decrease from Vin. 
This interval is short and can thus be ignored. 

In stage 5 [t3–t4] (Fig. 2(e)), the drain-source voltage of Q3 
decreases to 0 and the body diode conducts simultaneously, 
thereby ensuring that the ZVS turn on of switch Q3 can be 
achieved subsequently. Meanwhile, the resonant tank voltage 
vAB is zero, and the magnetizing inductor voltage is clamped 
at nVo. The resonant current iL, the magnetizing current iLm 
and the resonant capacitor voltage vCr can be expressed as 
follows. 

  
Fig. 4. Gain curves in VF control strategy. 

 

,    (2a) 

,      (2b) 

.             (2c) 

The next five operation stages are similar to the former five, 
then a new period begins. 

Fig. 2 shows that the rectifier diode current operates in 

BCM when rt4 = . 
 

III. VOLTAGE GAIN CHARACTERISTIC 

A. Voltage Gain Analysis in VF Control 

As the switching frequency fs varies closer to the resonant 
frequency fr with the VF control strategy, the fundamental 
harmonic approximation (FHA) method is used to obtain the 
voltage gain characteristics [11]-[16]. The specific derivation 
process is no longer described. 

Fig. 4 shows the voltage gain characteristic when  = 3, 

where  is the ratio of the magnetizing inductance Lm to the 
resonant inductance Lr. When the switching frequency is 
lower than the resonant frequency, the converter operates in 
boost mode, and when the switching frequency is higher than 
the resonant frequency, the converter operates in buck mode. 
Eq. 3 shows the voltage gain expression where Q is the 
quality factor and fN is the normalized frequency. 

.    (3) 

B. Voltage Gain Analysis in VF-PS Control 

FHA analysis is no longer applicable to the VF-PS control 
strategy. Therefore, the time-domain analysis method is used 
to obtain the voltage gain characteristics. 
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Fig. 5. Steady-state trajectory for the hybrid control strategy. 

 
To simplify the analysis, Vbase = Vin, ωbase = ωr, Rbase = Z0, 

and Ibase = Vin/Z0 can be chosen to obtain normalized variables 

[7]. Then,  = ωrt and Dy = Ton/(Ts/2) are defined, where Ts 
represents the switching period and Ton represents the time 
when Q1 and Q4 or Q2 and Q3 are on. The relationship 

between t and  can be expressed by 

,                 (4a) 

,        (4b) 

.          (4c) 

According to Eqs. 1 and 2, normalized equations can be 
obtained as follows.  

When , 

.    (5) 

When , 

  .    (6) 

Fig. 5 shows the trajectory when the normalized resonant 
current and the resonant capacitor voltage are mapped to the 
state plane. With the dead time ignored, the start transient of 
each stage is shown in Fig. 5. The blue dotted line is the 
traditional CF-PS control strategy. The circle centers of 
stages V and VI are (0.5, 0) and (-0.5, 0), respectively. The 
red solid line is the VF-PS control strategy, which includes 
four different stages. The circle centers of stages I to IV are 
(1-M,0), (-M,0), (M-1,0), and (M,0). Stages I and III represent 
the stages vAB equals Vin. Stages II and IV represent the stages 
vAB equals 0. 

According to Fig. 5, the transition point between Stages II 
and III is at A(t4) with the VF-PS control strategy, and the 
transition point between Stages II and V is at B with the  

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Curves of gain versus duty ratio and frequency versus 
duty ratio for VF-PS control strategy: (a) M-Dy curves; (b) f-Dy 

curves; (c) 3D graph of f, Dy and M. 
 
CF-PS control strategy. Therefore, completing the switch 
transition at point A is the necessary and sufficient condition 
for the secondary-side diode current to realize BCM. 

According to the symmetry of Fig. 2, the boundary conditions 
can be obtained as follows: 
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is the charged charge of the resonant capacitor. Thus, 

.          (11) 

According to Eqs. (5)–(11),  

,   (12) 

,      (13) 

.   (14) 

As shown in the above equations, the parameters are 1, 2, 

M, ܫ௠∗ , ஼ܸ௥∗ , Q, and . Some of them can be expressed by  = 

3, 1 = Dy/fN, 2 = /fN, and ܫ௠	∗ = M2/2, where Q depends 
on the load. Therefore, the equations can be solved by using 

the software MATLAB. When Q and  are determined, the 
curves of gain versus duty ratio and frequency versus duty 
ratio for the VF-PS control strategy can be obtained as shown 
in Fig. 6. Given that the converter can maintain high 
efficiency when the duty ratio is more than 0.5, Figs. 6(a) and 
6(b) show only the duty ratio between 0.5 and 1. 

