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Abstract 

A novel voltage-fed single-stage power factor correction (PFC) full-bridge converter based on asymmetric phase-shifted 
control for battery chargers is proposed in this paper. The attractive feature of the proposed converter is that it can operate in a 
wide output voltage range without an output low-frequency ripple, which is indispensable in battery charger applications. 
Meanwhile, the converter can maintain a high power factor and a controllable dc bus voltage over a wide output voltage range. In 
this paper, the realization of PFC and the operation principle of asymmetric phase-shifted control are given. A small-signal 
analysis of the proposed single-stage power factor correction (PFC) full-bridge converter is performed. Experimental results 
obtained from a 1kW experimental prototype are given to validate the feasibility of the proposed converter. The PF is higher than 
0.97 over the entire output voltage range with the proposed control strategy. 

Key words: Asymmetric phase-shifted control, Battery charger, Single-stage PFC full-bridge converter, Voltage-fed, Wide 
output voltage range 

I. INTRODUCTION 

In recent years, battery chargers have become a key 
component for the emergence and acceptance of electrical 
vehicles. A well-known topology for a battery charger is the 
two-stage structure. A front stage, which is usually a boost 
converter, is adopted to perform power factor correction 
(PFC). A second stage, which is usually a high-efficiency 
isolated dc/dc converter, is adopted to realize isolation and to 
control the charging current. Normally, full-bridge (FB) 
converter is the most popular topology for the dc/dc 
converters in battery charger applications (1-5 kW) [1]-[5].  

However, the cost and complexity of the overall two-stage 
converter are increased because an additional converter must 
be implemented. Therefore, using a single-stage topology to 
realize PFC, isolation and dc/dc conversion sounds more 
attractive. Several single-stage full-bridge topologies can be 

found in the literature [6]-[21]. Among them, the voltage-fed 
full-bridge converters [13]-[21], which can operate with 
constant frequency and do not have voltage overshoots 
problem across the dc bus, have been widely studied. In 
[13]-[20], two inherent duty ratios, the dc/dc stage duty ratio 
Do and the PFC cell duty ratio Di, are defined. However, Di is 
restricted by Do and there are only three discontinuous values 
of Di when Do is settled. Therefore, the distortion of input 
current would be high and the dc bus voltage may become 
uncontrollable, especially in battery charger applications 
where the output power varies a lot. In [21], the restriction of 
the PFC cell duty ratio is weakened by using two controllers 
and the PFC cell duty ratio can vary continuously. 
Nevertheless, the range of Di should still be limited for the 
control of output voltage to be implemented. Thus, the input 
current distortions inevitably appear due to the limited duty 
ratio band. In addition, two controllers increase the system 
complexity. 

 However, there is a restriction of the input duty ratio in 
voltage-fed single stage AC-DC full bridge converters 
[14]-[20]. Specifically, the duty ratio for the output voltage 
modulation is produced based on the dc bus voltage and the 
output voltage in these converters. Then the input duty ratio 
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Fig. 1. Typical charging profile of a traction battery (60V). 
 

di for input current modulation is determined by the output 
duty ratio do. Meanwhile, the output duty ratio do is 
determined by the output voltage Vo and the turns ratio n 
since the operation principle of the output rectifier of the 
voltage-fed full-bridge converter is similar to that of the buck 
converter. Thus, the output voltage must be kept constant in 
these voltage-fed single-stage full-bridge converters. 
Otherwise, the THD can become high and the dc bus voltage 
can become uncontrollable when the output voltage changes. 
However, in battery charger applications, the output voltage 
(cell voltage) changes a lot during the charging process, as 
shown in Fig. 1 [22]. Thus, the restriction of the input duty 
ratio in the voltage-fed single stage ac-dc full-bridge 
converter becomes unacceptable in battery charger 
applications. 

