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ABSTRACT This paper proposes a single-phase onboard battery charger (OBC) for plug-in electric vehicles,
where the low-voltage (LV) battery charging circuit is utilized for an active power decoupling function. The
OBC is operated in three different modes by sharing the transformer, switches, and capacitors. For a grid-to-
vehicle mode or a vehicle-to-grid mode, the LV battery charging circuit serves as an active filter to eliminate
the low-frequency power ripple at the DC link. Thus, the small film capacitors can be employed instead of
large capacitors at the DC link. For the third operating mode, where the LV battery is charged from the HV
battery, the isolation is provided by the dual active bridge (DAB) DC-DC converter. Since some components
in the proposed OBC are used in common, the size and cost of the OBC can be reduced significantly. The
simulation and experimental results have verified the validity of the proposed system.

INDEX TERMS Active power decoupling, electric vehicles, onboard battery charger, single-phase chargers.

I. INTRODUCTION
Nowadays, with the advent of more stringent regulations
related to emission, global warning, and resource con-
straints, electric vehicles (EVs) have attracted an increas-
ing attention from vehicle manufacturers, governments, and
consumers[1]–[5]. In plug-in EVs, the batteries are usually
charged from the grid by the onboard battery charger (OBC).
In general, there are two kinds of usages for batteries in
the EVs. One is the high-voltage (HV) battery for traction
motor drives and the other is the low-voltage (LV) battery for
auxiliary power supplies feeding the loads such as lighting
and signaling circuits, entertainments, automatic seats, and
other electronic devices. The LV battery is charged from the
HV battery by the auxiliary charger since alternators are not
used, differently from the conventional vehicles equipped
with an internal combustion engine.

In single-phase HV battery chargers, there is an inherent
ripple power component in the DC link that is fluctuated
at double the grid frequency, which causes the DC-link rip-
ple voltage. To smoothen this low-frequency ripple power,

the large capacitors are usually needed. However, since the
electrolytic capacitors are not desirable in EV applications
due to its short lifetime, it is necessary to replace them by the
reliable film capacitor, of which size should be optimized. For
this, the ripple power of the DC link needs to be diverted to
other energy storage elements which allow large fluctuations
in the voltage [6]. As a result, the DC-link capacitor can be
much reduced in size and weight.

Recently, a number of active power decoupling circuits
have been proposed to reduce the ripple power at the DC
link [7]–[14]. The basic concept of this method is to utilize
auxiliary circuits to absorb the ripple power, which leads to
the increase in system complexity, cost, and additional losses.
Another method for reducing the DC-link capacitance in the
single-phase OBC is to charge the HV battery with the same
frequency of current as that of ripple power [6], [15], [16].
In this way, the second-order ripple power flows into the
HV battery, not the DC-link capacitor at all, so a small film
capacitor can be adopted. However, the sinusoidal charging
current causes a relatively higher heating in the battery [17].
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More recently, some multifunctional OBCs have been
proposed [18], [19], which operate in three different
modes; grid-to-vehicle (G2V), vehicle-to-grid (V2G), and
HV-battery-to-LV-battery (H2L). In the G2V mode, the HV
battery is charged from the power grid and in the V2G mode
the HV battery supplies the grid. For the H2L mode, the LV
battery is charged from the HV battery. Meanwhile, much
attention has been paid to reducing the volume and weight of
the OBC, for which some devices are utilized in common to
reduce the number of the circuit components [18]–[21]. How-
ever, a reduction of capacitor size has not been investigated
in these works. In [22] and [23], an integration of functions
of active power filter and LV battery charger has been intro-
duced to reduce the overall size of the converter, where the
circuit is operated only in a unidirectional power flow. Also,
the capacitor in the active power decoupling (APD) circuit is
not fully utilized, so, the decoupling performance is limited.

In this paper, a single-phase OBC for plug-in EVs with
a dual functional circuit is proposed, which can operate not
only in three different modes but also in an active power
decoupling function [24]. When the charger is operated in
G2V or V2Gmodes, the LV battery charging circuit functions
as an active filter to eliminate the low-frequency ripple power
at the DC link. As a result, small film capacitors can be
employed instead of large electrolytic types at the DC-link.
With the proposed LV battery charger with the active power
decoupling function, the size and cost of the single-phase
OBC can be reduced significantly. The validity of the pro-
posed system is verified by simulation and experimental
results.

