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A Novel SiC-Based Multifunctional Onboard Battery
Charger for Plug-in Electric Vehicles

Hoang Vu Nguyen, Member, IEEE and Dong-Choon Lee, Senior Member, IEEE, Frede Blaabjerg, IEEE Fellow

Abstract - This paper proposes a simple and effective method to
reduce the bulky capacitor in onboard battery charger (OBC)
where low-voltage (LV) battery charging circuit is utilized as an
active power decoupling (APD) circuit to filter out the second-
order ripple power. When the OBC is connected to the grid to
charge the HV battery, the switches on the primary side of the LV
charging circuit are operated as those of an AC-DC converter with
APD function. Consequently, small DC-link capacitors can be
used instead of large capacitor banks. In the proposed OBC, the
switching devices are shared for the AC-DC converter, APD
circuit, and primary-side of the LV charger. For a simultaneous
charging of the LV and HV batteries, a DC-DC converter is added,
which shares the same transformer core and secondary side with
the LV charging circuit. So, the functions of the OBC are
maintained in the proposed topology whereas the volume and cost
are decreased by 52.3 % and 46.9 % compared with the
conventional non-isolated OBC, respectively. A 2-kW SiC-based
prototype has been designed and tested to verify the validity of the
proposed system. The peak efficiencies of the OBC and LV
charger are 96.1 % and 95.3 %, respectively.

Index Terms- Low-voltage DC-DC converter, plug-in hybrid
electric vehicles, single-phase onboard battery chargers.

I. INTRODUCTION

Nowadays, electrification is the most promising solution to
enable a more sustainable transportation system. Plug-in
electric vehicles (PEVs) have become more popular in the
global market. The battery charger is considered as one of the
essential parts in PEVs and mainly determines the charging
time of the vehicle. Thus, high efficiency and high-power
density of the onboard battery charger (OBC) is the key design
consideration [1].

By using wide band-gap power switches, a higher switching-
frequency operation is possible with lower power losses [2].
Therefore, the power density of an OBC can be enhanced by
reducing the size of passive components. However, in single-
phase battery chargers, there is an inherent power ripple
component that fluctuates with the double the grid frequency,
which causes DC-link voltage ripple. Conventionally, bulky
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DC-link capacitor banks are used to smoothen this low-
frequency power ripple, which is a crucial barrier for obtaining
high power density of the OBC.

In order to charge an HV battery by an OBC, the single-phase
AC grid is used to supply the power. In this charging circuit,
second-order harmonic current in the DC-link is a serious issue
in the AC-DC stage of the single-phase OBC [3]. In this case,
the aluminum electrolytic capacitors or large film capacitor
banks are required to filter out this power ripple. However, the
lifetime of the electrolytic capacitors is a problem due to the
thermal conditions of the vehicles [4]. Therefore, large film
capacitor banks need to be adopted, which results in a
considerable increase in the size and cost of chargers. Several
active methods were proposed to avoid using large capacitor
banks in a single-phase DC-link [5]-[9]. A common approach
is to use an additional active power filter, which is connected in
parallel with the DC-link to absorb the second-order ripple
power. In these methods, an auxiliary circuit with active
components is required, which increases the power loss, cost,
and complexity of the whole system.

In the meanwhile, integrated power units have been proposed
to enhance the power density of an OBC [10]-[17], which can
reduce the weight, space, and cost of the charger. For this
purpose, multifunctional converters have been proposed, which
integrate HV and LV charging circuits so that they can charge
the HV battery for parking mode or the LV battery for driving
mode. Some power switches in the AC-DC stage are shared for
the HV and LV chargers to reduce the count of the components
[10]. However, the efficiency of the LV circuit is low due to a
high step-down ratio. Also, the AC-DC stage has to operate
with high currents for LV charger and high voltage for HV
charger. In[11] and [12], the integrated auxiliary power module
composed of an active power filter and an LV battery charger
was proposed, which can reduce the DC-link capacitance
effectively, leading to the reduction of the overall size of the
converter. However, these systems can only operate with
unidirectional power flow. A similar concept was presented
where the OBC can operate in three different modes: grid-to-
vehicle (G2V), vehicle-to-grid (V2G), and HV-battery-to-LV-
battery (H2L) modes [13], [14]. These topologies can achieve
higher power density and lower cost, but the LV battery cannot
be charged when the HV battery is charged. In addition, an
integrated battery charger was proposed with the capability of
simultaneous charging of the HV and LV batteries [15].
However, a large capacitor bank is needed, and the OBC cannot
operate with bidirectional power flow. In [16] and [17], the
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Fig. 1. Circuit configuration of the proposed multifunctional onboard battery charger.

three-port concept was presented, in which a single high-
frequency transformer is used to provide the galvanic isolation
for OBC and LV charging circuit. Furthermore, with this
structure, it is possible to charge both the HV and LV batteries
simultaneously. However, the integrated switches need to carry
the total current for both HV chargers and LV chargers at the
same time, which leads to an increase in the current rating of
the switching devices. Besides, phase-shift modulation and duty
cycle control are required, which can be challenging for battery
chargers with a wide range of output voltage and power.