A new voltage-fed PWM ac–dc single-stage full-bridge 
converter based on asymmetric phase-shifted control is 
proposed in this paper. This converter can operate in a wide 
output voltage range without an output low-frequency ripple, 
which is indispensable in battery charger applications. 
Meanwhile, the converter can maintain a high power factor 
and a controllable dc bus voltage over a wide output voltage 
range. This is achieved by the asymmetric phase-shifted 
control method. The output duty ratio is highly correlated 
with the input duty ratio. First, the input duty ratio is 
produced, then the output duty ratio can be determined by 
asymmetric phase-shifting of the gating signals of the two 
legs. The key operation principles of the asymmetric 
phase-shifted control method are given in Section II. 

 

II. OPERATION PRINCIPLE OF PROPOSED 
CONVERTER 

A. Voltage-Fed Single-Stage Full-Bridge Topology 
The typical structure of a voltage-fed single-stage 

full-bridge converter is shown in Fig. 2. The two bridge legs 
of the full-bridge converter are composed of four transistors, 
Q1, Q2, Q3 and Q4. The input inductor L is connected to the 
middle point of the Q1−Q2 leg. The structure is same as the 
voltage-fed single-stage full-bridge converters proposed in  

 
Fig. 2. The voltage-fed single-stage full-bridge converter. 
 

Fig. 3. Relationship between the input and output duty ratios in 
conventional voltage-fed full-bridge converters. 
 
[14]-[20]. Hence Q1 and Q2 are used to shape the input 
current same as the transistor in a boost PFC converter. In 
addition, the input current shape function is accomplished by 
two input boost converters. Other key components include 
the output diodes DR1 and DR2, the power transformer Tr, the 
output filter network LO and CO. As previously mentioned, 
there is a capacitor CF placed in parallel with the dc bus 
terminals. 

Since there are two transistors that are simultaneously used 
by the PFC stage and the DC-DC stage, two inherent duty 
ratios, do and di, should be defined firstly. The shaping of the 
input current is mainly realized by the input duty ratio, while 
the output voltage is controlled with the output duty ratio. 
However, since the transistors are simultaneously used by the 
two stages, the input duty ratio and the output duty ratio are 
highly dependent. 

Typical operation principles of a conventional voltage-fed 
full-bridge converter are shown in Fig. 3. 

In conventional voltage fed full-bridge converters, the 
output duty ratio is selected firstly. To be specific, the output 
voltage Vo and the dc bus voltage VCF need to be kept 
constant. As a result, the output duty ratio do is constant. In 
turn, the input duty ratio di is constructed based on the output 
duty ratio, as shown in Fig. 3, and can be expressed as: 
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where di-min, di-med and di-max are the minimum, medium and 
maximum input duty ratios that can be achieved with fixed 
output duty ratios.  

According to Equation (1), there are only three available 
input duty ratios once the output voltage is settled. The 
minimum input power and the input current distortion are 
related with the maximum and minimum input duty ratio 
according to the analysis in [15] 
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Meanwhile, the output filter inductance of the single stage 
full-bridge converter operates in the continuous conduction 
mode (CCM) in large power applications. Thus, the output 
duty ratio is determined by the output voltage since the dc 
bus voltage is constant: 
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Hence, the available input duty ratios change with the 
output voltage Vo in the traction battery charger shown in Fig. 
1. The output duty ratio is arbitrarily selected when the cell 
voltage changes.  

Therefore, the input current distortion and the 
uncontrollable dc bus voltage problems induced by the 
restricted input duty ratio are very severe. For example, the 
output duty ratio should be limited to less than 0.2 to reduce 
the input current distortion according the equation presented 
in [16]: 
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where mCF is the design margin and βmax is the maximum 
uncontrollable angle induced by the input duty ratio 
limitation.  

