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Abstract – In this paper, a novel hybrid configuration combining a phase-shift full-bridge (PSFB) and 
a half-bridge resonant LLC converter is proposed for the On-Board Charger of Electric Vehicles 
(EVs). In the proposed converter, the PSFB converter shares the lagging-leg switches with half-bridge 
resonant converter to achieve the wide ZVS range for the switches and to improve the efficiency. The 
output voltage is modulated by the effective-duty-cycle of the PSFB converter. The proposed converter 
employs an active reset circuit composed of an active switch and a diode for the transformer which 
makes it possible to achieve zero circulating current and the soft switching characteristic of the 
primary switches and rectifier diodes regardless of the load, thereby making the converter highly 
efficient and eliminating the reverse recovery problem of the diodes. In addition an optimal power 
sharing strategy is proposed to meet the specification of the charger and to optimize the efficiency of 
the converter. The operation principle the proposed converter and design considerations for high 
efficiency are presented. A 6.6 kW prototype converter is fabricated and tested to evaluate its 
performance at different conditions. The peak efficiency achieved with the proposed converter is 
97.7%. 
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1. Introduction 
 
Due to the depletion of the petroleum and climate 

change, Electric Vehicles (EVs) and Plug-in Hybrid 
Electric Vehicles (PHEVs) have become realistic solutions 
for future transportation. Several manufacturers have 
successfully commercialized them such as Toyota Prius 
Plug-in Hybrid, Nissan Leaf, and etc. As a result, battery 
charger has developed as an associated technology at a 
rapid rate in response to the expected market demand for 
electric vehicles. There are two kinds of charging systems 
for the electric vehicles, DC charging systems and AC 
charging systems. While the DC charging systems are 
installed at fixed locations, the AC charging systems are 
mounted inside the vehicles and charge the battery by 
connecting it to the grid. However, since the charging 
infrastructure is not widely installed all over the area most 
of the vehicles have their own On-Board Chargers (OBCs) 
inside the vehicles. Therefore, most of the researches so far 
mainly focus on developing the OBCs. Both of charging 
systems are classified as Level 1, Level 2 and Level 3 
according to their levels of power and the OBCs belong 
to the AC Level 2 charging system. In case of typical 3.3 
kW AC Level 2 OBCs, it takes about 4 to 6 hours to fully 

charge a depleted 16 kWh Lithium battery pack in PHEV 
with a single-phase 208 to 240 V supply [1]. However, 
owing to the upcoming demands for the longer driving 
distance and shorter charge time, it is preferred to use high 
power OBCs. The OBCs are typically consisting of an AC-
DC converter with a power factor correction and a DC-DC 
converter to charge a battery pack. In order to maximize 
the efficiency and performance of the vehicles it is critical 
to minimize the volume and weight of the charger, the 
charge time and the expense for the charge. Hence, it is 
important to find out the suitable topology for each part of 
the charger to satisfy the aforementioned criteria. In this 
paper we will focus on the DC-DC converter of the OBC 
since it plays the most crucial function of it. 

The phase shift full bridge (PSFB) topology is a suitable 
option for high input voltage and high output power 
converter since it offers soft-switching capability for the 
primary switches [2-6]. However, it also suffers from three 
main issues such as limited ZVS range for the lagging-
leg switches, circulating current and its associated losses, 
and high ringing voltage across the secondary rectifier. 
To increase the ZVS turn-on range for the lagging-leg 
switches, an external inductor is used to store the 
sufficiency inductive energy [5, 6]. However, it prolongs 
the time requirement for the current to change its polarity, 
thereby increasing the duty-cycle-loss on secondary side. 
As a consequence, the transformer with a higher turn ratio 
is needed to compensate for the duty-cycle-loss, which 
contributes to a higher conduction loss. The circulating 
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current during the freewheeling interval is another concern 
of the PSFB converter since it contributes to an increase in 
the conduction loss. Several methods have been proposed 
to reduce it [7, 8]. One method uses the reverse avalanche 
breakdown voltage of the leading-leg switch to reset the 
primary current [7] and the other uses the dc blocking 
capacitor and a saturated inductor to reduce the circulating 
current [8]. However, none of the above methods can 
completely eliminates the circulating current at the primary 
side and the ZVS turn-on of the lagging leg switches is 
available only in a limited range. In addition, it is difficult 
to achieve the significant improvement in terms of the 
efficiency due to the losses generated in the additional 
circuit. 