In this paper, a novel non-isolated multifunctional OBC is
proposed, where some components of the OBC and LV charger
are shared. The APD function is provided without adding
additional switching devices, which leads to a significant
reduction of the DC-link capacitance. The switching devices of
the AC-DC converter are used as the primary side of the
isolated DC-DC converter for LV charging. Also, a half-bridge
circuit is added to charge the LV battery during HV charging,
which shares the transformer core and the secondary side with
the LV charger. In this way, both the HV and LV batteries can
be charged simultaneously. Furthermore, Both LV charging
circuits are designed based on a series resonant converter to
improve the efficiency of the LV charging circuit. Since small
film capacitors are used in the DC-link and the components of
the OBC and LV charger are utilized in common, the cost,
weight, and size of the proposed OBC can be reduced in
comparison to those of the conventional non-isolated OBC. A
2-kW SiC-based prototype is built and tested to verify the
effectiveness of the proposed OBC. The peak efficiencies of the
HV and LV chargers are 96.1 % and 95.3 %, respectively.

The rest of the paper is organized as follows: Section II
presents the proposed multifunctional OBC and the operating
modes. Section III discusses a design procedure and control
strategy of the proposed OBC. In section IV, the comparative
analysis of the cost and volume is presented. Besides, some
features of the proposed circuit are investigated with other
converter topologies. Next, experimental results are shown in
Section V. Finally, the conclusion is given in Section VI.

LHV
—>

Traction
battery

il

Fig. 3. High-power low-voltage charging circuit for Mode I11.

II. PROPOSED MULTIFUNCTIONAL ONBOARD BATTERY
CHARGER AND OPERATING PRINCIPLE

A. Configuration of the proposed onboard battery charger

The circuit configuration of the proposed multifunctional
charger is shown in Fig. 1. The proposed OBC is composed of
an H-bridge converter (S, —s,), three half-bridge circuits

(S;-S,.8,—S,, and S, —S,,), two rectifier diodes
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(D,-D,), and a high-frequency transformer. The AC-DC

converter plays a role in not only connecting the OBC to the AC
grid but also charging the LV battery. In this proposed OBC,
the front-end converter can work as an AC-DC converter, DC-
AC inverter, and APD circuit. It can also be used as primary-
side switches of the LV charger.

A non-isolated bidirectional buck-boost DC-DC converter is
used to control the power flow between the DC-link and HV
battery. The non-isolated OBC can satisfy SAE J1772, which is
the standard of the conductive charger for EVs since the traction
battery ground is always floating with the chassis of the vehicle
[18]. The traction battery has a wide range of operating voltage,
so the DC-DC converter has to be able to function in both buck
and boost operating modes. The DC-DC converter also works
for the OBC or LV charging depending on the operating mode.
The LV battery is charged from the HV battery through the
buck-boost DC-DC converter and isolated high-power LV
charging circuit (HP-LVC).

A low-power LV charging circuit (LP-LVC) is added to
charge the LV and HV batteries simultaneously, which shares
an isolated transformer core and secondary side with the LV
charger. LLC resonant networks are adopted in both LV
charging circuits to improve efficiency. The LV battery is
mainly charged through the HP-LVC. The LP-LVC is operated,
if necessary, only when the HV battery is being charged.

B. Operating principle of the proposed charger

The proposed OBC has four different modes: grid-to-vehicle
(G2V), vehicle-to-grid (V2G), HV-battery-to-LV-battery (H2L)
and grid-to-LV-battery (GH2L) modes, where detailed
descriptions for each mode are given as follow:

Mode I (G2V): In this mode, the HV battery is charged from
the grid via AC-DC and DC-DC converters. The relay, SW>, is
connected to terminal b so that the proposed multi-functional
circuit can operate as an APD circuit. The second-order ripple
power can be absorbed by regulating the voltage waveform of
the capacitors Cy; and Cyc2. Therefore, small film capacitors
can be used instead of large capacitor banks. The AC-DC
converter can be used to achieve sinusoidal input current at a
power factor of unity. The bidirectional buck-boost DC-DC
converter is used to control the current and voltage of the HV
battery. The soft-switching technique is also applied to reduce
the power losses of the DC-DC converter. Fig. 2 shows the
circuit involved in Mode I.

