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Abstract—The basic power electronic interfaces rendering vol-
ume and weight of electric and plug-in hybrid electric vehicles are
an inverter, an on-board charger, and a bidirectional dc/dc con-
verter. This paper proposes an innovative integrated bidirectional
converter with a single-stage on-board charger to reduce the num-
ber of switches, size, and weight of the power electronic interfaces.
The analyses show that 266 cm3 and 1.1 kg can be saved due to the
elimination of the inductor core used for power factor correction
in charging mode, in addition to the reduction achieved through
removal of inductor winding, power switches, diodes, and addi-
tional heat sink of the conventional structures. A proof-of-concept
prototype with power limits of 8.4 kW in charging and 20 kW
in propulsion modes has been designed and validated at various
power levels. The peak efficiencies for propulsion and regenerative
braking operations are measured as 96.6% and 94.1%, respec-
tively. The power factor is recorded as 0.995 at 1.8 kW charging
power, where crest factor and peak efficiency are recorded as 1.49
and 91.6%, respectively.

Index Terms—Electric vehicles, integrated charger, plug-in hy-
brid electric vehicles (PHEVs), power electronics, power factor
correction (PFC).

I. INTRODUCTION

THE necessity for a better fuel economy and further reduc-
tion in greenhouse gas emissions is pushing automotive

industry to go through a comprehensive restructuring to elec-
trify the vehicles and introduce plug-in hybrid electric vehicles
(PHEVs) and electric vehicles, cumulatively called plug-in elec-
tric vehicle (PEVs) [1]–[3]. The electrical powertrain of current
and upcoming PEVs is composed of an energy storage system
connected to propulsion machine through an inverter [4], [5]. In
addition, an add-on battery charger is inevitable part of vehicle
powertrain [6]–[8]. In majority of PEVs, a bidirectional dc/dc
converter is deployed between the battery and propulsion ma-
chine inverter [9]–[13]. This converter is responsible to boost
the battery voltage and efficiently control the delivered or ab-
sorbed power during cruising and acceleration or regenerative
braking, respectively. In this conventional structure, the bidirec-
tional dc/dc converter is only operated during propulsion and an
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individual ac/dc converter is utilized to charge the battery. Re-
gardless of the converter topologies, this architecture consists of
two individual power electronic converters for two independent
operation modes.

An efficient solution to make the system more compact,
lighter, and cost efficient would be integrating the add-on
charger unit with the bidirectional dc/dc converter, which is
used during cruising and acceleration [14]. The overall electric
powertrain with a single integrated power electronic converter
is illustrated in Fig. 1. In this structure, the charger and the
bidirectional dc/dc converter share the same power stage as
charging and propelling do not happen at the same time. As
a result, overall cost, weight, and volume of the power elec-
tronic converter can be reduced effectively through reducing
the number of switches, sensors, and large volume energy stor-
age elements such as inductors. In this regard, this paper pro-
poses a new integrated single-stage charger topology for PEVs,
which can also be used in retrofit conversion of an HEV to a
PHEV. The proposed converter uses minimum circuit compo-
nents offering a further cost-effective solution in comparison to
the other integrated charger topologies presented in the liter-
ature [15]–[17]. With the boost charging capability, it enables
operating with wide single-phase charging voltage ranges in-
cluding 120/220/240 VAC , considering the battery voltage is
between 300–400 V, which is the case in Chevy Volt. In addi-
tion, it is capable of stepping up and stepping down the voltage
in both power flow directions during cruising and acceleration,
as well as regenerative braking.

This paper is organized as follows: Section II discusses the
advantages and motivation of using an integrated charger and a
bidirectional dc/dc converter in the powertrain. In Section III,
the proposed integrated topology is introduced and operation
modes are explained in detail. The proposed converter is com-
pared with other possible basic single-stage charger topologies
in Section IV. In addition, detailed analyses on size reduction,
loss, and reliability are presented in this section. The overall
control scheme developed for controlling each essential opera-
tion mode is explained in Section V. Section VI describes the
experimental setup and presents the discussion of the experi-
mental results. Finally, conclusions drawn from the study are
presented in Section VII.

II. MOTIVATION FOR INTEGRATED SINGLE-STAGE STRUCTURE

A. Integrating a Bidirectional DC/DC Converter
With a Charger

The battery voltage range of majority of the commercially
available PEVs is between 300 and 400 V [18]–[20]. Depending
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Fig. 1. System level structure of a parallel powertrain PHEV with on-board integrated battery charger.

on the utilized propulsion machine, the propulsion inverter is
designed to operate with a minimum and maximum voltage
range. If the minimum operating voltage of the dc link is higher
than the battery voltage, a dc/dc boost interface is required
between the battery pack and the dc link. In the case of selecting
a propulsion machine that operates with a minimum voltage
close to battery voltage, a dc/dc converter with a buck/boost
capability is preferred as battery voltage varies significantly
depending on the state of charge.