FIGURE 1. The conventional two-stage onboard charger with additional
active power decoupling circuit.

II. PROPOSED ONBOARD BATTERY CHARGERS
WITH DUAL FUNCTIONAL CIRCUIT
Figure 1 shows the conventional two-stage dual-voltage
charging system which consists of an HV battery charger
and an LV battery charger [25]. Also, the additional APD
circuit is used to absorb the ripple power. In the two-stage
charger, an AC/DC power factor correction (PFC) boost con-
verter is usually combined with either non-isolated or isolated
DC/DC converter. The main function of the second- stage
DC/DC converter is to regulate the voltage and current of

the HV battery. The advantages of the two-stage topology are
that it provides high power factor, sinusoidal grid current, and
ripple-less charging current [6].

A. CIRCUIT CONFIGURATION OF PROPOSED
ONBOARD BATTERY CHARGER
Figure 2 shows a circuit configuration of the proposed bat-
tery charger with dual functional. The first stage is a full-
bridge AC-DC converter, the second one is a dual active
bridge (DAB) DC-DC converter, and the last one is a dual
functional circuit (DFC) for LV battery charging and active
power decoupling.

For G2V or V2G modes, the SW1 is closed and the SW2
is connected to point ‘‘a’’. In these modes, the HV battery
is charged from the grid or releases power back to the grid,
where the DFC works as an active power decoupling (APD)
circuit which absorbs the inherent ripple power in the single-
phase system. Next, for H2L mode, the SW1 is open and the
SW2 is connected to point ‘‘b’’. In this operation, the LV
battery is charged by the DFC from the HV battery, where
two identical capacitors (Cdc1 and Cdc2) are the output filter
of the DAB converter.

B. PROPOSED LV BATTERY CHARGER WITH ACTIVE
POWER DECOUPLING FUNCTION
In order to achieve the APD function, the connection of the
LV charger is moved to the DC link of the HV charger, rather
than being connected directly to the HV battery. For an LV
battery charger, the DAB converter and DFC are operated as a
two-stage DC-DC converter. For an APD circuit, on the other
hand, an auxiliary inductor, Lr , is added. Then, the symmet-
rical half-bridge circuit with two identical capacitors, Cdc1 =
Cdc2 = Cf , and a small inductor, Lr , is operated as an active
power filter. The relay, SW2, is used for switching between
APD function and LV battery charging.

Furthermore, if the switching devices of the DFC are
integrated with those of the single-phase full-bridge AC-DC
converter, a three-phase intelligent power module (IPM) can
be employed, which results in a compact design of hardware.

III. CONTROL METHOD FOR PROPOSED
BATTERY CHARGERS
A. G2V AND V2G MODES
When the HV charger is operated in G2V or V2G modes,
the DFC acts as an APD circuit, as shown in Figure 3. For
analysis of ripple power in the single-phase system, it is
assumed that the single-phase charger is operated at unity
power factor and that the grid voltage, vs (t), and the grid
current, is (t) are sinusoidal, respectively, as

vs (t) =
√
2Vs sin(ωt) (1)

is (t) =
√
2Is sin(ωt) (2)

where Vs and Is are the rms values of the grid voltage and
current, respectively, and ω is the line angular frequency.
Then, the instantaneous AC input power, p0 (t), is expressed
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FIGURE 2. Circuit configuration of the proposed onboard battery charger.

FIGURE 3. Operation of the proposed OBC in G2V and V2G mode.

as

p0 (t) = vs (t) is (t)+ Ls
dis (t)
dt

= VsIs − VsIs cos(2ωt)− ωLsI2s sin(2ωt). (3)

where Ls = (2Ls1 = 2Ls2) represents the input inductance of
the AC-DC converter.

