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I. INTRODUCTION

Plug-in Hybrid FElectric Vehicles (PHEVs) have gained
high popularity recently due to the environmental friendliness
and the growing price of the fossil fuel. The batteries of
PHEVs can be restored to full charge by easily connecting a
plug to the electric wall socket if the battery charger is on-
board. As such, achieving high efficiency and small size for
the on-board battery charger is very important because it will
help to improve overall performance of the PHEV. In the
ADEPT program of ARPA-E[1], HRL Laboratories are using
gallium nitride (GaN) semiconductors to create battery
chargers for hybrid electric vehicles (HEVs) that are more
compact and efficient than traditional EV chargers. Wide
band-gap material, such as Gallium Nitride (GaN),
theoretically outperforms Si in such aspects including
switching speed and efficiency [1, 2]. Since GaN devices
enable higher switching frequency (up to MHz) in the battery

charger design, smaller passives can be expected and thus an
increase in the power density.

On the other hand, the battery charger topology will
inevitably be a single phase AC/DC converter since the
battery need to be charged with household electrical outlet. As
Power Factor Correction (PFC) is usually required at the AC
side, the AC input voltage and current will be sinusoidal, so
that input power will pulsate at two times line frequency. This
pulsating power usually is stored in a capacitor which has high
capacitance, high volume, and also low life time if electrolytic
capacitor is used. It can be proved that the size of the DC link
capacitor is mainly determined by the current ripple at two
times line frequency instead of the switching ripple [3],
thereby the DC link capacitors may become the major power
density barrier of the battery charger even if GaN devices are
used.

Researchers have made a lot of effort to reduce the DC
link capacitance to avoid electrolytic capacitor for longer
lifetime and meanwhile keep high power density. Ripple
cancellation [3-5] can be implemented to reduce the DC link
capacitor size, but auxiliary circuitry implemented increases
complexity. The way of distorting input current [6,7] in LED
driver design to eliminate large DC link electrolytic capacitor
is not applicable in PHEV battery charger because of the
tighter power factor requirement. Storing two times line
frequency ripple energy both in the inductor and capacitor
actually reduces the power density [8].

If the battery is able to take the low frequency charging
current ripple, the DC link capacitance will be significantly
reduced because the capacitors only need to filter the current
ripple at the switching frequency. For electric vehicle
application, lithium-ion batteries are dominant in the selection
of powertrain energy storage. Studies show that the
performance of lithium-ion batteries do not deteriorate much
with the current ripple at two times line frequency[9,10].
Investigation on the 1;C,O, lithium-ion battery cells shows
that the cells do not suffer from extra capacity decay
contributed by the current ripple if the ripple frequency is















the AC side. The DC link voltage is well regulated. The
charging current is sinusoidal and synchronous with the AC
voltage. Note that a set of non-idealities actually prevent the
complete ripple cancellations, so there is still ripple at the DC
link voltage. Among these, the most relevant ones are the
current control delay, which give a phase-shift between the
reference and the actual current.

VI. CONCLUSION

In PHEV battery charger, if current ripple at two times line
frequency is allowed into the battery, theoretically the DC link
capacitor volume can be significantly reduced compared to
pure DC current charging, which gives potential to achieve
very high power density. The operation of dual active bridge
(DAB) converter under sinusoidal charging is analyzed. It is
found that due to variation of charging current, switches in
DAB always suffer from hard switching at different battery
voltages, which is verified by experimental results on a scaled-
down low power prototype. Two ways of sinusoidal charging
control strategies of DAB are proposed and implemented, and
it is proved that closed loop current control outperforms the
open loop control. The test on full system including both full
bridge AC-DC stage and DAB DC-DC stage verifies the
feasibility of a battery charger with sinusoidal charging.
Synchronization between the charging current and the line
voltage indicates the balance of the ripple power at the two
times line frequency. The DC link capacitor volume can be
highly reduced, which enables the design of battery chargers
with very high power density.
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