Another approach for high voltage and high power 
application is the resonant converters whose output voltage 
is modulated by the frequency control. Due to its high 
efficiency at the fixed-resonant frequency, the resonant 
converters are often used for dc-bus power supply since 
there would be almost no switching losses [9-11]. However, 
when the wide range of voltage gain is required, the 
switching frequency needs to be changed in a wide range, 
and hence the resonant converter becomes less practical in 
that case. To overcome the above mentioned disadvantages 
of the resonant converter, several studies have proposed the 
phase-shift control scheme operating at a fixed-frequency 
[12, 13]. However, the circulating current which contributes 
to a severe conduction loss during the freewheeling period 
is unavoidable. 

Recently the hybrid converter combining a PSFB 
converter and a Half Bridge LLC (HB LLC) converter has 
been proposed for the high voltage and high power 
applications [14-16]. The main advantage of the hybrid 
topology is its lower current stress of the components in 
the primary side of the converter due to the parallel input 
connection of the two converters and its lower voltage 
stress of the components in the secondary side of the 
converter due to the series connection of the rectifier of 
each converter [17]. Furthermore, since the additional 

transformer is connected to the shared lagging-leg, the 
magnetizing current can be increased. Hence, it contributes 
to obtaining a sufficient inductive energy to guarantee the 
wide ZVS range for the lagging-leg switches. However, the 
conduction loss and the turn-off switching loss at the 
lagging-leg switches still exist since the circulating current 
is not eliminated in these topologies. 

In this research, a novel hybrid PSFB-HB LLC converter 
is proposed for the On-Board Charger of the EVs as shown 
in Fig. 1. The proposed topology utilizes the magnetizing 
inductance of the transformer for the HB LLC converter 
to achieve the wide ZVS range for the lagging-leg switches 
and employs an additional switch and a diode in the 
secondary side of the PSFB converter to eliminate the 
circulating current and to achieve soft switching of the 
rectifier diodes. Therefore it has no reverse recovery 
problem in the rectifier diodes. The outputs of the two 
converters are connected in series and the output voltage is 
regulated by the effective duty cycle of the PSFB converter. 
The ZVS turn-on of the lagging-leg switches is possible 
all over the load range thanks to the HB LLC converter. 
In addition, due to the separate freewheeling path formed 
by switch S5 and diode D9 in the secondary side, the 
circulating current can be completely eliminated and the 
voltage at the secondary rectifier of the PSFB converter 
can be clamped to zero volts. The optimal power sharing 
strategy is also proposed to maximize the efficiency of 
the proposed hybrid converter while satisfying the 
specification of the charger and implementing the CC/CV 
charge method by assigning the suitable power for each 
converter. 

In the Section 2, the circuit description and the operation 
principle of the proposed converter are explained. In the 
Section 3, design considerations for high efficiency 
operation of the converter are presented. In the Section 4, a 
6.6 kW hardware prototype is fabricated, and tested to 
verify the performance of the proposed converter. Finally, 
the conclusions are given in the Section 5. 

 

 
Fig. 1. Proposed hybrid phase shift full bridge-half bridge LLC converter 
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2. Circuit Description and Operation  
Principle 

 
Fig. 1 shows the circuit diagram of the proposed hybrid 

converter for the OBC of EV. It consists of a traditional 
PSFB converter with a switch S5 and diode D9 to create an 
additional freewheeling circuit and a HB LLC converter 
which shares two switches S3 and S4 in the lagging-leg. 
The outputs of the two converters are connected in series to 
provide a high voltage suitable for charging the EV battery 
pack. Since the proposed hybrid converter operates at the 
fixed resonant frequency, the HB LLC converter delivers 
power to the load without switching losses.  