The time-varying terms on the right-hand side in (3) are the
ripple component to be compensated by the DFC. In order to
achieve 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 theDC-link voltage, Vdc2 , can be expressed,
respectively, as [7]

v∗c1 =
Vdc
2
−
√
2Vc cos(ωt + ϕ) (4)

v∗c2 =
Vdc
2
+
√
2Vc cos(ωt + ϕ), (5)

FIGURE 4. Control block diagram of the proposed battery charger in G2V
mode. (a) AC-DC converter. (b) APD circuit. (c) DAB converter.

where

Vc =

√√√√√
√
(VsIs)2 +

(
ωLsI2s

)2
ωCf − 2ωLr

(
ωCf

)2 (6)

ϕ =
1
2
arctan

(
−

Vs
ωLsIs

)
. (7)

If the control performance is ideal, the ripple power at
the DC link would be canceled completely. However, it is
difficult to achieve an ideal power decoupling due to the
uncertainties and disturbances of the system. Therefore,
a closed-loop control is applied to solve this issue instead of
using (4) and (5) [26].

Figure 4 shows the control block diagram of the
AC-DC converter and APD circuit in G2V mode, where
the proportional-integral (PI) and proportional-resonant (PR)
controllers are adopted to control the DC-link voltage and
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grid current, respectively. The aim of the APD circuit is to
force the ripple voltage component in the DC link to be zero.
Since the input error of the DC-link voltage controller has the
second-order harmonic component, it is transformed into the
fundamental one, which is the same as the capacitor voltage
waveform in (5), by applying the transformation matrix of

T (ωt) =
[

cos (ωt) sin (ωt)
− sin (ωt) cos (ωt)

]
(8)

In V2G mode, the power delivered to the grid from the
HV battery is controlled by the DAB converter, whereas
the DC-link voltage and grid current are controlled by the
full-bridge AC-DC converter.

FIGURE 5. Operation of the proposed OBC in H2L mode.

FIGURE 6. Control block diagram of the proposed battery charger in H2L
mode. (a) DAB converter. (b) DFC.

B. H2L MODE FOR LV BATTERY CHARGING
When the SW1 is OFF, the vehicle is disconnected to the
grid, whereas the SW2 is connected to terminal ‘‘b’’ and then
the system can operate as a two-stage DC-DC converter to
charge the LV battery, as shown in Figure 5. Figure 6 shows
the control block diagram of the system operating in H2L
mode. In this mode, the DC-link voltage is controlled by the
DAB DC-DC converter, where the PI controller is adopted,
as shown in Figure 6(a). For charging the LV battery, the PI
controller is used to control the current of the LV battery,
as shown in Figure 6(b).

IV. DESIGN CONSIDERATION
A. H2L DESIGN OF CAPACITORS AND
INDUCTOR FOR APD CIRCUIT
It is assumed that the ripple power in the input inductor, Ls,
and filter inductor, Lr , is neglected since its value is too low
compared with that of the capacitors, Cdc1 and Cdc2. Then,
the ripple power of the APD circuit is highest when

Vc =
Vdc
2
. (9)

From (6) and (9), the capacitance, Cf , of the filter capacitor
is obtained as

Cf =
4VsIs
V 2
dcω

(10)

Here, the equivalent DC-link capacitance, Ceq, is defined as

Ceq =
Cf
2
=

2VsIs
ωV 2

dc

=
2Pin
ωV 2

dc

, (11)

where Pin is the input power.
For instance, for a 60-Hz system with the DC-link volt-

age of 350V, the required equivalent capacitance per input
power is about 43 µF/kW. However, in a practical condi-
tion, the highest voltage in the capacitors is a little lower
than Vdc

/
2. Also, the ripple power in Ls and Lr needs

to be considered to determine the capacitance. Finally, for
the 3.3-kW system, the equivalent DC-link capacitance is
selected as 150µF and Cf (= Cdc1 = Cdc2) = 300µF.
On the other hand, for the conventional full-bridge AC-DC

converter, the DC capacitance is given by [9]

C =
Pin

ωVdc4Vdc
. (12)

If the specified peak-to-peak ripple voltage, 4Vdc, is set
to 7 V, the required capacitance is about 3.5 mF.