Mode II (V2G): In this mode, the HV battery provides energy
back to the AC grid. SW> is still connected to terminal b to
operate with APD function. The DC-DC converter is used to
control the discharging current, whereas the AC-DC stage
works as an inverter to control the grid current and DC-link
voltage. This is also shown in Fig. 2.

Mode IIT (H2L): In this mode, SW> is connected to terminal
a. The LV battery is charged via the buck-boost DC-DC
converter and HP-LVC. During this period, the H-bridge
converter (S, -S,) of the AC-DC converter is used as the

AC-DC
7 | Converter
v, + Cpy=
DC-DC
Converter

Fig. 4. Low-power low-voltage charging circuit for Mode IV.

TABLE |
DESIGN SPECIFICATIONS OF THE PROPOSED ONBOARD BATTERY
CHARGER

Description Values
Grid voltage 110 V rms
Grid frequency 60 Hz
Switching frequency 100 kHz
DC-link voltage 350 vV
HYV battery voltage 250-430 V
HV charging power 2 kW
LV battery voltage 12-13V
HP-LVC power 1 kW
LP-LVC power 0.5 kW

primary side of the LV charging circuit to form a full-bridge
resonant LLC converter, which is shown in Fig. 3.

Mode IV (GH2L): The HV and LV batteries are charged at
the same time using the OBC and LP-LVC. The circuit involved
in this mode is shown in Fig. 4. The transformer core and the
secondary side of the LP-LVC are shared with the HP-LVC.
When the LV battery is fully charged, the operation of the
circuit is changed to G2V mode.

III. DESIGN OF PROPOSED MULTIFUNCTIONAL ONBOARD
BATTERY CHARGER

In this section, a design procedure of the proposed OBC is
described in detail, of which specification is listed in Table I. In
this work, SiC MOSFETs are used, which have features of high
switching frequency, low power loss, and high operating
temperature. These points are preferably required for
automobile applications. In addition, by operating SiC
MOSFET devices with a soft-switching scheme, the overall
efficiency of the topology can be further improved.

A. AC-DC converter with APD capability

The AC-DC converter of the proposed OBC uses small film
capacitors in the DC-link. To achieve the APD function, the
DC-link  comprises two identical film capacitors
(Cdd:Cdcz:Cf) connected in series, and the middle point is
connected to one converter leg through the filter inductor Z,. By
appropriate modulation of this phase leg, the ripple power can
be absorbed by the DC-link film capacitors. The other converter
leg in the full-bridge should be modulated in such a way that
the grid current is sinusoidal, where the phase angle of the grid
current is determined by the reactive power requirement.
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For Mode I or Mode II, the single-phase input power, pin,
where instantaneous power of the grid inductor L, is neglected
to simplify the analysis, is expressed as:

P =V, I, + V.1, cos(200t) = p,. + p,.. (1)

where V; and I; are the RMS values of the grid voltage and
current, respectively, and w is the angular frequency. The input
power of the OBC includes a DC power component, ps. , which
is fed to the DC-DC converter, and an AC ripple power
component, p,, caused by the second-order harmonic
components, which need to be decoupled by the APD circuit.

To do this, the upper and lower capacitor voltages, v, and v_,,

should be controlled to be sinusoidal with an offset value that is
equal to a half of the DC-link voltage (7, /2), which can be

expressed as [19]:

(1) =247 sin(or+9), @

v, (t)= V;c —V_sin(wt +¢). 3)

From (2) and (3), the upper capacitor current, i;(¢), and lower
capacitor current, i.,(#), can be derived as:

i,y (1) = @C,V, cos(ct + @) (4)

i,, (1) =-oC,V, cos(wt + @), (5)

where C, is the capacitance of C,, and C,,.

From (2) — (5), the instantaneous power of the APD circuit
is derived as:

Parp (Z) =i, (t)vul (t)"' Iy (t)vcz (t)

2 (6)
=oCV sin(2wt +2¢)

By setting the time-varying term in (1) equal to (6), the
amplitude, ¥, and phase angle, ¢, of the capacitor voltage
reference are determined as:

oC,
p=-Zorp=T. ®)

By controlling the capacitor voltage to follow the reference
given by (7) and (8), the ripple power can be absorbed by the
two decoupling capacitors. As a result, the required DC-link
capacitance for keeping the DC-link voltage constant is reduced
significantly.