Fig. 2 shows the key waveforms of the proposed hybrid 
converter. As shown in Fig. 2 the primary switches operate 
as conventional PSFB converter and the secondary switch 
turns on only during the effective duty cycle. Due to the 
secondary switch operation, the circulation current can be 
eliminated in the proposed converter. Fig. 3 shows the 
mode of operation of the proposed hybrid converter. Each 
mode will be described by using the key waveforms shown 
in Fig. 2 and the equivalent circuit at each mode as shown 
in Fig. 3. For the simplicity of the analysis it is assumed 
that all the devices and components are ideal except for the 
output capacitors of the switches Coss. 

 
Mode 1([t0~t1]): Before t0, the switch S3 is on and the 

secondary switch S5 is off. At t0, the switch S3 is turned off 
with a small magnetizing current ILm2 of the transformer 
TR2. The current Ipri2 charges the output capacitor of the 
switch S3 and discharge that of the switch S4. Then, the 
body diode of the switch S4 starts to conduct and with ZVS 
turn-on condition. In the secondary circuit the freewheeling 
current of the output inductor is bypassed through the 
diode D9. In order to guarantee the ZVS operation of 
lagging leg switches, the minimum dead time tdead is 
required and it can be expressed as (1). 

 

 ( )1 0
2 0

2 s
dead oss
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t t t C

I t
= - =  (1) 

 
Mode 2([t1~t2]): The switch S4 turns on with ZVS at t1 

and the switch S5 also turns on at the same time. The input 
voltage Vdc applies to the primary side of TR1 and the 
primary current starts to rise and reaches the reflected 
output inductor current at t2. In the secondary side of the 
PSFB circuit, the load current commutates from the diode 
D9 to the switch S5. In the HB LLC resonant capacitor Cr 
starts to resonate with the leakage inductance Llk2 of 
transformer TR2. 

Mode 3([t2~t3]): At t2, the power is transferred to the 
load through the switch S1, S4 and S5 of the PSFB 
converter together with HB LLC converter. The primary 
current of the PSFB transformer Ipri1 increases with a slope 
as shown in (2). 
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Fig. 2. Key waveforms of the proposed hybrid converter 
 

 1 1 1

1/
pri s o

o

di n V V
dt L n

-
=  (2) 

 
Hence, the current flowing through switch S4 is sum of 

the monotonously increasing primary current Ipri1 and the 
sinusoidal primary current Ipri2 as shown in Fig. 2. 

Mode 4([t3~t4]): At t3, switches S1 and S5 both are turned 
off. The output capacitance of the switch S1 is charged and 
that of the switch S2 is discharged. Since the voltage across 
the switch S2 is reduced to zero and ZVS turn-on condition 
for the switch S2 can be obtained in this mode 4. The load 
current starts to commutate from the switch S5 to the diode 
D9. The current flowing through the switch S4 becomes 
equal to Ipri2 at t4. 

Mode 5([t4~t5]): At t4, the switch S2 is turned on with 
ZVS condition and the output inductor current ILO 
freewheels through the diode D9. The circulating current 
can be eliminated since the freewheeling current does not 
flow through the secondary winding of the transformer TR1. 
In the primary side circuit only the resonant current 
circulates through the switch S4 and the primary winding of 
the transformer TR2. At t5, the switch S4 can achieve nearly 
ZCS turn-off since the resonant current IDS4 equals to the 
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magnetizing current ILm2 of the transformer TR2. Since the 
other half of the operation is symmetrical to the one 
described above from Mode 1 to Mode 5, it is omitted here. 

 
 
3. Design Considerations for High Efficiency 

 
In this chapter design considerations for high efficiency 

operation of the hybrid converter is presented. The power 
for each converter needs to be assigned optimally to achieve 
maximum efficiency. In order to take the advantage of the 
switching loss free characteristics of the HB LLC converter, 

it is required to select the output voltage of the HB LLC 
converter as high as possible. The power rating of the 
hybrid charger is 6.6.kW, the input voltage ranges from 
380 to 400V, output voltage ranges from 250 to 420V and 
the output current is 15.7A. 

