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Abstract—This paper presents a novel architecture of a
bidirectional bridgeless interleaved converter for battery
chargers of electric vehicles (EVs). The proposed converter is
composed by two power stages: an ac-dc converter that is used to
interface the power grid and the dc-link, and a dc-dc converter
that is used to interface the dc-link and the batteries. The ac-dc
converter is an interleaved bridgeless bidirectional boost-type
converter and the dc-dc converter is a Dbidirectional
buck-boost-type converter. The proposed converter works with
sinusoidal grid current and with high power factor for all
operating power levels, and in both grid-to-vehicle (G2V) and
vehicle-to-grid (V2G) operation modes. In the paper is described
in detail the proposed converter for EV battery chargers: the
circuit topology, the principle of operation, the power control
theory, and the current control strategy. Several simulation
results for both G2V and V2G operation modes are presented.
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1. INTRODUCTION

The electric mobility represents an important contribution
to minimize the greenhouses gases emissions caused by the
actual scenario in the transport sector. In this situation, the
electric vehicle (EV) is the main solution to a more sustainable
and efficient mobility [1][2]. Besides the electric mobility,
where are included the grid-to-vehicle (G2V) and
vehicle-to-grid (V2G) operation modes, the EV battery
chargers can also be used for other purposes, for instance: the
operation as vehicle-to-home [3]; or the operation as reactive
power compensator [4][5]. In any of the aforementioned
operation modes, the EV introduction in the power grids cannot
neglect the power quality and the power grid stability [6][7]. In
order to perform the EV battery charging process from the
power grid is required a battery charger, which can be installed
inside (on-board) or outside (off-board) the EV. Typically, both
EV battery chargers are composed by two power stages, i.e.,
comprising an ac-dc converter (front-end) and a dc-dc
converter (back-end). For the ac-dc converter it is important
ensure grid currents with low harmonic distortion and high
power factor [8][9]. For the dc-dc converter it is important
ensure controllable output voltage and current. In [10] is
presented a set of modular three-phase converters based in
current-source converters for applications of EV battery
chargers. On the other hand, in [11] is presented a set of
three-phase converters based in voltage-source converters also
for applications of EV battery chargers. Taking into account
that the EV battery chargers based in the voltage-source
converter are boost-type, the output voltage is always greater

than the maximum instantaneous value of the power grid
voltage. On the other hand, using a current-source converter
(buck-type), the output voltage is always lower than the
maximum instantaneous value of the power grid voltage. In
[12] is presented a review about the actual status of EV battery
chargers, where are included the topologies of converters, the
charging power levels and the infrastructures for EVs. In this
context, in [13] and [14] is presented an exhaustive review
about the essence of three-phase converters, including
bidirectional and unidirectional topologies, as well as active
and passive topologies. Similar studies can be found in the
literature for single-phase converters [15][16]. For the ac-dc
front-end converter, besides the full-bridge and half-bridge
bidirectional active converters, the main topologies are based in
the bridgeless converters [17][18], and multilevel converters
[19][20]. On the other hand, for the dc-dc back-end
non-isolated converter, the main topologies are based in the
half-bridge converter [21], the interleaved converters [22], and
cascade converters [23]. In this context, this paper presents a
novel bidirectional converter for EV battery chargers. This
converter is presented in Fig. 1. As it can be seen, this
converter is composed by two converters: an ac-dc that is used
to interface the power grid and the dc-link; and a dc-dc that is
used to interface the dc-link and the batteries. The ac-dc
converter is an interleaved bridgeless bidirectional boost-type
converter with voltage-doubler characteristic, i.c., the dc-link is
split in two. On the other hand, the dc-dc converter is a
bidirectional buck-boost-type converter with frequency-doubler
characteristic, i.e., the frequency of the ripple in the output
current is the double of the switching frequency.