To examine the capacitance reduction due to the APD circuit,
it is assumed that the ripple power in the input inductor, L, and
filter inductor, L, , is neglected. In this case, the ripple power of
the APD circuit is the highest at V,.=V,/2 . Then, the
capacitance, Cy, of the filter capacitor is obtained as:

4V, 4P
C = S8 - n

f 2 2 :
V.o V,o

)

Here, the equivalent capacitance at the DC-link, C,,, is defined
by
C 2P
C — _f — mn ,
"= Ve (10)
where P;, is the amplitude of the input ripple power.

In a 60-Hz system with a DC-link voltage of 350 V, the
required capacitance per input power is about 43.15 puF/kW.
Considering the practical condition, the capacitance Cy is
selected as 100 pF.

In a conventional full-bridge AC-DC converter [9], the
DC-link capacitance is:
P
C — mn . (1 1)
oV, AV,

If the peak-to-peak ripple voltage, AV, is set to 10 V, the
required capacitance is about 1.5 mF.

Since the APD circuit is operated in a continuous mode, the
filter inductor, L, consumes some reactive power. To account
for this effect, a cancellation coefficient, «, is used, which is
defined as [20]:

a=w'LC,. (12)
From (12), the filter inductance can be determined. It is noticed
that the cancelation coefficient should be kept as small as
possible to minimize reactive power consumption. However, an
inductor that is too small leads to excessively high switching
ripple currents, which increase the current stress. The control
bandwidth of the APD is also affected by the cancelation factor.
Considering these conditions, the cancelation coefficient is
selected as 0.075, which results in a filter inductance of 1 mH.

B. Bidirectional buck-boost DC-DC converter

Since the DC-link voltage is kept constant while the HV
battery needs to operate in a wide voltage range, the DC-DC
converter has to be able to cover this voltage range [21]-[24].
The DC-DC converter consists of four switches (S5 — Ss), output
capacitor (Cpy), and inductor (Lgy), where the direction of the
power flow between the DC-link and HV battery is controlled
by the switches and the inductor. Depending on the voltage
level of the HV battery, the converter is operated as buck, boost,
or buck-boost converters by controlling the duty cycle d of the
switches (S5, Ss, S7, Ss), as shown in Table II.

In charging mode, when the HV battery voltage is lower than
the DC-link voltage, S7 is fully turned on and S; is fully turned
off. The converter works as a buck converter, and S5 and Ss are
controlled by d, and /-d, respectively. When the HV battery
voltage is higher than the DC-link voltage, Ss is fully turned on
and Sg is fully turned off, and the converter functions as a boost
converter. Ss and S7 are controlled by d and /-d, respectively.
When the HV battery voltage is close to the DC-link voltage, S
and Ss are controlled by d, and Ss and S7 are controlled by /-d.
In this case, the converter is operated as a buck-boost converter.
For discharging mode, a similar operating principle is applied
to control the energy from the HV battery to the DC-link. To
further reduce the switching loss, a soft-switching technique is
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TABLE II
OPERATING CONDITIONS OF THE BUCK-BOOST CONVERTER

Duty cycle (0 —1)
Direction of

Operation modes

the power
S, S, S, S,
Buck
Q50V<Vw<z2oyy 4 1d 0
Vae > I'/H v Buck-boost J 1od I-d d
(Charging (320V < Vi <380V)
HV battery)
Boost i 0 1-d d
(380V < Vi < 430V)
Buck
(380V < Viy <430V) ! 0 d 1-d
Vf" v Vj"” Buck-boost I.d d d I
(Discharging  (320V < Vyyy < 380V) ) -
HV battery)
Boost
Qs0V<viy<32ov)y 4 4 ! 0
SS Sé S 5 S 6
r L
dT, dar. - :
Tsw = 1/f;w | ];w = 1/ﬂw ;l
]mm . -
Iy Liny I L
ILHV L LHY| :
. .
(@ (b)

Fig. 5. Waveform of inductor current in buck mode. (a) Iy, = 0. (b) Iy < 0.

applied by changing the switching frequency, f;, so that the
switches can be turned on with zero-voltage switching (ZVS)
[25]-29]. The direction of the inductor current izzy from the
DC-link to the HV battery is defined as positive, and the
opposite direction is negative. The ZVS of the switches can be
achieved by controlling the direction of this current.

