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Abstract
This paper proposes a single-phase bidirectional AC/DC converter topology applied in V2G systems, which consists of an
inverter and a bidirectional non-inverting buck-boost converter. This topology can operate in four modes: buck charging, boost
charging, buck discharging and boost discharging with high input current quality and unity input power factor. The inverter
switches at line frequency, which is different from conventional voltage source inverters. A bidirectional buck-boost converter is
utilized to adapt to a wider charging voltage range. The modulation and control strategy is introduced in detail, and the switching
patterns are optimized to reduce the current ripple. In addition, the semiconductor losses are analyzed. Simulation and
experimental results demonstrate the validity and effectiveness of the proposed topology.
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I.

INTRODUCTION

The increasingly serious energy shortage and
environmental pollution issues have drawn the attention of
relevant authorities to the importance of energy conservation
and emission reduction. Developing plug-in hybrid electric
vehicles (PHEV) and electric vehicles (EV) is an effective
way to solve the above issues [1]-[4]. “V2G” is used
generically for both V2G and G2V energy flows: energy
stored in a battery returns to the grid to support it at peaks of
consumer energy demands, and the energy is transferred from
the grid to vehicles via batteries during off-peak periods.
Therefore, the V2G concept improves the performance of the
power grid in terms of efficiency, stability and reliability [5].
In the near future, V2G will become an indispensable part of
the electric vehicle industry [6]-[8].
Bidirectional battery chargers play a critical role in V2G
systems, and they should possess the characteristics of
bidirectional power flow, high input current quality, power
factor correction or controllable input power factor and a
wide output voltage range. A bidirectional AC/DC converter
is either integrated into a car (on-board chargers) or
accommodated in specially designed EV charging stations
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(off-board chargers). In terms of household charging,
on-board chargers are the preferred configuration. For V2G
applications, a topology with high power density, low cost,
low volume and low weight is expected [9]-[13].
In the past, single-phase unidirectional AC/DC converters
were used as chargers for electric vehicles and were
intensively studied. In [14], a single-phase interleaved
AC/DC PFC boost converter for PHEV batteries is studied,
and other topologies with the same function have been
introduced [15]. All of them only boost the voltage. Thus, a
chopper circuit needs to be added to obtain a wider output
voltage range. Cascaded unidirectional buck–boost converters
for PFC are presented in [16], [17]. They possess high input
power factor, low input current THD and a wider range of
output voltage. However, all of the converters mentioned
above can only be used as battery charger. They cannot return
the energy stored in the batteries back to the grid because of
the unidirectional switches.
A single phase voltage-source-type rectifier cascading a
dc-dc converter [18]-[20], is widely used for electric vehicle
chargers. This method offers a two-way electrical energy
flow and high quality input current. However, its lifespan is
limited, because costly and bulky electrolytic capacitors exist
in this type of voltage-source converters. An AC/DC
converter with a hybrid structure is proposed in [21]. It
realizes the bidirectional power flow and buck/boost function
by changing the topology. In discharging mode, the full
bridge is modulated in PWM mode as a voltage-source

© 2014 KIPE

2

Journal of Power Electronics, Vol. 14, No. 5, September 2014

inverter. Conversely, in charging mode, it works as a diode
rectifier bridge. Nevertheless, its topology structure is
complex and the related control algorithm is complicated.
Meanwhile, the problem of needing electrolytic capacitors
still exists.
In this paper, a single-phase bidirectional topology, which
supports a bidirectional power flow and can be adapted to
wider applications, is proposed as shown in Fig. 1. The
full-bridge works as a rectifier in the charging mode or as an
inverter switching at the line frequency in the discharging
mode. A bidirectional non-inverting buck-boost converter
[22], [23] is utilized to enhance the range of the charging
voltage and to realize power factor correction (PFC) in
collaboration with the full-bridge inverter. According to the
switching state combinations of the non-inverting buck-boost
converter, the proposed converter allows for four operation
modes: buck charging, boost charging, buck discharging and
boost discharging.
The paper is organized as follows: Section II introduces the
topology and mathematical model of the proposed converter,
and the corresponding control and modulation schemes are
presented. In Section III, the semiconductor losses of the
proposed topology are analyzed. In Section IV, the
experimental results are presented. The main points of this
paper are summarized in Section V.

II.