In section II is described in detail the principle of operation
of the proposed converter, i.c., the combination of the ac-dc
and the de-dc converters for EV battery chargers. In section 111
is described the digital controller design, namely the power
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Fig. 2. Operation stages for the ac-dc converter: (a) L, stores energy and L, delivers energy; (b) L; delivers energy and L, stores energy; (c) L; and L, deliver

energy.
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Fig. 3. Operation stages for the dc-dc converter: (a) Vpc; delivers energy and Lpc stores energy during G2V; (b) Vpe, delivers energy and Lpc stores energy
during G2V; (¢) Lpc delivers energy during G2V; (d) Vpc» receives energy and Lyc delivers energy during V2G; (e) Vpc» receives energy and Lpc delivers energy

during V2G; (f) Ly stores energy during V2G.

theory that allows obtain the grid current references and the
current control strategy that allows synthetize the grid current
references. In section IV are presented some simulation results
of the proposed EV battery charger for a rated power of
3.5kW, both for G2V and V2G operation modes. Finally,
section V presents the main conclusions.

II. PRINCIPLE OF OPERATION

In this item is described in detail the principle of operation
of the proposed converter, where the ac-dc and the dc-dc
converters are described separately, both for G2V and V2G
operation modes. The operation stages of the ac-dc converter
during the positive semi cycle are shown in Fig. 2. The ac-dc
front-end converter has six main operation stages (three for
each semi cycle). For the positive semi cycle, firstly, L, stores
energy from the power grid and L, delivers energy to the
de-link (cf. Fig. 2(a)); Secondly, L; delivers energy to the
dc-link and L; stores energy from the power grid (cf. Fig. 2(b));
Thirdly, L; and L, deliver energy to the dc-link (cf. Fig. 2(c)).
The dc-dc back-end converter has six main operation stages.
The operation stages of the dc-dc converter are shown in Fig. 3.
During G2V operation mode there are three stages: Firstly,
Vper delivers energy and Lpc stores energy (cf. Fig. 3(a));
Secondly, Vpc, delivers energy and Lpc stores energy
(cf. Fig. 3(b)); Thirdly, Lpc delivers energy (cf. Fig. 3(c));
During V2G operation mode there are also three stages: Firstly,
Vbco receives energy and Lpc delivers energy (cf. Fig. 3(d));
Secondly, Vpc» receives energy and Lpc delivers energy
(cf. Fig. 3(e)); Thirdly, Lpc stores energy (cf. Fig. 3(f)).

A. Front-end ac-dc Converter

As shown in Fig. 1, the ac-dc converter is mainly composed
by two MOSFETs legs (i.e., four MOSFETS), by two inductive

filters, and by a split dc-link. The power grid phase is
connected to the MOSFETs legs through the inductive filters,
i.e., the grid current is split in two. The power grid neutral is
connected to the middle point of the dc-link. Therefore, the
voltage in the dc-link is always greater than the double of the
maximum instantaneous value of the power grid voltage.

1) G2V Operation Mode

During G2V operation mode, the ac-dc converter is used to
transfer energy from the power grid to the dc-link. Taking into
account that the power grid phase is connected to the two
MOSFETs legs, the converter can operates in interleaved
mode, i.e., the maximum current in each leg is half of the grid
current, the resultant switching frequency of the grid current is
the double of the MOSFETs switching frequency, and the
ripple of the grid current is reduced when compared with the
traditional topology. With this converter, during the positive
semi cycle are used the MOSFETs g2 and g4 and the reverse
blocking diodes of the MOSFETs g/ and g3. During the
negative semi-cycle are used the MOSFETs g/ and g3 and the
reverse blocking diodes of the MOSFETs g2 and g4. Fig. 4
shows in detail the grid current (i), the current in the inductors
L; and L, and the gate pulses of the MOSFETs g2 and g4.

2) V2G Operation Mode

During V2G operation mode, the ac-dc converter is used to
transfer energy from the dc-link to the power grid. During this
operation mode is applied the same reasoning that was
described for G2V operation mode, i.c., the ac-dc converter can
operate in interleaved mode and the ripple of the grid current is
reduced compared with the traditional topology. During the
positive semi cycle are used the MOSFETs g/ and g3 and the
reverse blocking diodes of the MOSFETs g2 and g4. During
the negative semi cycle are used the MOSFETs g2 and g4 and
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Fig. 4. G2V operation mode: (a) Grid current (i,); (b) Current in the
inductances L, and L;; (c) Gate pulses of the MOSFETs g2 and g4.
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Fig. 5. G2V operation mode: (a) Output current (/z47); (b) Gate pulses of the
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Fig. 6. V2G operation mode: (a) Output current (/z47); (b) Gate pulses of the
MOSFETs g7 and g8.

the reverse blocking diodes of the MOSFETs g/ and g3. In this
operation mode is also applied the reasoning that was used to
describe Fig. 4.