B. The Asymmetric Phase-shifted Control Method 

Key waveforms of the proposed single-stage PFC 
asymmetric phase-shifted full-bridge converter are shown in 
Fig. 4. di is the duty ratio of Q2, which is the PFC cell duty 
ratio, and the inductor current IL ramps up in the time interval 
diT. VCF is larger than VI. Meanwhile, the operation principle 
of the dc/dc stage (the charging current control stage) can be 
concluded as follows. The duty ratio of Q4 should be equal to 
that of Q2. Meanwhile, the gating signals for Q1 and Q3 are 
complimentary to those for Q2 and Q4, respectively. 
Whenever the top switch of a converter leg is on, the bottom 
switch in the same leg is off and vice versa. After the input 
duty ratio is determined, the charge current is controlled by 
phase-shifting the gating signals of the switches in the Q1−Q2 
leg with respect to those of the Q3−Q4 leg. φ is the phase 
difference between the two legs. 

It should be noted that the output duty ratio is highly 
correlated with the input duty ratio. Unlike conventional 
single-stage PFC full-bridge converters, the input duty ratio 
is produced and the output duty ratio can be determined  

 

Fig. 4. Key waveforms of the proposed control method. 
 

 
Fig. 5. Key waveforms of the output filter inductance. 

 
by phase-shifting the gating signals of the two legs. 

In order to illustrate the differences between the 
asymmetric phase-shifted control and the standard 
phase-shifted control method, the key waveforms of the 
output filter inductance of the conventional standard 
phase-shifted full-bridge converter and the asymmetric 
phase-shifted full-bridge converter are shown in Fig. 5. 

As shown in Fig. 5, the current of the output filter 
inductance is reset in every half of a switching cycle in the 
standard full-bridge converter. Meanwhile, it would take one  



34                        Journal of Power Electronics, Vol. 17, No. 1, January 2017 

 

 
Fig. 6. Designation of leading and lagging legs. 

 
whole switching cycle to reset the current of the output filter 
inductance in the asymmetric control method. Nevertheless, 
the operation principle of the output stage in the asymmetric 
control method is very similar to that of the standard 
full-bridge converter, and the output filter inductance can be 
designed in the same manner except that the current ripple 
would be larger in the asymmetric control method. 

With the asymmetric control method, the input duty ratio 
can be variable in continuous operation. The input duty ratio 
in CCM boost PFC can be expressed as follows 

sin
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The leading leg and the lagging leg change when the input 
duty ratio changes as shown in Fig. 6. The input duty ratio 
changes during the line cycle according to Equation (5). Thus, 
the arrangement of the leading and lagging legs can also 
switch once in one line cycle. 

Meanwhile, as shown in Equation (5), the input duty ratio 
can be very high to make the input inductor current follow 
the reference current when the input voltage is near the zero 
crossing area. Similarly, the input duty ratio achieves its 

lowest value when the input AC voltage is at its peak value 
(ωt=π/2). As previously mentioned, the output duty ratio is 
highly correlated with the input duty ratio. Specifically, the 
input duty ratio is produced firstly and the output duty ratio 
can be determined by phase-shifting the gating signals of the 
two legs. Thus, a restriction band of the value of the input 
duty ratio, which is the duty ratio of the PFC cell switches, 
should be settled, minimum di and maximum di. In a 
combination of the former analysis, the restriction band for 
the input duty ratio should be set to satisfy the phase-shifting 
requirements of the dc-dc stage. 

Based on Equation (3), the following restriction of the 
input duty ratio can be deduced 
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The input duty ratio range can be expressed as 
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Therefore, the input duty ratio is not affected by output 
voltage variations. The input duty ratio range can be selected 
after the dc bus voltage VCF, the maximum output voltage 
Vo-max and the transformer turns ratio n. Although the 
operation of the proposed converter is not affected by 
variations of the output voltage, the output duty ratio is 
influenced by the input voltage. When the input voltage is 
varied, the maximum output duty ratio can be expressed as 
follows 
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Taking VCF<2Vm as an example, the input ratio during a 
half line cycle is 
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In conclusion, in the single-stage PFC asymmetric 
phase-shifted full-bridge converter, the input duty ratio is not 
affected by output voltage variations. Since the input duty 
ratio is produced firstly and the output duty ratio can be 
determined by phase-shifting the gating signals of the two 
legs, the proposed converter can be used in the applications 
where the output voltage changes a lot such as battery 
chargers.  
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Besides, compared with existing voltage-fed single stage 
PFC full-bridge converters where the input duty ratio is three 
constant values, the input duty ratio can vary continuous to 
shape the input current to be in phase with the input voltage. 
Therefore, the PF is higher and the dc-bus voltage can be 
controllable over a wide load range. 