Fig. 6(c) shows that when the load is constant, a unique 
relationship between fN and D exists to satisfy the different 
gain requirements. Therefore, the frequency and duty ratio 
can be changed simultaneously to reduce the voltage gain. 

On the basis of the above analysis, the output voltage of 
the LLC resonant converter can be adjusted by the frequency 
and duty ratio. In this paper, the VF-PS control strategy is 
used to find the optimal curve on the plane for the 
secondary-side diode current to operate in BCM. 

 

IV. MULTIMODE HYBRID CONTROL STRATEGY 

Fig. 7 shows the traditional hybrid control strategy. When 
the switching frequency is lower than the resonant frequency, 
the converter operates in Mode 1 with the VF control strategy. 
When the switching frequency is higher than the resonant 
frequency, the converter operates in Mode 2 with the CF-PS 
control strategy. 

In this paper, a multimode hybrid control strategy is 
proposed by combining the advantages of the VF and VF-PS 
control strategies. When the input voltage is below the rated 
voltage, the converter operates in Mode 1 with the VF control 
strategy. When the input voltage is above the rated voltage, 
the converter operates in Mode 2 with the VF-PS control 
strategy until the switching frequency reaches the upper limit 
frequency, which is equal to 2.4 fr. Then, the switching 
frequency remains constant, and the converter begins to 
operate in Mode 3. This mode prevents the switching 
frequency variation range from being excessively wide. The 
control diagram and gain curves are as shown in Figs. 8 and 9, 
respectively. 

    
(a)                           (b) 

Fig. 7. Gain curves of traditional hybrid control strategy: (a) 
Mode 1; (b) Mode 2. 
 

 
Fig. 8. Control diagram of multimode control strategy. 
 

 
(a)                         (b)  

 
(c) 

Fig. 9. Gain curves of multimode hybrid control strategy: (a) 
Mode 1; (b) Mode 2; (c) Mode 3. 

 

V. ANALYSIS OF THE CURRET PEAK VALUE 

The conduction loss of the LLC converter is related to the 
current value of the primary side. To simplify the analysis, 
the resonant current operating stages of a switching period 
are reclassified. Through the analysis, the primary-side 
current peak equations can be obtained. 

Fig. 10 shows the main operating waveforms of the current 
in boost mode with the VF control strategy. The area 
switching period has four operation stages. 

In Stage 1 [0-Tr/2], the resonant inductance and resonant 
capacitor participate in the resonance. The resonant current iLr 
and the magnetizing current iLm can be expressed by 
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Fig. 10. Waveforms iLr and iDR1 of LLC converter with VF 
control strategy. 
 

 
Fig. 11. Waveforms iLr and iDR1 of LLC converter with CF-PS 
control strategy. 

 
 

 ,     (15) 

 ,            (16) 

where ܫ௅௥_௣௘௔௞  is the current peak value of the resonant 

network and  is the initial phase angle. 
In Stage 2 [Tr/2-Ts/2], the resonant inductor, the resonant 

capacitor, and the magnetizing inductor participate in the 
resonance. The resonant current iLr equals the magnetizing 
current iLm. 

During half of the resonance period, the primary-side 
transmits energy to the secondary-side. Hence, 

.       (17) 

According to Eqs. (15)–(17), the resonant current peak 
value can be expressed as  

.       (18) 

Fig. 11 shows the main operating waveforms of the current 
in buck mode with use of the traditional CF-PS control 
strategy. The current peak value can be expressed by using 
similar methods. 

         (19)  

Fig. 12 shows the main operating waveforms of the current 
in buck mode with use of the VF-PS control strategy. 

When t is between 0 and DyTs/2, the resonant current iLr 
and the magnetizing current iLm can be expressed by Eqs. 15  

 
Fig. 12. Waveforms iLr and iDR1 of LLC converter with VF-PS 
control strategy. 
 

TABLE I 
KEY CIRCUIT PARAMETERS 

Parameters Values 

Rated input voltage  120 V 

Input voltage range 100–200 V 

Resonant frequency (fr) 50 kHz 

Magnetizing inductance (Lm)  

Resonant inductance (Lr)  

Resonant capacitor (Cr)  

 

 
Fig. 13. Primary-side current peak value with different control 
strategies. 

 

and 16 similarly. However, the angular frequency  is 
slightly different. 

During the stage, the primary side transmits energy to the 
secondary side. Hence, 

.       (20) 

Finally, the resonant current peak with the VF-PS control 
strategy can be expressed as 

.    (21) 

To illustrate the advantages of the proposed multimode 
hybrid control strategy, a 500 W power prototype with 
100-200 V input voltage and 40 V output voltage is built. The 
detailed parameters are presented in Table I. 

