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Abstract 
 

This paper proposes a single-phase non-isolated onboard battery charger (OBC) for electric vehicles (EVs) that only uses small 
film capacitors at the DC-link of the AC-DC converter. In the proposed charger, an isolated DC-DC converter for low-voltage 
batteries is used as an active power decoupling (APD) circuit to absorb the ripple power when a high-voltage (HV) battery is 
charged. As a result, the DC-link capacitance in the AC-DC converter of the HV charging circuit can be significantly reduced 
without requiring any additional devices. In addition, some of the components of the proposed circuit are shared in common for 
the different operating modes among the AC-DC converter, LV charging circuit and active power filter. Therefore, the cost and 
volume of the onboard battery charger can be reduced. The effectiveness of the proposed topology has been verified by the 
simulation and experimental results. 

 

Key words: Active filters, Plug-in electric vehicles, Single-phase chargers, Single-stage 
 

I. INTRODUCTION 

Interest in the charging technologies for plug-in hybrid EVs 
has been greatly increased due to the advent of more stringent 
regulations related to emissions, global warming, and resource 
constraints [1]-[3]. In plug-in EVs, the batteries are charged 
from the grid through an onboard battery charger (OBC) by 
connecting the EV to the grid. Since OBCs are installed in EVs, 
high efficiency and high power density are the main design 
consideration. By using wide band-gap power switches such 
as silicon carbide (SiC) and gallium nitride (GaN), a higher 
switching frequency and a higher efficiency can be achieved. 
Therefore, the power density of the OBC can be improved by 
shrinking the size of the passive components [4]. However, in 
single-phase battery chargers, there is an inherent ripple power 
component that fluctuates at double the grid frequency, which 
results in DC-link voltage ripple. Conventionally, to smoothen 
this low-frequency power ripple, bulky DC-link capacitor 
banks are used. This is the major barrier for high power density. 

In order to reduce the DC-link capacitor banks in single-
phase AC-DC converters, several active power decoupling   
(APD) circuits have been presented in the literature [5]-[11]. 
The fundamental principle is to use additional active circuits to 
absorb the ripple power at the DC-link. In [6] and [7], a 
symmetrical half-bridge circuit with a capacitor-split decoupling 
cell is used as a buffer to mitigate the ripple power and filtering 
switching ripple. However, active methods require additional 
components, which leads to increase the system complexity, 
cost and losses. In [4], [12] and [13], a sinusoidal current 
charging scheme was proposed, where a HV battery is charged 
by current with the ripple power frequency. However, this 
method can affect charging efficiency and its impact on 
lithium-ion batteries needs to be investigated further [14]. 

Meanwhile, with the development of EVs, there is a demand 
for multifunctional charging systems that can reduce the 
weight, volume, and cost of the charger. In EVs, a low-voltage 
(LV) battery is used to supply power for electrical equipment 
such as the lights, audio system, and ECUs [15]. Unlikely 
conventional vehicles which use an alternator, these LV 
batteries are charged from a high-voltage (HV) battery through 
an isolated DC-DC converter. Therefore, in order to achieve 
this goal, several multifunctional chargers were presented, 
where some of the switches and devices are utilized in 
common to minimize the circuit components [16]-[19]. In 
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these circuits, by combining the AC-DC converter and the DC-
DC converter, several switches are shared during HV and LV 
charging durations. However, these chargers still require bulky 
capacitor banks at the DC-link. In [20] and [21], an integration 
circuit composed of an active power filter and an LV battery 
charger was proposed to reduce the overall size of the 
converter. However, this charger can only operate with a 
unidirectional power flow. Moreover, in order to improve 
system efficiency and power density, a non-isolated OBC has 
been studied by eliminating the transformer, which reduces the 
volume and improves the efficiency of a charger. These non-
isolated OBCs can satisfy the standards of conductive chargers 
for EVs (SAEJ1772) since the high-voltage battery is floated 
with the body ground of the vehicle [22]. Therefore, a 
multifunctional system based on a non-isolated OBC can be 
considered. 

This paper proposes an improved LV charger for OBCs, 
where the isolated DC-DC converter is utilized as an active 
power decoupling circuit. When the OBC is connected to the 
grid, the proposed circuit can function as an active filter to 
eliminate low-frequency ripple power by sharing the switching 
devices with the AC-DC converter. As a result, small film 
capacitors can be employed instead of large capacitor banks or 
additional active power decoupling circuits. Therefore, the size 
and cost of the OBC are significantly reduced. In addition, this 
structure has an advantage which can implement in three 
different modes such as grid-to-vehicle (G2V), vehicle-to-grid 
(V2G), and HV-to-LV battery (H2L) modes. For G2V mode, 
the HV battery of an EV is charged from the grid. For the V2G 
mode, power is delivered to the grid from a HV battery. For 
the H2L mode, the charger is operated as a DC-DC converter 
to charge a LV battery from a HV battery. The feasibility of 
the proposed OBC is verified by simulation and experimental 
results. 