B. Back-end dc-dc Converter

As shown in Fig. 1, the dc-dc converter is mainly
composed by four MOSFETs and by an inductive filter. The
batteries are connected in series with the inductive filter
allowing control the current or voltage in the batteries in both
G2V and V2G operation modes. The middle point of the
dc-link is connected to the middle point of the leg formed by
the MOSFETs g7 and g8 and the maximum output voltage is
Vbe.

1) G2V Operation Mode

During G2V operation mode, the dc-dc converter is used to
transfer energy from the dc-link to the batteries. Taking into
account that the middle point of the dc-link is split and
connected to the middle point of the leg formed by the
MOSFETs g7 and g8, the dc-dc converter can operate in a
virtual interleaved mode, i.e., the resultant switching frequency
in the output current is the double of the MOSFETSs switching
frequency, and the ripple is also reduced when compared with
the traditional buck-type topology. During G2V operation
mode are used the MOSFETs g5 and g6 and the reverse
blocking diodes of the MOSFETSs g7 and g8. Fig. 5 shows in
detail the output current (/zsr) and the gate pulses of the
MOSFETs g5 and go6.

2) V2G Operation Mode

During the V2G operation mode, the dc-dc converter is
used to transfer energy from the batteries to the dc-link. In this
operation mode is applied the same reasoning that was
described for G2V operation mode, i.c., the dc-dc converter
can operate in a virtual interleaved mode, where the resultant
switching frequency in the output current is the double of the
MOSFETs switching frequency, and the ripple is also reduced
when compared with the traditional boost-type topology.
During V2G operation mode are used the MOSFETs g7 and g8
and the reverse blocking diodes of the MOSFETs g5 and g6.
Fig. 6 shows in detail the output current (/z4r) and the gate
pulses of the MOSFETs g7 and g8.

III. DIGITAL CONTROLLER DESIGN

In this section are presented the main steps of the digital
controller design, namely, the power theory and the current
control strategy for the ac-dc and dc-dc converters.

A. Power Theory

The power theory that allows obtain the grid current
references for the EV battery charger is described in this
section. To simplify the power theory description, it is assumed
that the power grid voltage is composed only by the
fundamental component. It is important to refer that in the
digital controller is used a phase-locked loop (PLL) algorithm,
allowing to obtain sinusoidal references to the grid current. In
order to track the positive sequence component of the
fundamental voltage it was used a single-phase phase-locked
loop presented in [24]. Assuming the single-phase power grid
voltage (vg) and the single-phase grid current (i,) defined,
respectively, by:

vy = V2 V, sen (wt), (1
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Fig. 7. Representation of the voltages and currents in the proposed converter.
g = V2 I, sen (wt + @), 2)
the active power (Pg) in the ac side is defined by:
B, =V, I, cos(¢) (3)

Taking into account that the proposed converter operates
with sinusoidal current and high power factor, the power grid
voltage (v¢) and the grid current (ig) are in phase, i.e., ¢p=0.
Therefore, it can be defined a conductance (G) according to:

P
G=5%, “)
Yo
where, V, corresponds to the rms value of the power grid
voltage. Using the conductance defined in (4), the
instantaneous grid current reference can be defined by:
iy =GpliN2V,, (5)

where, p// has unitary amplitude. For the proposed converter,
neglecting the losses, the active power P, can be separately in
two terms corresponding, respectively, to the power to
maintain constant the dc-link voltage (Vpc) and the power to
charge the batteries (through the dec-dc back-end converter).
Therefore, substituting the conductance presented in (5) is
obtained:

Pt = Ppc + Viar Ipar

g v, 2
where, Ppc is obtained using a PI controller.

pliN2V,, (6)

B. Current Control Strategy

In order to simply the description of the current control
strategy, Fig. 7 shows the equivalent circuit of the proposed
converter for EV battery chargers.