 

III. SINGLE-STAGE PFC ASYMMETIRC PSFB 
SMALL-SIGNAL MODEL 

In single-stage PFC converters, two functions should be 
completed at the same time. One is the input current shaping 
and dc bus voltage controlling, and the other is the control of 
the output voltage or current. Thus, the system is a 
multi-input multi-output system and its modeling can be 
extremely complicated. However, the two loops can be 
decoupled if one of the loops is much slower than the other. 
In single-stage PFC full-bridge converters, the loop to control 
the output voltage is relatively fast compared with the loop 
for the dc bus voltage control. This is because there is a low 
frequency ripple (twice the mains frequency) at the dc bus, 
and the crossover frequency of the PFC stage must be chosen 
so that it is low enough to avoid the impact of this 
low-frequency ripple.  

Since the asymmetric control method was first introduced 
to single-stage full-bridge converters, the frequency domain 
characteristics should be analyzed. The control-to-output 
transfer function of the dc-dc stage considering the 
asymmetric phase-shifted control is derived in this paper. 
The feedback loop can be designed based on this derivation. 
In order to obtain the small-signal property of the dc-dc stage, 
the circuit averaging method is used in this paper to obtain an 
equivalent model of the dc-dc stage. Instead of using 
mathematical equations, all of the operations were conducted 
based on circuit diagram. Hence the circuit averaging 
technique gives a more physical interpretation of the model. 

The control method of the PFC stage is similar to that of 
the standard boost converter. The control-to-output transfer 
function of the PFC stage is directly given here 
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where L is the input inductance of the PFC stage. 
In the dc-dc stage, there is a duty cycle loss phenomenon 

as shown in Fig. 7 [23]. During the duty cycle loss period, 
the dc bus voltage is completely impressed on the resonant 
inductor Lr, which is a combination of the leakage inductance 
of the transformer Lleak and the external series connected 
inductor Lext. The duty cycle loss has a considerable effect on 
the dynamic performance of the dc-dc stage. According to 
[23], the duty cycle loss is induced by the resonant inductor 
Lr and the phase-shifted control method. Similarly, in the 
single-stage PFC asymmetric phase-shifted full-bridge 
converter, the asymmetric phase-shifted control method also 
leads to duty loss. In addition, it should be pointed out that  
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Fig. 7. Cause of the duty cycle loss. 
 

the resonant inductor Lr is indispensable since the ZVS-on of 
the switches is realized by the energy stored in the resonant 
inductor. However, a larger value of the inductor leads to a 
larger duty cycle loss and reduces the dynamic range. 

In order to obtain the small-signal property of the dc-dc 
stage, the circuit averaging method is used in this paper to 
obtain an equivalent model of the dc-dc stage. Instead of 
using mathematic equations, all of the operations are 
conducted based on a circuit diagram. Hence, the circuit 
averaging technique gives a more physical interpretation of 
the model [24].  

According to [24], the key step in the circuit averaging 
technique is to obtain a time-invariant circuit topology, 
which is realized by replacing converter switches with 
voltage and current sources. This method is available since 
the waveforms of the voltage and current sources are same as 
the waveforms of the switches in the converters. 
Like the state-space averaging method, in the circuit 
averaging method, the averaging and small-signal 
linearization procedures are included. Thus, the two methods 
are equivalent. However, in the asymmetric phase-shifted 
full-bridge stage, the state-space averaging method is hard to 
apply because the state equations are not easy to obtain. Thus, 
the circuit averaging method is used here. The model for the 
switch in the asymmetric phase-shifted full-bridge stage is 
shown in Fig. 8. 