According to the current peak value equations under 
different control strategies and Table I, the primary-side 
current peak curves at different input voltages can be 
obtained as shown in Fig. 13. 
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Fig. 14. Waveforms with input voltage Vin = 100 V.  
 

 
(a) 

 
(b) 

Fig. 15. Waveforms with input voltage Vin = 200 V: (a) CF-PS 
control strategy; (b) VF-PS control strategy. 
 

 
(a) 

 
(b) 

Fig. 16. Waveforms with different input voltages at 30% load: (a) 
Vin = 160 V; (b) Vin = 180 V. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 17. ZVS waveforms of switches Q2 and Q3 with the 
converter operating at full load: (a) Vin = 100 V, waveforms of 
Q3; (b) Vin = 120 V, waveforms of Q3; (c) Vin = 200 V, 
waveforms of Q3; (d) Vin = 100 V, waveforms of Q2; (e) Vin = 
120 V, waveforms of Q2; (d) Vin = 200 V, waveforms of Q2. 
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Fig. 18. Primary-side and secondary-side current peak values 
with different control strategies. 

 

 
Fig. 19. Primary-side current RMS value with different control 
strategies. 

 
As shown in the figure, the resonant current peak value of 

the VF-PS control strategy is lower than that of the CF-PS 
control strategy. Therefore, the conduction loss can be 
reduced in buck mode by the VF-PS control strategy, which 
is beneficial to the selection of switches and diodes. 

 

VI. EXPERIMENTAL RESULTS 

In this paper, the 120 V input voltage is set as the transition 
point between Mode 1 and Mode 2, and the point at fr = fs and 
M = 1. The upper limit frequency is set to 2.4 times fr as the 
transition point between Mode 2 and Mode 3. 

Fig. 14 shows the waveforms when the input voltage is 100 
V at full load with the VF control strategy. Fig. 15 shows the 
waveforms when the input voltage is 200 V at full load with 
the traditional CF-PS control strategy and the proposed 
VF-PS control strategy. The waveforms when the converter 
operates at 30% load are shown in Fig. 16. 

As shown in Fig. 16, when the input voltage is 160 V, the 
converter operates in Mode 2, and when the input voltage is 
180 V, the converter reaches the upper limit frequency and 
operates in Mode 3. Fig. 17 shows the soft switching 
waveforms of switches Q2 and Q3 at different input voltages 
when the converter operates at full load. 

Fig. 18 shows the primary-side and secondary-side current 
peak values with different hybrid control strategies, and Fig. 
19 shows the primary-side current RMS value with different 
hybrid control strategies. 

 
(a) 

 
(b) 

Fig. 20. Efficiency of the converter with different control 
strategies: (a) Full load and half load; (b) 10% and 30% load. 
 
 

 

Fig. 21. Experimental waveforms of transition between Mode 1 
and Mode 2.  
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Fig. 22. Experimental waveforms of mode transition between 
Mode 2 and Mode 3. 

 
As can be seen in Figs. 13 and 18, the theoretically and 

experimentally simulated curves agree well. 
According to Fig. 19, the primary-side current RMS value 

with the multimode hybrid control strategy is less than that 
with the traditional hybrid control strategy when the input 
voltage increases at full load. Meanwhile, the secondary-side 
diode current operates in BCM when the converter operates 
in Mode 2.  

When the converter operates in Mode 2, the switching 
frequency increases with the input voltage. The conduction 
and circulation losses can thus be reduced. Therefore, the 
converter can achieve high efficiency. Fig. 20 shows the 
efficiency of the converter with the control strategies at 
different loads. 

Fig. 21 shows the transition from Mode 1 to Mode 2 when 
the input voltage changes from 100 V to 140 V at half load. 
Fig. 22 shows the transition from Mode 2 to Mode 3 when 
the input voltage changes from 150 V to 190 V at 30% load. 
The experimental waveforms show that smooth transitions 
between different modes can be easily achieved. 

 

VII. CONCLUSION 

This paper proposes a multimode hybrid control strategy 
that is based on the FB LLC resonant converter. All 
primary-side switches operate with the ZVS, and the 
secondary-side diodes turn off with the ZCS in a wide input 

voltage and full-load range. Three operating modes are used 
to adjust the output voltage in a wide input voltage range. The 
secondary-side diode current operates in DCM in Modes 1 
and 3. However, it operates in BCM in Mode 2. Hence, the 
circulation losses and the current peak value in the primary 
and secondary sides can be reduced, and high efficiency can 
be realized. The performance of the proposed hybrid control 
strategy is experimentally verified by a 500 W power 
converter prototype with 100–200 V input voltage and 40 V 
output voltage. Therefore, the FB LLC resonant converter 
with the multimode hybrid control strategy is a good candidate 
for applications with wide input voltage ranges. 
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