1) Front-end ac-dc Converter
From Fig. 7, analyzing the voltages and currents between
the power grid and the converter, it can be established for the
current grid (i) and for the voltage grid (vg) that:
ig=1ic+1i, @)
Vg =V + Veony - ®)
Substituting the current in the capacitor (i;) by the time
derivative of its voltage multiplied by its capacitance, it can be
established:
dv
iy=C d—tg +1i. 9)
Substituting (7) and (8) in (9) and rearranging in order to
the voltage (veony) that the converter must produce is obtained:

2
d d*v, (10)

ey
BT To
Taking into account that is used a digital control strategy,
the derivative of the power grid current (ig) in (10) can be
substituted by its discrete implementation using the forward
Euler method according to:

vCOTl‘U

di, iglk+1]—1i,[k
diy _iglk+1] = iglk] o
dt Ts
and the second order derivative of the power grid voltage in

(10) can be substituted by its discrete implementation defined
as:

d?v, _ vglk + 1] — 2v,[k] + vy [k — 1] (12)
dt? T,? '

Using (11) and (12), the discrete implementation of (10)
results in:

Veonvl[k] = Vg (k] — Lfs(ig [k+1] — Ig (kD +

(13)
+ CLE2 (vylke + 1] = 2vy[k] + v, [k — 1]),

where, f; is the sampling frequency, k, k-1, k+1, are
respectively, the actual, previous and next samples, and the
current in the instant k+/ (ig[k+1]) should be equal to the
current reference in the instant & (iz*[k]). Therefore, (13) can
be rewritten for:

vconv[k] =Ty [k] - Lfs(ig*[k] - ig [k]) +
(14)
+ CLE (vylk + 1] = 2v,[k] + vy [k — 11) .

In order to compute (13) is necessary know the value of the
power grid voltage (v,) in the instant k+/. This value can be
obtained according to:

vylk + 1] = 3v,[k] — 3vy[k — 1] + v, [k — 2]. (15)

Substituting (15) in (14) is obtained the final current control
law that allows control the grid current of the proposed
converter. The voltage veon[k] is the reference that is compared
with a 100 kHz center-aligned triangular carrier in order to
control the state of the MOSFETs. In order to the ac-dc
converter operates as interleaved are used two triangular
carriers lagged 180 degrees, i.e., to obtain the gate pulses to the
MOSFETSs g2 and g4 during the positive semi cycle (cf. Fig. 4)
and to the MOSFETs g/ and g3 during the negative semi cycle.
It is important to refer that this current control strategy is
applied for both G2V and V2G operation modes.

2) Back-end dc-dc Converter
During G2V operation mode, the dc-dc converter operates
as buck-type converter. From Fig. 7, analyzing the voltages and
currents between the converter and the batteries, it can be
established:
_ dlpar 16
Vboc-pc = Vpar + LDC?- (16)
where, Vaarand Ip4r are, respectively, the voltage and current
in the batteries. The discrete implementation of (16) results in:

Voc-pclk] = Vgar[k] +

+ Lpc fs Ugarlk + 1] — Igar[k]) -

where, Ip4r[k+1] must be equal to the reference in the instant
[k]. During V2G operation mode, the dc-dc converter operates
as boost-type converter. From Fig. 7, it can be established:

dlgar
Voc—pc = Vpar — LDCT' (18)

amn



where, Vpcis the dc-link voltage. The discrete implementation
of (18) results in:

Voc-pclkl = Vgar — Lpc fs Uparlk + 1] = Ipar[kD),  (19)

where, Ig47[k+1] must be equal to the reference in the instant
[k]. Taking into account that the current will follow in opposite
sense, in the digital implementation the current (/p4r{k])
represented in (19) should be (-/z47{k]). In order to the dc-dc
converter operates as a virtual interleaved are used two
triangular carriers lagged 180 degrees, i.e., to obtain the gate
pulses to the MOSFETs g5 and g6 during G2V operation mode
(cf. Fig.5) and to the MOSFETs g7 and g8 during V2G
operation mode (cf. Fig. 6).