SYSTEM CONFIGURATION AND WORKING
PRINCIPLE

A. Proposed Topology
Fig. 1 shows the proposed topology of a single-phase
bidirectional AC/DC converter. It consists of a second-order
LC input filter, a full-bridge inverter and a bidirectional
non-inverting buck-boost converter. The input filter is used to
prevent the high-frequency harmonic currents generated by
the converter from propagating into grid. The full-bridge
inverter is used to rectify the AC input voltage to a DC
voltage and switches at the line frequency. The bidirectional
non-inverting buck-boost converter is employed to regulate
the charging voltage in a wide range. In addition, power
factor correction (PFC) and high input current quality can be
realized with the full-bridge inverter.

B. Modeling of the Proposed Converter
Assume that the system works in continuous mode.
According to Fig. 1, the state space average model for the
proposed converter is formulated as follows:
dig
(1)
Lg = u g − uc
dt
C

duc
= ig − sgn(uc )d1iL
dt

(2)

Fig. 1. Proposed topology of single-phase bidirectional AC/DC
converter.
diL
L=
d1 uc − d 2VB
dt

(3)

where ug is the voltage of the power supply, and
ug=Vmsin(ωt). d1 and d2 are the duty-cycles of switches S5
and S7, respectively. sgn() is the sign function.
As an interface circuit for V2G applications, the objectives
of the proposed converter are twofold: charging or
discharging the battery and keeping unity power factor. If the
input filter is designed properly, the effect of the input filter
can be neglected, then ug≈uc. To realize unity power factor,
it is necessary for sgn(uc)d1iL in (2) to be sinusoidal and in
phase with the input voltage i.e.
(4)
d1iL ≈ I m sin(ωt )
where Im is the required amplitude value of the input current.
If Im is greater than zero, the converter works in charging
mode; vice versa, it works in discharging mode.
In the steady state, according to the volt-second balance,
the following is obtained:
(5)
d1Vm sin(ωt ) ≈ d 2VB
According to (4) and (5), it is obvious that one degree of
freedom is available. Therefore, in theory, there are lots of
methods available to accomplish the control task mentioned
above. In this context, iL is chosen to be a constant.
According to (4), the duty cycles d1 and d2 are given as:
d1 =
d2 =

I m sin(ωt )

(6)

iL
I mVm sin(ωt )

2

iLVB

(7)

The buck mode is defined when VB<Vm and d1 can be
either greater or less than d2 depending on the relationship
between ug and VB. Conversely, the boost mode is defined
when VB>Vm and d1 is always greater than d2.
The duty-cycles should meet the constraints:
(8)
0 ≤ d1 ≤ 1, 0 ≤ d 2 ≤ 1
Then, iL should satisfy the following constraint:
iL ≥ max{I m , Vm I m VB }

(9)
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In practical application, to increase efficiency, it is
recommended that iL be as small as possible when constraint
(9) holds.

C. Principles of Operation
Taking the charging mode for example, the switching
sequence is arranged as shown in Fig. 2. Such a symmetrical
arrangement guarantees that the ripple current through the
inductor L is small. Two cases are considered: d1 > d2 and d1
< d2. All of the MOSFETs in the inverter stage operate at the
line frequency and switch according to the polarity of the
input voltage. Usually, low ON-resistance MOSFETs are
selected to increase efficiency. The switches in the
non-inverting buck-boost stage are modulated by PWM, as
shown in Fig. 3.
Referring to Fig. 1, Fig. 2 and Fig. 3, the operation
principle of the proposed converter can be explained as
follows:
State 1(t10 ~ t11, t14 ~ t20, t20 ~ t21 and t24 ~ t30):
S5 and S7 are on. The voltage across inductor L is
expressed as: uL=|ug|-VB. When uL is negative, iL
decreases linearly with a slope of (VB - |ug|) /L,
and the energy from the grid and stored in the
inductor is transferred to the battery. When uL is
positive, iL increases linearly with a slope of (|ug| VB ) / L, and the energy is transferred from the grid
to the inductor and battery.
State 2 (t11~ t12 and t13 ~ t14): S5 and S8 are on,
and S6 and S7 are off. The inductor starts to absorb
energy from the grid and its current iL increases
with a slope of |ug|/ L.
State 3(t12 ~ t13 and t22 ~ t23): S8 and S6 are on
and the inductor current starts wheeling through S8
and S6. iL remains unchanged if the semiconductor
losses are ignored.
State 4(t21 ~ t22 and t23 ~ t24): S5 and S8 are off,
and S6 and S7 are on. The energy in the inductor is
transferred to the battery through S6 and S7.
During this interval, iL decreases linearly with a
slope of VB / L.
In fact, the converter can also work in other modes, and
similar analysis method can be applied. Therefore, the details
are neglected here.