Also, to select the filter inductor, Lr , of the APD circuit,
a cancelation coefficient, α, is defined as [27]

α = ω2LrCf , (13)

from which

Lr =
α

ω2Cf
. (14)

In this work, the cancelation coefficient is chosen as 0.075.
Then, the inductance of the filter inductor is computed
as 1.5 mH.

B. H2L DESIGN OF LEAKAGE INDUCTANCE FOR
DUAL ACTIVE BRIDGE CONVERTER
The DAB converter has a capability of bidirectional power
transfers, which is accomplished by controlling the phase-
shift ratio between primary voltage, vpri, and secondary volt-
age, vsec. The power of the DAB converter is given as [28]

PD =
V1V2

2nfswLlk
d (1− d) (15)
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FIGURE 7. Circuit configurations of OBC and LV battery charger in [20].

where V1 and V2 are the input and the output voltages of
the DAB, n is the turn ratio of the transformer, fsw is the
switching frequency, d is the phase-shift ratio, and Llk is the
leakage inductance.

The leakage inductance is determined based on mini-
mized current stresses to improve the efficiency of the DAB
converter. The current stresses on the DAB converter are a
function of the maximum phase-shift ratio, the leakage induc-
tance, and the maximum voltage conversion ratio, Mmax,
where the voltage conversion ratio is defined as

M = n
V2
V1

(16)

If the DAB converter is operated under minimum current
stresses, the optimal phase-shift ratio is chosen as [29]

dopt =
1−Mmax +

√
M2

max − 1
2

(17)

From (15) an (17), the leakage inductance of the DAB
converter is obtained as

Llk =
V1V2dopt

(
1− dopt

)
2fswnPD

. (18)

For a 3.3-kW system, the leakage inductance is calculated as
about 100µH.

V. COMPARATIVE STUDY OF EFFICIENCY,
COST, AND VOLUME OF THE SYSTEM
In this section, the efficiency, cost, and volume of the pro-
posed battery charger are evaluated and compared with those
of existing circuit shown in Figure 7 since it also provides
themulti-task by sharing the transformer [20]. For evaluation,
the system specifications are assumed as follows:

1) HV battery voltage: 250 V and LV battery voltage: 24 V.
2) Output power capacity of the HV battery in G2V and

V2G modes: 3.3-kW and 1.5-kW, respectively.
3) LV battery in a charging mode: 1 kW.
4) Turn ratio of the transformer in the separated OBC and

the proposed OBC: N1/N2 = 1.4.
5) Turn ratio of the transformer in the LV charger of the

separated OBC: N1/N2 = 0.2.
6) Capacitor types: Metallized polypropylene film

capacitors.

A. EFFICIENCY
The efficiency of the proposed OBC in three different modes
is shown in Figure 8, for which the thermal module of the
PSIM software was utilized [30]. For G2Vmode, the efficien-
cies of the AC/DC converter and the DAB converter are about
95.7% and 96.8%, respectively, at full load condition and
then the overall efficiency is about 92.6%, which are shown
in Figure 8(a). For V2G mode, the overall efficiency is about
91.8% at the full-load condition, as shown in Figure 8(b).
During V2G mode, the overall efficiency of the AC/DC
converter is estimated between 90.8% and 95.3%. In this
mode, the efficiency of the DAB converter varies between
91.4% and 96.3%. Figure 8(c) shows the efficiency of the pro-
posed charger operating in H2L mode. The overall efficiency
is ranged between 77.7% and 89.24%. Figure 8(d) shows the
efficiencies for the existing topologies in [20], [21], and [31]
when operating in G2Vmode. Due to the additional auxiliary
circuit, the efficiency of the proposed converter is lowered by
1.7% compared with that of the existing charger [20] at full
load condition.

B. COST AND VOLUME
The proposed charger is able to performmultitasks by sharing
switches and inductors in a single board. By virtue of this,
the charger can be designed in a smaller size.

A cost comparison between the existing topology and
the proposed circuit is performed, where the costs of the
switches, gating drivers, inductors, and capacitors of the
converter are taken into account, but some circuit compo-
nents such as sensors, heat sink, windings, and batteries are
excluded.