In Fig. 8, the equivalent resistor Req is used to model the 
power loss of the dc-dc stage. Deff is the effective duty ratio, 
which is equal to the output duty ratio minus the duty cycle 
loss. In asymmetric phase-shifted full-bridge converters, the 
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Fig. 8. Circuit model of the PWM switch in the asymmetric 
PSFB converter.  
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Fig. 9. Small-signal model of the asymmetric PSFB converter. 
 

 
Fig. 10. Physical aspect of the developed prototype. 
 

 Fig. 11. Simulation model of the proposed converter. 
 

duty ratio loss is affected by the input duty ratio, which is 
variable over one line cycle. 
 

The equivalent resistor can be expressed as 
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where η is the efficiency of the dc-dc stage.  
Based on the time-invariant circuit network, the converter 

waveforms can be averaged over one switching period to 
remove the switching harmonics. The nonlinear parts in the 
averaged circuit model should be perturbed and linearized, 
resulting in a small-signal model of the converter [24]. The 
ac equivalent circuits of the PSFB are shown in Fig. 9. 

Based on Fig. 8 and Fig. 9, the control-to-output transfer 
function of the dc-dc stage considering the asymmetric 

phase-shifted control can be deduced as 
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where ωr is the natural frequency of the L-C filter network in 
consideration of the effects of the duty ratio loss, and ξ is the 
damping ratio which is negatively related to the quality factor 
of the filter network. It should be pointed out that ωr is 
affected by the turns ratio and the input duty ratio.  

According to Equation (13), there is a zero introduced by 
the equivalent series resistor of the output capacitor and two 
poles. Based on the transfer functions derived above, the 
feedback loop can be properly designed. 
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(a) 

 
(b) 

Fig. 12. (a) Gate driver signals of the four switches. (b) Voltage 
waveform of the primary side. 
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Fig. 13. Voltage and current waveforms of the output filter 
inductance. 

 

IV. SIMULATION AND EXPERIMENTAL 
VERIFICATIONS 

A single-stage PFC voltage fed asymmetric phase shifted 
full-bridge prototype was built in the lab. The main 
parameters of the system are listed as follows.  

1) Maximum output power: 1kW 
2) Switching frequency: 50kHz 
3) Output voltage range: 60-80Vdc 
4) DC bus voltage: 420Vdc 
5) Output filter capacitance: 1000μF 
6) Output filter inductance: 119μH 
7) Maximum output current: 15A 
The physical aspect of the prototype is shown in Fig. 10. 

The simulation model is given in Fig. 11. 
Simulation results are presented in this section. The gate 

driver signals of the four switches are shown in Fig. 12(a). 
The voltage waveforms of the primary side with respect to  
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Fig. 14. Gate driver signals and the voltage waveforms of the 
primary side. 

 
the gate drive signals are shown in Fig. 12(b). In Fig. 12, the 
gating signals of Q1 and Q3 are complimentary to those of Q2 
and Q4, respectively. There is a dead-time inserted between 
the gate driving signals of the Q1-Q2 leg or the Q3-Q4 leg. The 
duty ratio of Q2 is selected firstly to shape the input current. 
As shown in Fig.10, the duty ratio of Q2 is not equal to 0.5. 
The charging current is manipulated by phase-shifting the 
gating signals. Correspondingly, the positive and negative 
halves of the transformer primary voltage are different from 
those of standard PSFB converters. This is coordinated with 
the operation principles presented in the Section III. 

Fig. 13 shows simulation results of the voltage and current 
output filter inductance. It takes one whole switching cycle to 
reset the current of the output filter inductance in the 
asymmetric control method. Nevertheless, the operation 
principle of the output stage in the asymmetric control 
method is very similar to that of the standard full-bridge 
converter, and the output filter inductance can be designed in 
the same manner except that the current ripple is larger in the 
asymmetric control method. The simulation results verify the 
theoretical analysis shown in Fig. 4 and Fig. 5. 