Fig. 5 shows the waveform of the inductor current in buck
mode. For the DC-link side, the inductor current i;zy should be
positive while turning off S5 and Ss. On the HV battery side, the
inductor current iy should be negative while turning off S, and
S7. Also, the absolute value of the inductor current should be
greater than a certain value /,;» so that the output capacitor of
the MOSFET (Cy) is charged or discharged fully during the
deadtime, Z4eqq. Since the inductor current varies depending on
the operating conditions, the switching frequency needs to be
adaptively adjusted to achieve the optimal switching frequency,
which is listed in Table III. The switching frequency is
calculated from the measured DC-link voltage, HV battery
voltage, and the average measured inductor current ;. yy. Lnin can
be calculated by:

_ 2C0.vs max (Vdc s VHV )
t

. (13)

min
dead

The DC-DC converter needs to operate in both buck and

TABLE III
OPTIMAL SWITCHING FREQUENCY OF THE DC-DC CONVERTER
Operating
1,,>20 I,,<0
modes LHV LHV
Bu Ck I/d< VHV - Vl:;‘l’ V:[rVHV - V/—?V
Vd( 2LIIV (ILIIV + lmm ) Vd( 2LIIV (]LIIV - Imin )
Buck- V;IL‘I/IIV VchuV
bOOSt (V:a + VHV ) 2LHV (ILH!/ + Imin ) (Vd< + VI/V )2Lm' (]LIIV - Imm )
Boost Vm Vm/ - I/df Vd('VHV - Vd%'
VHV 2LHV (ILHV + Irnln ) VHV 2LHV (ILHV - In'un )
90
N — Boost
\ = Buck
80 |
T
N
£
g 60 |
e
2 50|
£
s
40 |
30

L L L L
100 120 140 160 180 200

Switching frequency (kHz)
Fig. 6. Minimum inductance for buck-boost DC-DC converter.
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Fig. 7. AC equivalent circuit of the resonant converter for LV charging.

boost modes, so the inductor should be designed to cover both
the cases [30]-[32]. Fig. 6 shows the minimum inductance
versus the switching frequency, which is limited to 100 — 200
kHz. Therefore, the inductance of Ly is selected as 100 pH.

C. LV charging circuits

The LV battery is charged from the HV battery through the
HP-LVC or LP-LVC depending on the operating conditions.
Since the LV battery is mostly charged through the HP-LVC, a
1-kW power rating is considered, which includes the DC-DC
stage of the OBC and the resonant LLC converter. In this case,
four switches of the AC-DC stage are used as the primary side
of the resonant converter. The LP-LVC is operated only during
the HV battery charging. When the vehicle is connected to the
grid, the shared components need to be involved in an APD
circuit. During this period, LV loads will still consume power.
The worst-case happens when the LV battery is depleted while
the HV battery is being charged. To take this situation into
account, a 500-W LP-LVC is added which is composed of a
half-bridge LLC converter. The consumed power of the LV
loads is not considerable during HV battery charging, so the LP-
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TABLE IV Bobbin
PARAMETERS OF RESONANT LLC CONVERTERS FOR LOW-VOLTAGE
CHARGING CIRCUITS
[ ]
Parameters LP-LVC  HP-LVC oo ]E%
T QO AOC
Transformer turn ratio 14:1 28:1 E% T j&
Resonant inductance L, 34 uH 68 uH | 350 ~ Peccesed -_ &
lcelp "|OC
Resonant capacitance C, 37 nF 74 nF Q9| / :|E§
= . :
Magnetizing inductance 120 pH 250 pH EE Air gap j%
Resonant frequency f, 100 kHz 100 kHz [ — — ]
Switching frequency range 90 kHz - 150 kHz
12 Y ; " e Secondary side winding
\ o 'Lo:: @ Primary side winding of HP-LVC
\ — @ Primary side winding of LP-LVC
A\ —o—Mg-min
L A —Memax Fig. 9. Winding configuration of the transformer.
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. Fig. 10. Overall control block diagram of the proposed onboard battery charger.
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the HP-LVC.

converter based on the fundamental harmonic approximation
(FHA) method is shown in Fig. 7, where vyp; ,.; is the
fundamental component of vgp ,,; [33]-[35]. The AC
equivalence of the load resistance is defined as:

In the HP-LVC, the resonant tank consists of an inductor L,;
and capacitor C,; connected in series. A square wave voltage,
Vip pris 18 generated by a group of switches (), S2) and (S3, Sy
with a duty cycle of 0.5. The LV battery voltage is controlled
by changing the frequency of vyp ,.;. The operation of the , 812
resonant converter is characterized by the ratio between the eg = M
switching frequency fi», and the resonant frequency

fr = 1/ (2;:1/ L,,C, ]). The AC equivalent circuit of the LLC where V; and Py pypc are the voltage and the power of the HP-

(14)

2
By _1ye
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LVC, respectively. The transformer turns ratio, n;, is
determined using the DC-link voltage and the nominal voltage
of the LV battery, Vi 0, :

Vdc
n = % : (15)

LV _nor

Based on the characteristic impedance, Z,;=/L,;/C,;, the
quality factor Q is defined as:

Zrl
Q—R—- (16)

eq

Then, the DC voltage gain, Mzy,, is obtained as follows:

_nV, _ 1

FHA — V 5 2
de L ) 1 (17)
1+L, -
{ove- e (i)

where f =f. /f, is the normalized switching frequency, and
L,=L,,;/L,, is the inductance ratio.