Table 1 lists the count of devices and the cost of the two
topologies. Due to the decrease of capacitance at the DC-link
capacitor and the transformer, the overall cost of the proposed
circuit is reduced by about 53.4% compared with the existing
one, as shown in Figure 9(a).

In addition, the evaluation of the volume of the main com-
ponents in the existing and proposed circuits is summarized
in Table 2. The volume of the circuits is calculated from their
dimensions provided in the datasheets [32]–[35]. For the pro-
posed topology, the overall volume of the main components
is decreased by 70.2% compared with that of the existing
one [20], as shown in Figure 9(b).
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FIGURE 8. The efficiency of the proposed OBC in three different modes. (a) G2V mode. (b) V2G mode. (c) H2L mode. (d) G2V mode for different
topologies.

TABLE 1. Cost comparison of existing and proposed topologies.

VI. SIMULATION RESULTS
To test the operation of the proposed circuit, the PSIM simu-
lation has been performed for a 3.3-kW system. The system
parameters are listed in Table 3.

Figure 10 shows the simulation results of the proposed
battery charger operating in G2V mode, where the DFC

works as an APC circuit. It is seen in Figure 10(a) that the
DC-link ripple voltage is about 0.2%,where the average value
of the DC-link voltage is 350 V. The grid current and voltage
are shown in Figure 10(b), where the grid current is controlled
to be sinusoidal at unity power factor. Figure 10(c) shows
the upper and lower capacitor voltages which are sinusoidal.
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FIGURE 9. Comparison of cost and volume. (a) Cost. (b) Volume.

TABLE 2. Comparison of volumes of existing and proposed topologies.

TABLE 3. Parameters of ev charging system.

They match well with the results of the theoretical analysis.
Figure 10(d) shows the inductor current, of which peak value
is about 50A.

FIGURE 10. Control of battery charger in G2V mode. (a) DC-link voltage.
(b) Grid current and voltage. (c) Capacitor voltages. (d) Inductor current.

Figure 11 shows the control performance of the DAB
converter at a constant-current charging condition. The cur-
rents and voltages of the DAB converter are shown in
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FIGURE 11. Control performance of DAB converter at constant-current
charging profile. (a) Primary and secondary currents. (b) Primary and
secondary voltages. (c) HV battery current.

FIGURE 12. Comparison of DC-link voltage ripples. (a) Conventional
method with 3500-µF DC-link capacitors. (b) Proposed method with
150-µF DC-link capacitors.

Figure 11(a) and (b), respectively. In this operation mode,
since the power flows from the primary side to the secondary
one, the primary voltage lags the secondary one. Figure 11(c)
shows the HV battery charging current, which is well regu-
lated at its reference. Since the main objective of this research
work is to integrate the LV battery charger and APD circuit in
a multifunctional system, the detailed charging algorithm of
the HV battery is not described in this manuscript [36], [37].

Figure 12(a) and (b) show the comparison of the DC-link
voltage ripples for the conventional scheme with large capac-
itors and the proposed APD method with small capacitors,
respectively. In the conventional topology, a 3500-µF capac-
itor is needed to reduce the DC-link ripple voltage below 2%
of the average value. However, the proposed method needs at
most 150-µF capacitors.

The operation of the proposed charger in V2G mode is
shown in Figure 13. In this case, the DAB converter is used
to control the power, which is delivered from the battery to
the grid, as shown in Figure 13(a). Figure 13(b) shows the
DC-link voltage, which is well controlled with 0.2% ripple
of the average value. The grid current is controlled to be
sinusoidal for unity power factor, as shown in Figure 13(c).
The currents and voltages of the DAB converter are shown in
Figure 13(d) and (e), respectively. Since the power flows from

FIGURE 13. Control of battery charger in V2G mode. (a) Power. (b) DC-link
voltage. (c) Grid current and voltage. (d) Primary and secondary currents.
(e) Primary and secondary voltages.

FIGURE 14. Control of battery charger in H2L mode. (a) LV battery current.
(b) DC-link voltage. (c) Primary and secondary currents. (d) Primary and
secondary voltages.

the secondary side to the primary one, the secondary voltage
lags the primary one.