 

II. PROPOSED INTEGRATED ONBOARD BATTERY 

CHARGER 

A. Configuration of the Proposed Onboard Battery Charger 

The circuit configuration of the proposed dual functional 
circuit (DFC) is shown in Fig. 1, where the preliminary version 
was presented in [23]. It is composed of a symmetrical half-
bridge circuit for the APD function and an isolated DC-DC 
converter for the LV charging circuit. A bidirectional buck-
boost converter is utilized to manage the power flow between 
the HV battery and the DC-link. The APD circuit consists of 

one converter leg ( ), two identical film capacitors with 

the same capacitance ( ), and a small filter inductor 

( ). The LV charging circuit consists of the switches ( ), 

two identical film capacitors ( ), the diodes ( ), 

an output capacitor ( ), an output inductor ( ), and a 

transformer. The relay SW2 is used for switching between the  
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Fig. 1. Proposed OBC with a dual function circuit.  
 
APD function and LV battery charging. When the OBC is 
operated in the G2V or V2G mode, the DFC is used as an 
active power filter to absorb the ripple power. While the EV is 
running, the DFC is operated as an LV charging circuit that 
charges the LV battery from the HV battery. In the proposed 
OBC, several of the components are utilized in common for 
the AC-DC converter with an active filter function and the LV 
charging circuit. Hence, by adding a small filter, APD capability 
is achieved without adding switching devices, gate drivers and 
heat sinks. In this circuit, the number of switching devices is 
the same as that of the conventional H-bridge AC-DC converter. 

B. Proposed LV Battery Charger Circuit with Active 
Power Decoupling Function Headings 

In Mode 1 (G2V) and Mode 2 (V2G), the DFC can work as 
an AC-DC converter with an APD function. The power flow 
of the OBC in Mode 1 and Mode 2 is shown in Fig. 2. A similar 
concept has been suggested in [24], [25], in which the dual 
active bridge DC-DC converter of the HV battery charger is 
used to provide the isolation between HV battery and LV 
battery. So, it is only acceptable for the two-stage battery 
charger. Also, in these circuits, the isolation between the LV 
battery and the DC link is not provided. The buck converter 
has to step-down the voltage from the DC-link to LV battery, 
leading to higher power losses due to the effect of the low duty 
cycle. Meanwhile, since the proposed HDC in this work is a 
part of the half-bridge DC-DC converter, the isolation and 
step-down ratio are provided by the existing transformer of 
LV charger. Therefore, this method is applicable to other 
single-stage or two-stage HV battery chargers. Furthermore, 
in this scheme, the number of switching devices for the AC-
DC conversion stage is the same as that of the conventional 
full-bridge PWM converter, where one converter leg can be 
eliminated compared with the charger suggested in [23]-[25]. 
The DC link is comprised of two identical film capacitors 
connected in series, Cdc1 = Cdc2 = Cf, where its middle point is 
connected to one of the converter legs through the small filter 
inductor Lr. In order to decouple the ripple power component  
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Fig. 2. Operation of a DFC in Mode 1 and Mode 2. 
 
in single-phase onboard chargers, this inverter leg needs to be 
modulated in such a way that ripple power is absorbed by two 
DC-link film capacitors. Then the other converter leg is used 
to control the DC-link voltage and to keep the grid current 
sinusoidal. To do this, the upper and lower capacitor voltages

, which should be controlled to be sinusoidal with 

an offset value that is equal to a half of the DC-link voltage. 
These capacitor voltages can be expressed as: 

 
(1)

 
(2)

where 

 (3)

and 

 (4)

Then the voltage references of Cdc1 and Cdc2 can be 
determined by (7) and (8). However, these values are highly 
dependent on the system parameters, which are difficult to 
determine exactly. To overcome this difficulty, closed-loop 
control was proposed in [7]. 