D. Control Strategy
A control block diagram for the proposed converter is
shown in Fig.4. It is a classical two-loop control structure
including an outer-loop voltage controller and an inner-loop
current controller. The outer-loop controller is designed to
realize the constant voltage charging, and the feedback signal
for VB is processed by a notch filter to eliminate the negative
effect of the double-line frequency ripple voltage. Its output

Fig. 2. Waveforms under the double-sided switching pattern.

is the reference current Im for the inner-loop controller. To
realize PFC in the inner-loop controller, a simple
feed-forward control is adopted. To regulate the current
through the inductor, a control scheme including the
feed-forward control and the PI feedback control is presented.
The feed-forward control directly compensates the effect of
the first term on the right side of equation (3). This increases
the dynamic response of the current control. The PI controller
helps to stabilize the system and to handle some unknown
disturbances. In practical applications, the reference of iL is
chosen to be 1.05Immax(1,Vm/VB) for power loss
consideration and for the assurance of a sufficiently
adjustable margin for the switch duty-cycle.

III. POWER LOSS ANALYSIS
The power loss calculation of a power converter is crucial,
since it can be used to guide the design of the heat sink and to
estimate the system efficiency. The power losses can be
divided into two parts: semiconductor losses and passive
components losses [24]. In the proposed converter, the
semiconductor losses are dominant. Therefore, the power loss
calculation focuses on the semiconductors in this section.
Usually, semiconductor losses include conduction loss and
switching loss, which are related to the topology structure,
modulation strategy and commutation method [25]. The
conduction loss and the switching loss can be formulated as
follows [26], [27]:
Pc _ Si =
=
Psw _ S
i

fs
T

∫

T

0

1 T
u DS (t )iD (t )dt
T ∫0

(10)

1
1
2
[ u DS (t )iD (t )(ton + toff ) + Coss u DS (t ) ]dt (11)
2
2

4
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State 2
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State 4

Fig. 3. Analysis of the switching process.

Fig.4. Control block diagram for the proposed converter.
Psw _ Di = f s

1 T
Qrr u F (t )dt
T ∫0

(12)

where Pc_Si is the conduction loss of the MOSFET, Psw_Si
is the switching loss of the MOSFET, Psw_Di is the diode
reverse recovery loss, T is the period of the integrated
function, fS is the switching frequency, and uDS(t) and iD(t)
separately represent the voltage between the source and drain

of the switch and the flowing current. Coss is the output
capacitor of the MOSFET, Qrr is the diode reverse recovery
charge and uF(t) is the reverse voltage for the diode.
According to the datasheet of the MOSFET, the relationship
between the conduction voltage drop and flowing current can
be approximately expressed as:
(13)
RDS
=
kiD (t ) + b
( on )
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Thus:
u DS (t ) = RDS ( on )iD (t )

(14)

the coefficient k and b can be determined according to the
datasheet of the adopted MOSFET.
According to the control and modulation scheme
mentioned above, both the related conduction loss and
switching loss will be analyzed as follows. Since the inverter
stage switches at the line frequency and the bidirectional
conductivity of the MOSFET, the loss of the inverter stage is
mainly caused by the conduction loss of the MOSFET. The
semiconductor loss related to the non-inverting buck-boost
converter includes conduction loss and switching loss.
Similarly, the conduction loss of the end stage is mainly
caused by the MOSFET since the body diode conducts only
during the commutation process in the dead time, and whose
loss can be ignored. For the switching loss, take S5 and S6 in
the charging mode as an example, and assume the following
initial state: S5 is on and S6 is off. The inductor current flows
through S5. Then, S5 turns off, and the inductor flows
through D6 during the dead region. When the drive signal is
added to S6, S6 turns on with zero voltage and no turn-on
loss is generated. After a certain time, S6 turns off without a
turn-off loss for the same reason. Then, the current path is
changed to D6 again. After the dead time, the drive signal is
added to S5, and the current path is changed to S5. During
this process, the turn-on loss of S5 and reverse recovery loss
of D6 are generated. The loss analysis process for the other
switches is similar and the details concerning their losses are
listed in Table I. In the discharging mode, there is something
different. The details about the loss analysis of the buck-boost
converter are listed in Table II, where Pon, Poff and Prr
represents the turn-on loss, turn-off loss and reverse recovery
loss under v and i, respectively.
Take unity input power factor in the charging mode as an
example, the details of the loss calculation are presented as
follows.
Suppose that the intermediate inductor current is controlled
as a constant:
(15)
iL _ ref = I L
For the inverter stage, the loss can be calculated by:
Pc _ inv _ total =