Figure 14 shows the control performance in the case of
the H2L operating mode. Figure 14(a) shows the LV battery
current, which is well controlled at its reference. The DC-link
voltage is well controlled at 300 V, as shown in Figure 14(b),

VOLUME 6, 2018 70219



H. V. Nguyen et al.: OBC for Plug-in EVs With DFC for Low-Voltage Battery Charging and APD

where it is lowered than that of G2V or V2G modes to
reduce the current stress of the switching devices. The
currents and voltages of the DAB converter are shown in
Figure 14(c) and (d), respectively.

VII. EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed circuit, a prototype
has been built at the laboratory. The system parameters are
listed in Table 4. A 32-bit DSP chip (TMS320F28335) was
used as the main controller, where the Xilinx FPGA device is
employed to generate a switching frequency of 10 kHz.

TABLE 4. Parameters of ev charging system.

FIGURE 15. Control of battery charger in G2V mode. (a) DC-link voltage.
(b) Input current and voltage. (c) Inductor current. (d) Capacitor voltages.

Figure 15 shows the operating performance of the proposed
battery charger in G2V mode, where the DFC works as an
APC circuit. It is seen from Figure 15(a) that the DC-link
voltage ripple is about 2%. The grid current and voltage are
shown in Figure 15(b), where the grid current is controlled
to be sinusoidal at unity power factor. The inductor current
is shown in Figure 15(c), of which peak value is about 22A.
Figure 15(d) shows the upper and lower capacitor voltages
which are sinusoidal.

FIGURE 16. Control performance of battery charger in G2V mode.
(a) Charging current. (b) Primary and secondary voltages. (c) Primary and
secondary currents.

FIGURE 17. Control performance of battery charger in G2V mode.
(a) HV battery current. (b) DC-link voltage. (c) Capacitor voltages.

Figure 16 shows the control performance of the DAB con-
verter in a constant-current charging operation. Figure 16(a)
shows the HV battery current, which is well regulated at its
reference. Figure 16(b) shows the primary and secondary
voltages of the transformer, where the voltage level step-
downs from 250 V to 75 V. Figure 16(c) shows the primary
and secondary currents, from which the power is known to
transfer from the primary to the secondary. Figure 17 shows
the control performance of the battery charger system at the
same load change as in Figure 16. It is seen that the DC-link
voltage variation is kept below 5V. The capacitor voltage
waveforms are sinusoidal.

Figure 18 shows the operating performance of the battery
charger in V2G mode where the proposed OBC works as a
DC-AC inverter. For load variations, the DC-link voltage is
well controlled with 2% ripple components. The grid current
is controlled to be sinusoidal at unity power factor. The total
harmonic distortion of the output voltage is about 2.5%. It is
obvious that the experimental results are in a closematch with
simulation ones of in Figure 13.

When the battery charger is operated in H2L mode,
the experimental results of the proposed OBC are shown
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FIGURE 18. Control of battery charger in V2G mode. (a) Power. (b) DC-link
voltage. (c) Grid current and voltage. (d) Primary and secondary voltages.
(e) Primary and secondary currents.

FIGURE 19. Control of battery charger in H2L mode. (a) LV battery current
and DC-link voltage. (b) Primary and secondary voltages. (c) Primary and
secondary currents.

in Figure 19, which are also similar to simulation ones shown
in Figure 14.

VIII. CONCLUSION
This paper has proposed a new single-phase onboard battery
charger for plug-in EVswithout the bulkyDC-link capacitors,
which is able to function for three tasks: G2V, V2G, and H2L
modes. The proposed OBC utilizes the LV battery charger
as an active power filter to eliminate the second-order ripple
power when the EVs are connected to the grid. By adding an
inductor on the primary side of the LV charger, the converter
can achieve the APC function without adding additional
switches, heat sinks, and gate drive circuits. In addition, when
the charger operates in H2L mode, the isolation between

the HV and LV batteries is provided by the transformer of
the DAB DC-DC converter. As a result, for a 3.3-kW HV
battery charger, the volume and cost can be decreased by
70.2% and 53.4%, based on the main components, compared
with the conventional circuit, respectively. The effectiveness
of the proposed charger has been verified by the experimental
result for a 1-kW OBC system.
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