 
3.1 Optimal power assignment for each converter 

 
In order to maximize the efficiency of the hybrid 

converter, it is necessary to design the output voltage 
(hence the output power) of the HB LLC converter as 
high as possible. Since the output voltage of the hybrid 
converter varies from 250V to 420V during the CC charge, 
it could be an option to assign a constant 250V for the HB 
LLC converter and the rest of varying voltage from 250V 
to 420V for the PSFB converter. However, it is not possible 
to operate the hybrid converter in such a way since the HB 
LLC converter is not able to control the current due to the 
fixed frequency operation. Therefore, the CC charge needs 
to be implemented by the PSFB converter by controlling 
the effective duty cycle. It requires some voltage margin 
to control the inductor current and hence the minimum 
operating voltage (minimum duty cycle) needs to be 
defined. In the meantime the PSFB converter is designed 
to have a maximum effective duty cycle in the CV charge. 
However, it is not desirable to design the converter to 
have a maximum allowable duty for the maximum output 
voltage because the turn ratio of the transformer becomes 
smaller than unity thereby contributing to a lower 
efficiency. 

Therefore, the turns-ratio of the PSFB transformer n1 is 
calculated by the following procedure first. Then, the turns-
ratio of the HB LLC transformer n2 can be calculated 
accordingly. The output voltage of the PSFB converter can 
be expressed as (3), where D is the effective duty cycle of 
the PSFB converter. 

 
 1 1o sV n DV=  (3) 
 
The effective duty cycle D is selected as 0.25~0.7 

according to the above mentioned considerations.  
The minimum output voltage of the PSFB converter 

with the maximum input voltage and the minimum duty 
cycle can be expressed as (4). Hence, the turns-ratio of the 
PSFB transformer can be easily derived as (5). 
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Similarly, the maximum output voltage of the PSFB 

converter with the minimum input voltage and the 
maximum duty can be expressed as (6). Hence the turns-
ratio of the PSFB transformer can be easily derived as (7). 
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(a) Mode 1 [t0~t1] 

S1 S3

S2 S4

TR1
1 : n1

TR2
1 : n2

Llk1

Lo

Co1

Co2

S5

CinVdc Llk2

Lm2

b

a

c
Cr

D1 D2

D3 D4

D5 D6

D7 D8

Rb

Cb

Ba
tte

ry
 m

od
el

D9

L
m

1 Vo1

Vo2

Iin

Ipri1

Ipri2 ILm2

Vds1

Coss1

Vds3

Coss3

Vds2

Coss2

Vds4

Coss4

Ids4Ids2

Isec1

Isec2

ID9

ILo

ILm1

 
(b) Mode 2 [t1~t2] 
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(c) Mode 3 [t2~t3] 
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(d) Mode 4 [t3~t4] 
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(e) Mode 5 [t4~t5] 

Fig. 3. Mode of operation of the proposed converter 
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Fig. 4. Relationship between the PSFB transformer turn 

ratio n1 and output voltage of the LLC converter 
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Therefore, Fig 4 can be drawn to show the relationship 

between n1 and Vo2 by using Equs. (5) and (7). It is seen in 
the Fig. 4 that both conditions in Equs. (5) and (7) are only 
satisfied in the shaded region. Hence, the output voltage for 
the LLC converter to optimize the efficiency of the 
proposed hybrid converter is found to be 130V, and the 
transformer turn ratio of the PSFB converter and the HB 
LLC can be calculated as 1.1 and 0.7, respectively. 