4 I m I L (kI L + b)

(16)
π
For the non-inverting stage, since duty ratio of the upper
and lower bridge arm is complementary and the switch
parameters are completely consistent, the conduction loss and
switching loss could be expressed as:
(17)
2 I L2 (kI L + b)
Pc _ buck
=
− boost
1
1
PSW = f s [ I L (ton + toff )( Vm + VB )+
π
2
1
2
Coss (Vm2 + 2VB2 ) + Qrr ( Vm + VB )]
4
π

(18)

Thus, the total semiconductor losses of the topology under

TABLE I
THE LOSS ANALYSIS OF BUCK-BOOST CONVERTER IN CHARGING
MODE
S5

D6

D7

S8

Duty ratio

d1

1 − d1

d2

1 − d2

Switching
loss

Pon + Poff

Prr

Prr

Pon + Poff

Voltage/v

ug

ug

VB

VB

Current/i

iL

iL

iL

iL

TABLE II
THE LOSS ANALYSIS OF BUCK-BOOST CONVERTER IN
DISCHARGING MODE
D5

S6

S7

D8

Duty ratio

d1

1 − d1

d2

1 − d2

Switching
loss

Prr

Pon + Poff

Pon + Poff

Prr

Voltage/v

ug

ug

VB

VB

Current/i

iL

iL

iL

iL

the presented control schemes can be expressed as the sum of
equations (16), (17) and (18):
(19)
Ptotal = Pc _ inv _ total +Pc _ buck −boost +PSW
Actually, the analytical expression for the loss calculation
in the discharging mode is identical to that in the charging
mode since the duty ratio of the switches and inductor current
remain the same. However, the loss distribution is different in
both modes.
Obviously, the larger the inductor current iL, the greater
the semiconductor losses become according to the foregoing
calculation results.
Considering that the peak value of the grid is 90V, the
output voltage of the battery is set to 60V/120V, the switch
frequency is 20 KHz and a MOSFET (IPB200N25N3) is
adopted. The efficiency curves for the analytical calculation
and experiments vary with the input power, and are depicted
in Fig. 5(a). This figure shows the rough accordance between
them. The differences between the results of the analysis and
the experiment are mainly caused by the hysteresis loss and
eddy-current loss of the inductor, the capacitor loss and other
un-modeled losses. As for the bidirectional AC/DC converter,
the experimental results above indicate that the efficiency of
the proposed topology is very high. As can be seen from Fig.
5(a), when the input power is relatively small, the efficiency
increases with the input power. Conversely, it decreases when
the input power is larger. It is clear that the system efficiency
depends directly on the battery voltage, the input current or
the inductor current. In most cases, the efficiency in boost
mode is higher than that in buck mode, since the inductor
current is selected to be smaller. From Fig. 5(b), the

6

Journal of Power Electronics, Vol. 14, No. 5, September 2014

TABLE III
PARAMETERS USED FOR PROPOSED CONVERTER SIMULATION

(a)

(b)
Fig. 5. System efficiency curve in charging mode. (a) Comparison
of the measured and the calculated efficiency for different input
power. (b) Loss distribution.