Based on the determined battery and propulsion machine volt-
ages, step-down operation is typically required in regenerative
braking. Furthermore, at low speeds, a boost operation mode
may also be desired, to capture all the available regenerative
braking energy. This is due to the fact that, in all of the elec-
tric machines, the back electromotive force (emf) is a function
of the rotating magnetic field. Therefore, at lower speeds, the
propulsion machine is expected to induce lower back emf. If the
generated voltage across the machine terminals is lower than
the battery voltage, a bidirectional converter utilized between
the propulsion inverter and the battery should have boosting ca-
pability in reverse (propulsion machine to battery) direction as
well.

Effective integration of the on-board charger with the built-in
dc-dc converter could enhance the volumetric and gravimetric
power density, while reducing the cost of the power electronic
interfaces through reducing number of inductors and capacitors.
As the main inductor of the dc-dc converter is designed to carry
the propulsion power, which can roughly be anywhere between
20 and 100 kW depending on the vehicle, it is simply capable
of carrying the level-1 and level-2 charging powers [21].

B. Single-Stage Versus Two-Stage Structure

The battery chargers typically are composed of two power
stages. The first stage is used to shape the grid current to maintain
a unity power factor operation [22], [23]. The second stage reg-
ulates the battery charging current. A single-stage converter has
simple structure, higher efficiency, less number of components,
and lower cost in comparison to a two-stage converter [24], [25].
The only drawback is the unregulated battery current waveform.
In a single-stage charger, the low frequency component of the
battery current oscillates with twice of the grid frequency. The
swinging component of the battery current can be seen in ac

input power as

PAC(t) =
1
2
(VsIs −RsI

2
s )(1+ cos 2ωst)+

1
2
LsI

2
s ωs sin 2ωst

(1)
which is also reflected to the dc-link bus voltage. This low fre-
quency ac ripple would have negligible effect on battery as long
as the voltage ripple caused due to oscillating current is lower
than 1.5% of the root mean square (rms) of the float voltage
of batteries [26]. Therefore, single-stage charger topologies are
preferred despite the low frequency oscillation on the battery
current due to their reduced cost and size.

III. PROPOSED INTEGRATED TOPOLOGY

AND OPERATION MODES

The proposed integrated interface, shown in Fig. 2, is essen-
tially nonisolated. However, it can be isolated from the grid
using an LF transformer placed either on board or off board,
if needed. Basically, the circuit consists of four active switches
with body diodes, one inductor and one diode bridge. In charg-
ing mode, it operates as a power factor correction (PFC) boost
rectifier. Considering that the battery voltage varies between 300
and 400 V, the charger can operate universally from single-phase
120/220/240 VAC . Moreover, the propulsion machine controller
can be used to control the charging stage. With the feedback ac-
quired by the voltage sensor placed on the grid side of the passive
rectifier, charger controller can also be integrated with the motor
controller.

The proposed integrated topology has basically three modes
of operation namely charging, propulsion, and regenerative
braking. During propulsion and regenerative braking operations,
both stepping-up and stepping-down capabilities are possible,
allowing more flexible control, capability of efficiently captur-
ing regenerative braking energy, as well as flexibility of choos-
ing wide ranges for battery nominal voltage. The states of the
switches in each mode are summarized in Table I, where PWM′

represents the complementary signal of PWM.

A. Mode 1: Boost Mode During Propulsion

In this mode, integrated converter will boost the battery volt-
age to the dc bus voltage. The conduction paths according to the
state of the boost switch S1 are shown in Fig. 3(a). In this oper-
ation, S1 is used as the main boost switch and S3 is turned ON.
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Fig. 2. Proposed integrated topology.

TABLE I
OPERATION MODES AND SWITCHING SEQUENCE OF THE PROPOSED CONVERTER

Fig. 3. Operation modes of the converter: (a) boost operation during propulsion, (b) buck operation during propulsion, (c) boost operation during regenerative
braking, (d) buck operation during regenerative braking.

When S1 is turned ON, the inductor stores energy and mean-
while capacitor supplies energy to motor through an inverter.
When S1 is turned OFF, inductor transfers the stored energy
to motor by generating a voltage high enough to force D8 to
conduct and charges the high voltage bus capacitor Chv .

B. Mode 2: Buck Mode During Propulsion

In buck mode [see Fig. 3(b)], only S3 is pulse width modu-
lated and the other switches are always in OFF state. When S3
is turned ON, the input voltage source supplies energy to the
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Fig. 4. Current flow during charging.

inductor and to the load whereas, when S3 is turned OFF, D6
is forward biased and energy is transferred to the load. During
propulsion, the energy flow is from battery to inverter in both
buck and boost modes.