In the LP-LVC, the same procedure can be applied to
calculate the parameters except that the transformer turns ratio
and the voltage gain are reduced by half due to the half-bridge
structure of the resonant converter. The parameters designed for
the HP-LVC and LP-LVC are listed in Table IV. Fig. 8 shows
the voltage gain versus normalized frequency for different
operating conditions. In this case, since the DC-link voltage is
controlled by the DC-DC converter, the input voltage of the HP-
LVC is kept constant. Therefore, the switching frequency is
optimal and close to the resonant frequency of 100 kHz, as
shown in Fig. 8(a).

For the LP-LVC, the input voltage varies depending on the
HV battery voltage. Therefore, the switching frequency needs
to have a wide range to control the output power. In light load
conditions, the switching frequency should be high to regulate
the output voltage, which affects the power losses. However, it
should be noted that the LP-LVC is operated with only a heavy
load when the LV battery is depleted, so the switching
frequency range can be reduced.

Fig. 9 shows the winding configuration of the transformer for
the LV charging circuit. The selection of the core size and
material is done according to this condition along with the
power density target and the available airflow, where the TDK-
Epcos PQ50/50 PC95 ferrite core is used. The 360 strands Litz
wire with a single strand diameter of 0.06 mm is used for the
primary winding, which can reduce the AC losses due to skin
and proximity effect. The secondary one is made with copper
band 20x0.5 mm.

D. Overall control of proposed OBC

A detailed control block diagram of the proposed OBC is
shown in Fig. 10. To improve the dynamic response, the
controller gains are tuned finely by a trial and error method.
When the OBC is connected to the grid (Mode I or Mode 1I),
the DC-link voltage and grid current are controlled by the AC-

DC converter. Then, the voltage references for Ca.; and Cyc2 can
be determined by (7) and (8). However, since these values are
dependent on the system parameters, it is very difficult to
achieve perfect power decoupling. Therefore, the closed-loop
control is applied to achieve the APD capability. The dynamic
model of the AC-DC converter with APD function and its
controller design can be referred to in [7]. The target of the APD
circuit is to control the APD capacitor voltages to be sinusoidal
as given in (2) and (3), which contains only the fundamental
frequency component. Since the DC-link voltage error consists
of the second-order harmonic component, it needs to be
transformed into a fundamental frequency frame for controlling
the APD circuit by using the transformation matrix T(wt) [13],
[14]. Then, a proportional-resonant (PR) controller is adopted
to control the DC-link voltage ripple to zero. Also, the inductor
current is regulated using a PI controller, as shown in Fig. 10(a).
For Mode II, the controllers are the same as those of Fig. 10(a)
except that the signs of the DC-link voltage and the grid current
are reversed. When the vehicle is running, the voltage and
current of the LV battery are controlled by varying the
switching frequencies of the switches (S;, S2) and (S3, Sy).

The voltage and current of the HV battery are controlled by
the DC-DC converter. Depending on the voltage levels of the
HV battery and DC-link, the DC-DC converter can be operated
as a buck, buck-boost, or boost converter by varying the duty
cycle to control the current and voltage of the HV battery. To
ensure ZVS turn-on of the switches, the inductor current is
measured to calculate the optimal switching frequency, as
shown in Fig. 10(b).

When the LV battery needs to be charged during HV battery
charging, the half-bridge LLC is activated. The voltage and
current of the LV battery are controlled by the switching
frequencies of So and Sy, as shown in Fig. 10(c). When the LV
battery is fully charged, the operation mode is changed to G2V.

IV. COMPARATIVE ANALYSIS

In this section, the cost, and volume of the proposed battery
charger are evaluated and compared with those of a
conventional onboard battery charger with a cascaded
connection of low-voltage charging circuit, where large film
capacitor banks are used at the DC-link of the AC-DC converter,
as shown in Fig. 11. The volume is estimated based on the
dimensions provided in the datasheets, where those of the
transformer and inductor windings are neglected [36], [37]. The
volume comparison is shown in Fig. 12(a). The overall volume
of the proposed charger is reduced by 52.3 % compared with
that of the conventional one. In addition, with the proposed LV
charger with APD function, the overall cost of the proposed
circuit is decreased by 46.9 % due to the reduction of the DC-
link capacitor, as shown in Fig. 12(b).