switching loss almost dominates the total loss when the input
power is less than 200W. However, with an increase of the
input power, the proportion of the switching loss is smaller
and the conduction loss becomes larger.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results
To validate the proposed method, simulations based on the
Matlab/Simulink environment are implemented in this section.
The models of the semiconductor device and battery are from
the SimPowerSystem / Power Electronics library. The
schematic diagram of the converter used in the simulation is
shown in Fig. 1, and the parameters of the converter used in
the simulation are set to be 0.1omhs and the diode forward
voltage is set to be 0.7V.
To show the validity of the topology over a wide range of
output voltage, two sets of battery voltages are exemplified:
V B =60V and V B =120V.
The simulation results in four different modes are shown in
Fig. 6. From top to bottom, the waveforms are the input
voltage u g , the grid current i g , the inductor current i L , the
battery voltage V B and the duty ratio d 1 . In the charging
mode,

Parameters

Value

Peak value of input voltage ( Vm )

90V

Input filter inductor ( L )
Input filter capacitor ( C )

0.4mH
10uF

The intermediate DC inductor ( Lo )

0.6mH

Output filter capacitor ( Co )

100µF

Switching frequency ( f s )

20kHz

Battery voltage ( VB )

60V/120V

the grid currents are in phase with the input voltages, while in
the discharging mode, the input currents and grid voltages are
out of phase by 180o. Meanwhile, the THD in the input
current is less than 3% in all of the modes. Interestingly, the
inductor current is distorted near the grid voltage
zero-crossing region in all of the charging modes, though it is
designed to be controlled as a constant value. This happens
because the forward voltage drops of the MOSFETs and
diodes make the inductor current lose control when the input
voltage is small. Though the inductor current is distorted, it
does not affect the input current due the real-time
compensation of the duty-cycle d 1 . In theory, the waveform
of the duty-cycle d 1 is similar to that of d 1 in the discharging
mode. However, it is distorted in the zero-crossing region. It
is increased to compensate the inductor current drop. In the
discharging mode, the inductor current is controlled well with
less distortion. This is because the inductor current is always
in control even in the presence of the voltage drops from the
semiconductor devices. It can also be found that the charging
voltage is controlled well, and that the voltage ripple is less
than 0.5V.

B. Experimental Results
A single-phase bidirectional AC/DC converter prototype is
built in the lab for experimental verification, as shown in Fig.
7. The parameters are same as those used in the simulation.
The power switches used in the main circuit are
IPB200N25N3, and the control of the converter is realized by
a general control board which is a combination of a digital
signal processor TMS320f28335 and a Field Programmable
Gate Array (FPGA) EP2C8T144C8N.
Two groups of lead-acid battery packs are used in this
experiment. Their specifications are 60V/20Ah and
120V/20Ah. Fig. 8 shows the experimental waveforms of the
grid voltage, input current, inductor current and battery
voltage in the buck charging mode when a lead-acid battery
pack of 60V/20Ah is connected to the converter. The inductor
current is well tracked except for the zero-crossing region of
the grid voltage due to the existence of the forward voltage of
the MOSFETs and diodes. As can be seen from Fig. 8, the
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Fig. 6. Simulation results. (a) Buck charging(V B =60V). (b) Buck discharging((V B =60V)). (c) Boost charging(V B =120V). (d) Boost
discharging((V B =120V)).

Fig. 7. Prototype of proposed converter built in the laboratory.

battery voltage is controlled well as with only a 0.5V voltage
ripple. In addition, the THD of the input current is 4.3% and
its input power factor is 0.991. It is clearly illustrated that the
input current is sinusoidal and in phase with the input voltage
(unity power factor operation). To transmit energy back to the
power grid, the converter should operate in the discharging
mode. Fig. 9 shows the relevant waveforms in the buck
discharging mode. Compared to Fig. 8, it can be seen that the
inductor current is well tracked, and that the phase difference
between the input current and the grid voltage is almost 180o.

Fig. 8. Experimental converter waveforms in buck charging mode
(V B =60V).

Fig. 10 and Fig. 11 show the waveforms in the boost
charging and boost discharging mode when a lead-acid
battery pack of 120V/20Ah is connected to the converter. As
can be seen, the experimental results above in all of the
modes are in good agreement with the simulation results. It
can be concluded that the high quality input current and high
performance of the charging and discharging are easily
obtained in all modes.
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related control strategy, based on the classical two-loop
control structure including an outer-loop voltage controller
and an inner-loop current controller, is briefly introduced.
The semiconductor losses are also analyzed in detail. The
simulation and experimental results verify the proposed
method and validate the high quality of the input current and
the unity power factor operation.
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