 
3.2 Soft switching turn-on condition for the leading 

leg switches 
 
In order to obtain the high efficiency of the converter it 

is essential to achieve soft-switching for all the switches 
during the entire charge process. Since the lagging leg 
switches can operate with no switching loss due to the 
perfect resonant operation, only the ZVS condition for 
leading-leg switches needs to be considered. The ZVS 
condition for leading-leg switches is achieved in the Mode 
4 (Fig. 3(d)). The ZVS turn-on condition for the switch S2 
can be achieved if its parasitic capacitor is completely 
discharged and the parasitic capacitor of the switch S1 is 
charged by the energy stored in the leakage inductances 
before the switch S2 is turned on. Therefore the total 
inductive energy stored in the leakage inductances should 
be greater than the energy required to charge and discharge 
the output capacitor of the switches S1 and S2. In the circuit 
formed in Mode 4 (Fig. 3(d)) the total capacitive energy 
can be expressed as (8) and the total inductive energy 
can be expressed as (9), respectively. The inductive energy 
includes the energy stored in the magnetizing inductance 
of the transformer TR1, in the output inductor and in the 
leakage inductance of TR1. Where Lm1, Im1 and COSS are the 
magnetizing inductance, the magnetizing current and the 
effective output capacitance of each switch, respectively. 

 
 2

c oss sE C V= ´  (8) 

 
Fig. 5. CC/CV charge characteristics of the battery and the 

ZVS design point of the proposed on-board charger 
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Fig. 5 shows the CC/CV charge profile of the battery 

pack of EV. In order to guarantee the ZVS of the leading 
leg switches during the entire charge operation, the PSFB 
transformer should be designed to satisfy the ZVS 
condition, EL > EC, at the end of CV charge where the 
output current is the lowest in value, 1.57[A]. 

 
 

4. Experimental Results 
 
Fig. 6 shows the prototype 6.6kW hybrid on-board 

charger. All the parameters for the circuit is shown in 
Table 1. In order to show the soft switching capability of 
the proposed hybrid converter, it is enough to show it 
during the CV mode. Hence, the waveforms in Fig. 7 to 
Fig. 12 are all captured at light load condition (400V 
input voltage, 420V output voltage, 3.15A output current 
and corresponding output power of 1.3kW (19.7% load)) 
during the CV charge.  

Fig. 7 shows the primary current waveforms of the two 
transformers and the input current waveform. Since the 
proposed converter operates at the resonant frequency, the 
primary current waveform of the HB LLC converter is 
sinusoidal. The circulating current in the PSFB converter is 
successfully eliminated, resulting in no conduction loss due 
to it at the primary side. 

 
Fig. 6. Hardware prototype of the proposed hybrid on-

board charger 
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Table 1. Specifications of the proposed on-board charger 

Po Power rating 6.6 kW 
Vin Input voltage 380~400 V 
Vo Maximum Output voltage 420 V 
Io Nominal charge current 15.7 A 
fS Switching frequency 45 kHz 
Lo Output inductor of the PSFB converter 300 µH 

Lk1 
Leakage inductance of the PSFB 

transformer 
9 µH 

Lm1 
Magnetizing inductance of the PSFB 

transformer 6 mH 

n1 Turn ratio of the PSFB transformer 1.1 

Lk2 
Leakage inductance of the HB LLC 

transformer 20 µH 

Lm2 
Magnetizing inductance of the HB LLC 

transformer 560 µH 

n2 Turn ratio of the HB LLC transformer 0.7 
Co1 Output capacitor of PSFB converter 1000 µF 
Co2 Output capacitor of HB LLC converter 2000 µF 

Rb 
Equivalent Series Resistance of the 

battery 0.011 Ω 

Cb Equivalent capacitance of the battery 350000 F 
S1-S4 MOSFETs FCH76N60NF 
D1-D8 DIODEs HFA50PA60C 
 

 
Fig. 7. Primary currents waveforms of the PSFB and LLC 

converters (upper) and the input current waveforms 
(lower) 

 