A control block diagram of an AC-DC converter with the 
APD function in Mode 1 is shown in Fig. 3. At first, the DC-
link voltage is controlled by a PI controller. Then from the DC 
voltage controller, the grid current reference is obtained, where 
the PR controller is adopted to keep the grid current sinusoidal 
at a unity power factor as shown in Fig. 3(a). To achieve APD 
capability, the power ripple at the DC-link needs to be 
eliminated. A cascaded control loop is used to control the APD 
circuit. In the inner loop, the inductor current is regulated by a 
PI controller. In the outer loop, the PR controller is adopted to 
control the DC-link voltage ripple. The basic principle of the  
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Fig. 3. Control block diagram of the proposed battery charger in 
Mode 1. (a) AC-DC converter and APD circuit. (b) Buck-boost 
converter. 

 

 

Fig. 4. LV charging operation in Mode 3. 

 
APD circuit is to control the capacitor voltage as defined in (1) 
and (2), which only contains the fundamental frequency 
component. However, the DC-link voltage error is a second-
order harmonic component. Therefore, it needs to be 
transformed into the fundamental frequency domain by the 
matrix given by 

 (5)

Finally, the output of the APD controller is summed with 
that of the grid current controller, which produces the phase 
voltage reference for leg A. 

Fig. 3(b) shows a control block diagram for charging a HV 
battery. The PI controller is used to regulate the battery current. 
In this case, the HV battery is assumed to be charged in the 
constant current-constant voltage (CC-CV) mode. In the V2G 
mode, the buck-boost converter is used to manage the HV 
battery power. The DC-link voltage and grid current are 
controlled by the AC-DC converter, in which the closed-loop 
control is also adopted. The controllers are the same as those 
of Fig. 3(a) except that the signs of the DC-link voltage and the 
grid current are reversed. 
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Fig. 5. Control block diagram of the proposed battery charger in 
Mode 3. (a) Buck-boost converter. (b) Half-bridge DC-DC converter. 

 
In Mode 3 (H2L), the proposed DFC is operated as an 

isolated DC-DC converter to charge the LV battery. The power 
flow of the OBC in Mode 3 is shown in Fig. 4. In this case, the 
LV battery is charged from the HV battery through the buck-
boost converter and the isolated DC-DC converter, where the 
control block diagram is shown in Fig. 5. The buck-boost 
converter can regulate the DC-link voltage with the PI 
controller, as shown in Fig. 5(a). Then the current and voltage 
of the LV battery are managed by the isolated DC-DC 
converter, as shown in Fig. 5(b). 

 

III. DESIGN CONSIDERATION AND COMPARATIVE 

ANALYSIS 

A. Design of the Capacitors and Inductor for APD Circuit 

The ripple power of the APD circuit is highest when the 
capacitor voltages are equal to a half of the DC-link voltage. 
Then the capacitance  of the filter capacitor is obtained as 

. (6)

Therefore, the equivalent DC-link capacitance is 

defined as 

, (7)

where  is the input power. Considering the ripple power in 

and , for a 3.3-kW system, the equivalent DC-link 

capacitance is selected as 175µF and . 

Meanwhile, for the conventional full-bridge AC-DC 
converter, the DC capacitance is given by [9] 

 (8)

If the specified peak-to-peak ripple voltage  is set to 

7 V, the required capacitance is about 3.5 mF. 

Furthermore, to select the filter inductor  of the APD 

circuit, the cancelation coefficient  is defined as [26] 

, (9)

where 

 (10)

In this work, is chosen as 0.075. Then, the inductance 

 is selected as 1.5 mH. 

B. Design of Capacitor and Inductor Filters for HV and 
LV batteries 

To design the output filter of a DC-DC converter for a HV 
battery, it is assumed that the minimum operating voltage of 

the traction battery is 200V. The filter inductance  

is determined as [27] 

, (11)

where is the switching frequency, and is the 

inductor ripple current. In this work, the proposed circuit is 
operated at a switching frequency of 10 kHz and a maximum 
inductor current ripple of 3.3 A. Then the minimum value of 

is calculated as 2.6 mH. In this system, a 3 mH inductor is 

selected. 

When choosing the output capacitor , the following 

equation can be used to adjust the output capacitor values for 

a desired output voltage ripple [27]: 

 (12)

If the maximum capacitor ripple voltage is 0.5 V, the 

minimum value of is 82.5 µF. In this paper, a 100 µF film 

capacitor is selected. 
When the proposed OBC is operated in the H2L mode, the 

LV battery is charged from a HV battery through the isolated 
DC-DC converter. This converter is designed to be able to 
control the output voltage in the range of 10 V to 24 V. 
Therefore, the turn ratio of the transformer is selected as 15:1. 
The power rating of the LV charger is designed to provide a 
maximum power of 1 kW. By (11) and (12), it is possible to 

determine the output inductor and capacitor of 

the LV charger. If the maximum inductor ripple current is 4 A 

and the battery ripple voltage is 0.04 V, the values of  and 

are 150 µH and 200 µF, respectively. 