In order to demonstrate the advantages of the proposed OBC,
some features are investigated with other converter topologies
[13], [15], [16], [38], [39], which are listed in Table V. Among
these topologies, the onboard reconfigurable battery charger
[39] has the lowest number of switches. However, the large DC-
link capacitance is required, and it is impossible to charge the
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Fig.11. Conventional onboard battery charger with the cascaded connection of low-voltage charging circuit.
TABLE V
COMPARISON OF DIFFERENT ONBOARD BATTERY CHARGERS
Description [13] [15] [16] [38] [39] Proposed
No. of switches 14 11 11 8 6 10
No. of diodes 0 9 9 0 2 2
No. of inductors 3 5 5 4 3 5
No. of transformers 1 1 1 1 1 1
Galvanic isolation Isolated Non-isolated Isolated Isolated Non-isolated Non-isolated
Control complexity Simple Medium High High Simple Medium
Switching frequency 10 kHz 150 kHz 100 kHz 50 kHz 20 kl?}?; 40 100 kHz
V2G Yes No No Yes Yes Yes
H2L Yes Yes Yes No Yes Yes
GH2L No Yes Yes No No Yes
APD capability Yes No No Yes No Yes
G2V 92.6 97.3 93.5 95.7 N.A. 96.1
Peak ‘zf/ﬁ)clency V2G 91.8 NA. NA. 954 NA. 95.0
0
H2L 89.2 93.1 95.0 N.A. N.A. 95.2
Yes: capable No: incapable N.A.: not available
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Fig. 12. Comparison of main components. (a) Volume. (b) Cost.

LV battery when the HV battery is charged. Although a
bidirectional EV charger in [38] can reduce the DC-link
capacitance, the sinusoidal charging current may be problems
not only for the lifetime of the traction battery but also for
charging the LV battery during HV charging mode. The
multifunctional OBC [13] can achieve APD capability, but it
requires a higher number of devices. Also, the LV battery
cannot be charged when the traction battery is charged. In
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Fig. 13. A 2-kW onboard battery charger prototype.

addition, with integrated charging circuits [15], [16], LV and
HYV batteries can be charged simultaneously, but unidirectional
power flow and large DC-link capacitance are main
disadvantages. Consequently, the proposed multifunctional
OBC clearly stands out from the existing topologies since some
devices are used in common for not only power decoupling but
also LV battery charging, which results in a more cost-effective
system. Furthermore, the efficiency of the proposed OBC is
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TABLE VI
SPECIFICATIONS OF THE PROPOSED CONVERTER
Parameter Specification

Switches S; - Sy C3MO0065090D
Switches Ss - Sio E3M0120090D
Diodes D, - Dy DSSK 80-0045B
Capacitors Cges - Cez C4AQCBWS5500A307]
Grid inductor Ly 1.8 mH
Filter inductor L, 1 mH
Buck-boost inductor Ly 100 pH.
Transformer core 7, PQ50/50 TDK PC95

V(100 /div)

(a) =0

y

\
v, (100 /div) i, (164/div)

Ve, (1407 /div)

10ms/div iy, (15.4/div)

Fig. 14. Operation of the AC-DC converter in Mode I at rated power
condition.

similar to that of the existing topologies.
V. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed circuit, a 2-kW
prototype has been built, as shown in Fig. 13. A
TMS320F28377 digital signal processor (DSP) is used for the
main controller. The system parameters are listed in Table VI.
The OBC is designed using SiC MOSFETs, which have very
low switching losses and on-resistances. The output terminal of
the OBC is connected to the PWM converter, which is used as
a controllable voltage source. For the low-voltage charging
circuit, the output terminal is connected to the load resistor.

Fig. 14 shows the operation of the proposed battery charger
in Mode I at rated condition. In Fig. 14 (a), the DC-link voltage
ripple is kept constant when the APD is applied to filter out the
second-order ripple power. The input current is controlled to be
sinusoidal at unity power factor. The upper and lower capacitor
voltages are well controlled as discussed in the theoretical
results, which is shown in Fig. 14(b). The inductor current is
also kept being sinusoidal.

The operation of the non-isolated DC-DC converter is shown
in Fig. 15. The converter can be operated in buck, buck-boost,

\ﬁ« l”m;('IOOV/dnLTVH, (100¥ /div)

Wzl

Voss (2007 /div) Vi (2007 /div)

@ =

Vess (10V/div)
Vs (2007 /div)

. ( A ™ ) / ‘40

Viss (107 /div)

2 us|div

2us{ div

Fig. 15. Operation of the DC-DC converter in Mode I at rated power
condition. (a) Buck mode. (b) Buck-boost mode. (¢) Boost mode.