C. Mode 3: Boost Mode During Regenerative Braking

Boosting capability during regenerative braking operation
provides additional advantage, through capability of capturing
the power during low speeds. In fact, in urban traffic, where ve-
hicles are driven in low speeds, the generated voltage across the
terminals of the propulsion machine is lower and if the interface
converter does not have boosting capability during regenerative
braking, this energy will be lost. With boosting capability in
reverse direction (from machine to battery), this energy can be
recovered.

The buck and boost operating modes during regenerative
braking are similar to the ones during propulsion but in re-
verse direction. The conduction intervals are shown in Fig. 3(c).
In this mode, S4 is always ON, and S2 is pulse width modulated
and the rest of switches are in OFF state.

D. Mode 4: Buck Mode During Regenerative Braking

The buck operation is an essential mode as the highest braking
energy emerges at high speeds inducing high voltage across the
propulsion machine terminals. The operation of the circuit in this
mode is shown in Fig. 3(d). The high voltage at the output of
the inverter is stepped down by switching S4 . In the conduction
period of S4 , inductor stores energy with a terminal voltage of
Vi − Vo and energy is transferred from high voltage dc bus
to battery through D7 . During freewheeling operation, inductor
transfers its energy to battery, where capacitor discharges over
the battery as well.

E. Mode 5: Charging Operation

The integrated on-board charger operates as an ac/dc boost
rectifier with PFC capability. The operation of the circuit in
charging mode is shown in Fig. 4. When S2 is ON, the inductor
is short circuited and stores a certain amount of energy based
on applied input voltage. Meanwhile, the capacitor connected
in parallel to battery supplies energy to the load. Only diodes
D1 and D4 are conducting in this mode. Diodes D2 and D3 will
conduct depending on the grid voltage polarity. During the time
when S2 is turned OFF, D7 is forced to conduct and the inductor
current decreases under the influence of Vgrid − Vbat . At the

same time, the capacitor in parallel with battery is charged as
well.

IV. COMPARATIVE ANALYSIS OF THE PROPOSED CONVERTER

A. Comparative Evaluation With Other Single-Stage
Charger Topologies

The potential nonisolated single-stage charger topologies,
namely the boost PFC rectifier, semiactive boost rectifier, in-
verting buck/boost rectifier, and positive buck/boost rectifier,
are presented in Fig. 5. The proposed topology is compared
with these single-stage chargers comprehensively in Table II.
In order to have a fair comparison with the proposed topology,
the dc/dc converter, connected in between the battery and the
high voltage dc bus in Fig. 5, is assumed to be a four-quadrant
bidirectional buck/boost topology. In addition to these basic
circuits, other integrated chargers using the same principle in-
tegration concept has been included in the comparative survey.
As seen from Table II, the proposed converter has the minimum
number of semiconductors devices. It requires only one current
inductor and one current sensor for all essential operation modes
including PFC.

B. Size Reduction due to Inductor Elimination

To quantify the approximate size reduction achieved due to
elimination of the on-board charger, the parameters of the con-
verter for the intended 8.4 kW Level-2 charging capability in
continuous conduction mode (CCM) are specified in Table III.

The critical inductance value for operation in CCM is used to
determine the core size of the on-board charger as

Lcr =

√
2Vin,min

(
1 −

√
2V in , m in

Vb a t , m a x

)

fswΔIpk−pk
. (2)

Using the specifications given in Table III, the critical induc-
tance value would be 637 μH. The energy stored in this inductor
can be expressed as

E =
LcrI

2
in,pk

2
(3)

where Iin,pk is the peak input current and can be written as

Iin,pk =
√

2Pout

Vin, minηch
+

ΔIpk−pk

2
. (4)

For the given system with parameters given in Table III, Iin,pk
and E are 67.8 A and 1.46 J, respectively. Knowing the energy
storage requirement and critical inductance value of the induc-
tor, the core volume can be approximated by analyzing magnetic
circuit. According to Ampere’s law, the current passing through
the magnetic circuit can be expressed by the relation between
flux density B, magnetic path length lm , permeability of the
magnetic circuit μ, and turns ratio n as

Imax =
Bmax lm

nμ
. (5)

The maximum flux density Bmax is achieved when the cur-
rent reaches its maximum value Imax . Therefore, the saturation
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Fig. 5. Potential single-stage add-on charger structures: (a) PFC boost rectifier, (b) semiactive dual PFC boost rectifier, (c) inverting buck/boost PFC rectifier,
(d) positive buck/boost PFC rectifier.