C. Comparative Analysis 

In this section, the cost, volume and efficiency of the 
proposed OBC are evaluated and compared with those of the 
conventional topology [19]. For a simple evaluation, only the 
costs and volumes of the switches, gating drivers, diodes, relay, 
capacitors, and inductors are taken into account [28]–[31]. The  
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Fig. 6. Comparison of the volumes of two chargers. 

 

 

Fig. 7. Comparison of the costs of two chargers. 

 

 

Fig. 8. Comparison of efficiencies in the G2V mode. 
 
volume comparison is summarized in Fig. 6, where the overall 
volume of the proposed charger is decreased by 74.4% when 
compared with that of the conventional charger. In addition, 
with the proposed LV charger with the APD function, the 
overall cost of the proposed circuit is decreased by 67.8% due  

TABLE I  
PARAMETERS OF AN EV CHARGING SYSTEM 

Parameters Values 

HV charger 3.3 kW 

LV charger 1 kW 

DC-link voltage 350 V 

Grid voltage 110-V RMS 

Cf 350 uF 

Lr 1.5 mH 

Transformer turn ratio  15:1 

HV battery voltage 200-300 V 

LV battery voltage 24 V 

Caux 100 uF 

Switching frequency 10 kHz 

Ls1, Ls2 1.5 mH 

LHo 3 mH 

CHo 100 uF 

LLo 150 uH 

CLo 200 uF 

 
to a reduction of the DC-link capacitor, as shown in Fig. 7. The 
efficiency of the proposed topology in the G2V mode is shown 
in Fig. 8 and compared with that of the conventional converter. 
It can be seen that the proposed circuit can achieve a higher 
efficiency under the full load condition, where the peak 
efficiency is 92.89%. As the load power decreases, the 
efficiency drop is about 2% since the current stress of leg B is 
relatively high to achieve the APD capability. 

 

IV. SIMULATION RESULTS 

To verify the validity of the proposed OBC, the PSIM 
simulation has been carried out for a 3.3-kW system. Table I 
lists the parameters of the simulation system. 

Fig. 9 shows the operation of the OBC in Mode 1. In this 
mode, the proposed DFC is operated as an active filter to keep 
the constant DC-link voltage, where only small capacitors are 
used, as shown in Fig. 9(a). The grid current is controlled to be 
sinusoidal at unity power factor, as shown in Fig. 9(b). It can 

be seen that the current of leg B, , is lower than the grid 

current even although one inverter leg is eliminated compared 
with the charger suggested in [23]–[25]. The closed-loop 
control is operated well so that the capacitor voltages are 
controlled as in (1) and (2), which are shown in Fig. 9(c). 

Fig. 10 shows the operation of the buck-boost converter 
when the HV battery is charged with a constant current. It can 
be seen in Fig. 10(a) that the current is well regulated at 11A. 
The battery voltage is 300V, as shown in Fig. 10(b). Since the 
main objective of this research is to integrate the LV battery 
charger and APD circuit in an all-in-one system, a resistive 
load instead of real batteries is used, where the CC charging 
mode is performed for both HV and LV batteries. 
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Fig. 9. Performance of the proposed OBC in Mode 1. (a) DC-link 
voltage. (b) Grid current, grid voltage, and phase B current. (c) 
Capacitor voltage. 

 

 
Fig. 10. Control performance of a DC-DC converter under a 
constant-current charging profile. (a) HV battery current. (b) HV 
battery voltage. 

 

 
Fig. 11. Comparison of DC-link voltages. (a) With 3,500 µF DC-
link capacitor. (b) With proposed method and 350 µF. 

 
Fig. 12. Performance of the proposed OBC in Mode 2. (a) HV 
battery current (b) DC-link voltage. (c) Grid current and voltage. 
(d) Capacitor voltage. (e) Inductor current. 

 

 
Fig. 13. Control performance of a battery charger in Mode 3. (a) 
DC-link voltage. (b) LV battery current. (c) Primary current of the 
transformer. (d) Secondary current of the transformer. 

 
The control performance of the DC-link voltages for the 

conventional circuit with large capacitors and those of the 
proposed APD circuit are compared as shown in Fig. 11. In the 
conventional topology, a large DC-link capacitor of 3500 µF 
is needed to give the same DC-voltage. 