 
Fig. 8. Voltage and current waveforms of the leading leg 

switches 
 
Fig. 8 and Fig. 9 show the voltage and current waveforms 

of a leading-leg switch and a lagging-leg switch of the 
hybrid converter, respectively. The leading leg switches 
can achieve ZVS turn-on all over the charge process as 
shown in Fig. 8. Thanks to the inductive energy stored in 
the HB LLC converter, the lagging-leg switches can 
achieve the ZVS turn-on as shown in Fig. 9. In addition its 
turn-off current is 1.5A which is much smaller than that of 

the conventional PSFB converter. 
Fig. 10 shows the voltage and current waveforms of the 

secondary rectifier diode of the HB LLC converter. Due to 
the resonance operation, all the rectifier diodes can achieve 
ZVS turn-on and ZCS turn-off switching. Fig. 11 shows the 
voltage and current waveforms of the secondary rectifier 
diode of the PSFB converter. As shown in the Fig. 11, all 
the rectifier diodes can achieve ZVS turn-on and ZCS turn-
off switching, and hence there is no switching losses at the 
rectifier diodes. Since the freewheeling current does not 
flow through the rectifier diodes due to the secondary 
switch S5 and diode D9, there is no conduction loss 
associated with it unlike the conventional converter. 

Fig. 12 shows the current waveforms at the output 
inductor and the freewheeling diode D9 in the secondary 
side of the PSFB converter. The output inductor current 
freewheels through the diode D9 instead of the rectifier 
diodes. Fig. 13 shows the efficiency of the proposed hybrid 
converter with different input voltages during the CC/CV 
charge process for the EV battery pack. The maximum 
efficiency is 97.7% with 400V input voltage at 4.1 kW. 

 
Fig. 9. Current and voltage waveforms of the lagging leg 

switches 
 

 
Fig. 10. Diode voltage and current waveforms at the 

secondary side of the HB LLC converter 
 

 
Fig. 11. Diode current and voltage waveforms at the 

secondary side of the PSFB converter 
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Table 2 shows the comparison between proposed converter 
and the other three kinds of hybrid converters in [16, 18], 
and [19].   

All the hybrid converters in the Table 2 use the similar 
concept to combine of PSFB and HB LLC. However, 
different techniques for the reduction of the circulating 
current are applied to the secondary side. In [16], since the 
topology does not employ the reset circuit, it has a large 
conduction loss and a large duty loss due to the large 
circulating current. In [18], though a lossless CDD 
snubber is applied to reset the circulating current of PSFB 
transformer, it is difficult to reset it when the load is 
heavy. In addition, since the transformer can be reset after 
a 1/4 resonant period, the circulating current cannot be 
completely eliminated. In [19], a different reset solution 
with a CDD snubber is introduced. The voltage of LLC 

converter is used to reset the circulating current of PSFB 
transformer. However, the voltage stress of secondary side 
components is higher since the secondary side rectifiers are 
connected in parallel. In the proposed topology, an active 
reset circuit composed of a MOSFET and a diode is 
employed and it provides several advantages such as soft 
switching of all the secondary PSFB rectifier diodes, zero 
circulating current all over the load range, and low voltage 
stress of the secondary side components. Furthermore, the 
proposed optimal power sharing technique helps maximize 
the system efficiency and the control of the converter is 
possible with a simple PWM method. It can be concluded 
from the Table 2 that the proposed charger is suitable for 
high power charger applications such as level 2 on board 
chargers for electric vehicles.  

 
 

5. Conclusion 
 
In this research a novel soft-switching hybrid converter 

combining the PSFB and HB LLC resonant converters has 
been proposed for the on-board charger applications. 
Experimental results with a 6.6-kW prototype converter 
has been presented to prove the validity of the proposed 
converter. The measured peak efficiency was 97.7% at 4-
kW load. The main contributions of the proposed converter 
can be summarized as follows.  

a. Reduction in switching losses due to the ZVS turn-on of 
all the primary switches over the entire charge operation. 

b. ZVS turn-on and ZCS turn-off of the rectifier diodes 
over the entire charge operation, thereby eliminating the 
losses of the rectifier diodes and the reverse recovery 
problem. 

c. No circulating current and its associated losses due to the 
active reset circuit employed in the secondary side. 

d. Optimal power sharing strategy for each converter which 
helps maximize the efficiency of the converter. 
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