IV. SIMULATION RESULTS

This section presents the main simulation results of the
proposed converter, which were achieved with PSIM 9.0
software. In the simulation results were considered Li-Ion
batteries as example of batteries of EVs. Table I shows the
specification and key components of the proposed converter for
EV Dbattery chargers. According to the aforementioned
principle of operation (cf. Section II), Fig. 8 shows the power
grid voltage (v,) and the grid current (ig) during G2V
(cf. Fig. 8(a)) and V2G (cf. Fig. 8(b)) operation modes. As it
can be seen, during G2V operation mode the power grid
voltage and the grid current are in phase, meaning that the
energy flows from the power grid to the batteries. This result
was obtained with an input power of 3.5 kW. On the other
hand, during V2G operation mode the power grid voltage and
the grid current are in phase opposition, meaning that the
energy flows from the batteries to the power grid. This result
was obtained with an output power of 2 kW. Fig. 9 shows in
detail the ripple of the dc-link voltage in each capacitor (C; and
C;). Taking into account that the ac-dc converter is
single-phase converter the dc-link voltage is not constant.
Therefore, in order to avoid introduce the dc-link voltage
oscillation into the control is used the mean value of the dc-link
voltage, which is obtained according with:

T
1
Vpelk] = ?Z Vpeln]. (20)

Fig. 10 shows the battery charging current (/z4r) and
voltage (Vpar) during a complete Li-lon battery charging
process. From this figure it can be observed that the battery
charging process consists of two charging stages: constant
current followed by constant voltage. In the first stage the
batteries were charged with a constant current of 10 A during
about 3.5 hours, i.e., until the voltage reaches the specified
value. In the second stage the batteries were charged with a
constant voltage of 300 V during about 2.5 hours, i.e., until the
current consumed by the batteries falls to a residual value. It is
important to refer that this charging algorithm can be adjusted
for other nominal values as well as for other technologies of
batteries. Using the thermal module of the software PSIM
(considering the dynamic behavior of real semiconductors
towards estimating switching and conduction losses), it was
possible estimate the efficiency of the proposed EV battery
charger for a power range from 500 W to 3.5 kW. Fig. 11
shows the estimated efficiency. Besides the losses in the
semiconductors (estimating conduction and switching losses),

TABLE [

SPECIFICATION AND KEY COMPONENTS OF THE PROPOSED CONVERTER

Parameters Value Unit
Grid Voltage (line-to-neutral) 230+ 10% \Y%
Grid Frequency 50+ 1% Hz
Maximum Input Power 35 kW
Output dc Voltage Range 100 to 400 \Y%
Maximum Output Current 10 A
Total Power Factor @ Full Load 0.99 -
Switching Frequency 100 kHz
Capacitor C 2 pwF
Inductors L,, L, 2 mH
Inductor Lpc 1 mH
Dc-link Capacitors C;, C, 5 mF
400 . 30
v I
a g
@) 200 ' g 15
-200 -15
-400 -30
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Time (s)
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Fig. 8. Power grid voltage (v,) and grid current (i) during: (a) G2V operation
mode; (b) V2G operation mode.

were also considered the losses in the input and output passive
filters.

V. CONCLUSION

This paper presents a novel architecture of a bidirectional
bridgeless interleaved converter specially dedicated for electric
vehicles (EVs) battery chargers. The proposed converter is
composed by two power stages: an ac-dc converter and a de-dc
converter. The ac-dc converter is an interleaved bridgeless
bidirectional boost-type converter, and the de-dc converter is a
bidirectional buck-boost-type converter. The presented
simulation results shows that the proposed converter operates
with sinusoidal grid current and with high power factor in both
grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation
modes. The proposed converter was simulated during a
complete EV Li-Ion battery charging process, which consists in
two charging stages: constant current followed by constant
voltage. Along the paper is described in detail the proposed
converter for EV battery chargers: the circuit topology, the
principle of operation, the power control theory, and the current
control strategy.
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