Experimental results are shown in Fig. 14 to Fig. 18. The 
gate driver signals and voltage waveforms of the primary 
side are shown in Fig. 14. The duty ratios of the transistors 
are not equal to 0.5. The transformer primary voltage’s 
positive and negative halves are asymmetrically placed. 

Fig. 15 shows experimental results of the voltage and 
current waveforms of the output filter inductance. The filter 
inductance current can reset in one switching cycle. In 
addition, the current ripple is nearly 8A, which is higher than 
that of the standard phase-shifted control method. However, 
the operation of the converter is steady. The experimental 
results verify the simulation results in Fig.11 and the 
theoretical analysis shown in Fig. 4 and Fig. 5. 

Fig. 16 shows experimental results of the input voltage and 
current waveforms under the full load. The PF is about 0.979. 
The output current is shown in Fig. 17. There is no 
low-frequency current ripple. In addition, the PF and 
efficiency test results over the entire power range, when the 
output voltage changes, are presented in Fig. 18. In Fig. 18, 
the PF is higher than 0.97 over the entire output voltage  
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Fig. 15. Voltage and current waveforms of the output filter 
inductance. 
 

 
Fig. 16. Input voltage and current waveforms. 

 

 
Fig. 17. Measured output current with low-frequency time scale. 
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Fig. 18. PF and efficiency over the entire output voltage range. 

TABLE I 
COMPARISONS OF THE VOLTAGE-FED FULL-BRIDGE CONVERTERS  

Converters 
Output voltage 

range 
PF Efficiency 

Converter in 
[14] 

48V(fixed) 0.95 85% 

Converter in 
[15] 

48V(fixed) 0.967 Not Given 

Converter in 
[16]-[17] 

48V(fixed) 0.970 94% 

Converter in 
[19] 

48V(fixed) 0.918 92.1% 

Converter in 
[20] 

48V(fixed) 0.961 94.7% 

Proposed 
converter 

60-80Vdc 
(variable) 

>0.97  92.7% 

 
range (60-80Vdc) with the asymmetric phase-shifted control 
method. On the other hand, the voltage must be kept constant 
in conventional voltage-fed APFC full-bridge converters 
[9]-[16]. 

A comparison between the previously addressed converters 
[14]-[20] and the proposed converter is presented in Table I. 
The output voltage range, the PF and the efficiency are 
compared between these converters. According to the table, it 
is easily found that all of the previous converters do not 
allow for changes of the output voltage. The PF and 
efficiency of these converters are tested with fixed output 
voltage. Meanwhile, the proposed converter can operate in a 
wide output voltage range without an output low-frequency 
ripple, which is indispensable in battery charger applications. 
According to the test results shown in Fig. 18, the PF is 
higher than 0.97 over the entire output voltage range 
(60-80Vdc) with the asymmetric phase-shifted control 
method. Comparisons of the voltage-fed full-bridge 
converters are given in Table I. 

 

V. CONCLUSIONS 

A voltage-fed single-stage high-power PFC full-bridge 
converter based on asymmetric phase-shifted control for 
battery chargers is proposed in this paper. Based on the 
asymmetric phase-shifted control method, the converter can 
operate with a wide output voltage range, which is 
indispensable in battery charger applications. It can also 
maintain a high power factor and controllable dc bus voltage 
over a wide load range.  

The realization of PFC and the operation principle of the 
asymmetric phase-shifted control are given. A small-signal 
analysis of the single-stage power factor correction (PFC) 
full-bridge converter is performed. Experimental results 
obtained with a 1kW experimental prototype are given to 
validate the feasibility of the proposed converter. The PF is 
higher than 0.97 over the entire output voltage range with the 
asymmetric phase-shifted control method. 
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