430

Vi (457 /div)

<250

! i N e L Y
1,y (14/div)
500ms/div

Fig. 16. Transient performance of the onboard battery charger in G2V
mode.

and boost modes according to the HV battery voltage, as shown
in Fig. 15(a), (b), and (c), respectively. The switching frequency
varies depending on the operating points. Therefore, the ZVS
turn-on is achieved. In addition, the inductor current ripple in
buck-boost mode is much higher than those in buck and boost
modes due to lower switching frequency.

Fig. 16 shows the transient performance of the OBC when
the voltage of HV battery increases from 250 to 430 V. The LV
battery current is controlled at 4 A. Fig. 17 shows the
performance of the system in Mode II, where the proposed
charger acts as a DC-AC inverter. In this case, the discharging
current of 3A is controlled by the DC-DC converter. Even
though the power flow is reversed, the APD circuit still operates
to keep the DC-link voltage constant at 350 V. The input current
and capacitor voltages are controlled to be sinusoidal.

The measured efficiency of the OBC is illustrated in Fig. 18.
In Mode I, a peak efficiency of 96.1 % is achieved when the
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Fig. 18. Efficiency of the onboard battery charger in Mode I and Mode II. T N\ \
. (5.4/div) v, (200V /div)
OBC operates at rated conditions. In Mode II, the peak Sus/div
efficiency is 95.0 %. The system efficiency varies depending on
the load condition related to the state of charge (SOC) of the .
battery. At a light load condition, the system efficiency drops R [ ‘ /
due to high current stresses in S3 and Ss resulting from the ‘ = '\/zvs/ —"0
operation of the APD circuit. Vm‘m(l(§ i) Ve (1007 div) v, (5V/div)
Fig. 19 shows the performance of the OBC in Mode III, (b) 7. (20 A/div)
where the DC-DC converter and HP-LVC are used to charge e —=
the LV battery. The LLC resonant converter is tested under the : A <0
maximum and minimum voltage gain conditions. The DC-link ) <
voltage is kept constant, so the switching frequency of the HP- (S A/ diy) Susfdiv ve,(200¥/div)
LVC can be kept at the resonant frequency of 100 kHz. In both
cases of voltage gain, ZVS turn-on of the switches is achieved. “'t - 5
f [ f -~
Fig. 20 shows the operation of the OBC in Mode IV, where - I ] / 0
the OBC and LP-LVC are operated at the same time. At the AL // (
lowest output voltage of 250 V, the switching frequency is 90 Vosio (10V/div) ¥ (150V/div) EASMALY
kHz, which is below the series resonant frequency to achieve © 1, (54/div)
the maximum voltage gain, as shown in Fig. 20(a). In Fig. 20(b), /4\ & %
when the HV battery voltage increases to 350 V, the resonant S Zr <0
current and voltage are almost sinusoidal, where the switching o / P A
frequency is equal to the series resonant frequency of 100 kHz. 22 SHsfary A el i

In light load conditions, the switching frequency is increased to Fig. 20. Operation of the OBC in Mode IV. (a) Vi = 250V and Iy = 40 A.
145 kHz to reach the minimum voltage gain. Thus, in this case,  (b) Var =350V and Iy = 40A. (¢) Viuy =430V and Ly = 4A.
the OBC controls the HV battery voltage at 430 V and the LP-

LVC controls the LV baftery current at 4 A, as shown in Fig. 20(c). ZVS is also realized in all conditions. The

measured efficiency of the LV charging circuit is illustrated in
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Fig. 21. Measured efficiency of the low-voltage charging circuit.

Fig. 21, where the highest efficiencies of the HP-LVC and LP-
LVC are 95.3 % and 94.5 %, respectively.

VI. CONCLUSIONS

A novel multifunctional battery charger for EVs has been
proposed in this paper. The proposed OBC can realize dual
functions, which reduces the number of circuit components.
When a vehicle is connected to the grid to charge or discharge
the HV battery, the LV charging circuit is operated as an active
power decoupling circuit to absorb the second-order ripple
power at the DC-link. When the vehicle is running, the LV
charging circuit is operated as an LLC resonant converter to
charge the LV battery from the HV battery. With the proposed
topology, 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 any switch,
heat sink, or corresponding gate circuit. As a result, the volume
and cost can be reduced by 52.3 % and 46.9 %, respectively,
compared with the conventional method. In addition, the LV
battery can be charged from both the HV battery and the grid
utility. The feasibility of the proposed OBC has been verified
for a 2-kW SiC-based prototype in the laboratory, where the
highest efficiencies of the OBC and LV charger were 96.1 %
and 95.3 %, respectively.
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