Fig. 12 shows the performance of the OBC in Mode 2. 
During this mode, the HV battery provides the power to the 
grid, where the HV battery current is controlled by the DC-DC 
converter, as shown in Fig. 12(a). The DFC works as the DC- 
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Fig. 14. Control of a battery charger in Mode 1. (a) DC-link 
voltage. (b) Input current and voltage. (c) Capacitor voltage. (d) 
Inductor current. (e) HV battery current. (f) HV battery voltage. 
 
AC inverter to control the DC-link voltage and grid current, as 
shown in Fig. 12(b) and (c), respectively. The capacitor 
voltages and inductor current of the APD circuit are shown in 
Fig. 12(d) and (e), respectively. 

The DFC acts as an LV charging circuit in Mode 3, whose 
performance is shown in Fig. 13. In this mode, the DC-link 
voltage is controlled by the buck-boost converter, as shown in 
Fig. 13(a). Then, the DFC works as the half-bridge DC-DC 
converter to control the LV battery current, as shown in Fig. 
13(b). The primary and secondary currents of the transformer 
are shown in Fig. 13(c) and (d), respectively. 

 

V. EXPERIMENTAL RESULTS 

In order to test the proposed charger, a 1-kW prototype was 
built in the laboratory. It is assumed that the power rating of 
the LV charger is 200W. The charger is controlled by a 
TMS320F28335 digital signal processor (DSP). The switching 
frequency is 10 kHz, where the gating signal is generated from 
a Xilinx FPGA device. The other parameters are the same as 
those of in Table I. 

Fig. 14 shows experimental waveforms of the proposed 
OBC in Mode 1. The DC-link voltage is kept constant when 
the DFC works as the active filter to filter out the second-order  

 
Fig. 15. Transient responses for stepwise load changes. (a) HV 
battery current. (b) DC-link voltage. (c) Capacitor voltage. 
 

 
Fig. 16. Control performance of a battery charger in Mode 2. (a) 
HV battery current. (b) DC-link voltage. (c) Input current and 
voltage. (d) Capacitor voltage. (e) Inductor current. 

 
ripple power, as shown in Fig. 14(a). The unity power factor 
operation is achieved, as shown in Fig. 14(b). Fig. 14(c) shows 
the capacitor voltages, which are opposite in phase and contain 
the offset component. The inductor current is shown in Fig. 
14(d) and its peak value is about 20A. Fig. 14(e) and (f) show 
the control performance of the DC-DC converter under the 
constant-current charging condition. It can be seen that the 
current is well regulated at 12A and that the battery voltage is 
kept at 300 V. 

Fig. 15 shows the performance of the OBC in the case of  
load variation. At the instance of the load change, the DC-link 
voltage fluctuation is kept below 5% compared with the 
average value. 

The operation of the proposed charger in Mode 2 is shown 
in Fig. 16, where the discharged power of the HV battery is 
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Fig. 17. Control performance of battery charger in H2L mode. (a) 
DC-link voltage. (b) LV battery current. (c) Primary and 
secondary current of the transformer. 

 
regulated by the buck-boost converter. The DFC works as the 
inverter to control the DC-link voltage and grid current, where 
the APD is still achieved, as shown Fig. 16(a) - 16(c). The 
capacitor voltage and inductor current are also well regulated, 
as shown in Fig. 16 (d) and (e), respectively. 

Fig. 17 shows the operation of a battery charger in Mode 3. 
The DC-link voltage is well controlled at 250V as shown in 
Fig. 17(a). The LV battery current is well controlled at the 
reference value, as shown in Fig. 17(b). The primary and 
secondary currents of the transformer are shown in Fig. 17(c), 
which are similar to those of the simulation results. 

 

VI. CONCLUSIONS 

A novel multifunctional battery charger for EVs has been 
proposed in this paper. The proposed OBC can implement a 
dual function that reduces the count of the circuit components. 
During the HV battery charging period, the vehicle is 
connected to the grid and the DFC is operated as an active 
power filter to absorb the second-order ripple power at the DC-
link. During the LV battery charging period, the vehicle is 
running and the DFC is operated as an isolated DC-DC 
converter to charge the LV battery from the HV battery. With 
the proposed DFC, the LV battery charging circuit is utilized 
to achieve the APD function instead of bulky capacitor banks. 
Therefore, small film capacitors can be used without adding 
switches, a heat sink, or a corresponding gate circuit. As a 
result, for a 3.3-kW OBC, the volume and cost are decreased 

by 74.4% and 67.8%, when compared with the conventional 
method. The feasibility of the proposed OBC has been verified 
for a 1-kW prototype in the laboratory. 
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