TABLE II
COMPARISON OF THE PROPOSED CONVERTER WITH POTENTIAL SINGLE-STAGE CHARGERS

TABLE III
SPECIFICATIONS OF THE ON-BOARD CHARGER IN CCM MODE

flux density of the core material should be higher than the maxi-
mum flux density produced by the current. Similarly, maximum
allowable current passing through the core can be expressed in
terms of quantities related to core as

Imax =
KWaJ

N
(6)

where K,Wa (cm2), and J (A/cm2) are the window fill factor,
winding area, and current density of the core, respectively. From
(5) and (6), permeability can be derived as

μ =
Bl

KWaJ
. (7)

The energy storage capability of the magnetic circuit, referred
as inductance can be expressed using Faraday’s law as

L =
N 2Acμ

l
. (8)

Substituting (7) and (8) into (3), we would have

WaAc =
2E

BmaxKJ
. (9)

Maximum flux density depends on the selected core mate-
rial. For an iron-based amorphous core, saturation flux density
is 1.56 T [27]. Assuming the current density is 500 A/cm2 ,
maximum allowable flux density is 1.4 T and fill factor as 0.4,
the required core area product, WaAc would be approximately
105 cm4 . In order to estimate the volume for the required WaAc ,
C cores of PowerLite are examined [27]. The smallest core that
satisfies the requirement is AMCC-125 with the outer dimen-
sions of 3.5 cm × 6.3 cm × 12.1 cm, summing to a volume of
266 cm3 and a weight of 1.1 kg without windings. Therefore, the
proposed integrated converter provides 266 cm3 size reduction
and 1.1 kg weight reduction by eliminating the PFC inductor of
the on-board charger.

The size can be further reduced in comparison to the basic
charger shown in Fig. 5(a) due to the elimination of one power
diode and one insulated-gate bipolar transistor (IGBT) rated at
80 A/1200 V. The diode and IGBT for this power rating are usu-
ally TO-247 and SOT-227 packages, respectively. The size and
weight reduction is not only limited to the weight and size of
the inductor and semiconductor components. In fact, consider-
ing space and weight savings due to the elimination of additional
control circuitry and heat sink requirements would substantially
reduce the weight and size of the integrated structure.

C. Loss Analysis

Although the proposed converter has the minimum number
of switches and circuit components, it slightly has higher con-
duction power loss compared to basic topologies. Nevertheless,
there is no additional switching loss as only one power switch
is switched in each operation mode.
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The power loss of a diode is the sum of the reverse recovery
losses, the heat dissipation in the internal resistance, and the
power dissipated as a product of the mean current and knee
voltage which is modeled as a constant voltage

PD = RD · I2
D,rms + VF · ID,ave + PQ,RR (10)

where PQ,RR denotes the losses associated with reverse recov-
ery of a diode. Reverse recovery losses can be neglected if the
converter operates in buck mode; however, it has to be taken
into account in boost mode operation. The reverse recovery of
a diode can be approximately calculated by

PQRR = QRR · Vout · fsw (11)

where QRR represents the reverse recovery charge. It is basically
the integral of the recovery current over time. For the boost
operation, the average and rms values of the diode current can
be expressed as

ID,boost,rms =

√
I2
in · (1 − d) +

d2 · V 2
in · (1 − d)

12 · f 2
sw · L2 (12)

ID,boost,ave = (1 − d) · Iin . (13)

Since the proposed converter step up and step down in both
power flow directions, the output current/voltage quantities are
associated with the battery in regenerative braking operation
modes whereas dc link is treated as the output in propulsion.
The average and rms current values required to calculate the
power loss of a diode in buck operation can be expressed as

ID,buck,rms =

√
I2
o · (1 − d) +

[
(V 2

o · (1 − d)3)
12 · f 2

sw · L2

]
(14)

ID,buck,ave = (1 − d) · Iout . (15)

Similarly, the conduction loss of an IGBT can be expressed
as

PIGBT = VCE(SAT) × IS,ave + RC × I2
S,rms (16)

IS,boost,rms =

√
I2
in · d +

d3 · V 2
in

12 · f 2
sw · L2 (17)

IS,boost,ave = d · Iin . (18)

Typical forward voltage drop of Si-based power diode is 0.7–
1.2 V and voltage drop of a diode bridge is typically 1.2 V. The
IGBT internal voltage drop is approximately 1–2.2 V and the
forward voltage drop of the body diode of the IGBT is typically
1.8–2.5 V, depending on the junction temperature and current.

If the boost PFC rectifier is chosen as a benchmark topology to
compare with the charging part of the proposed circuit, it can be
observed S2 exhibits additional conduction and switching losses
as it is selected mainly for a high-power dc/dc conversion stage.
In addition, a regular fast diode is replaced with a body diode
of a switch. Under full power charging condition, the diode rms
current and average current are predicted to be 44.7 and 40 A,
respectively, with respect to parameters utilized in Table III. In
case, a 100 A/1200 V IGBT is chosen for the application, the
voltage drop at 40 A can be expected as 2.2 V whereas a fast

diode would have 1.0 V voltage drop. In addition, the reverse
recovery time is approximately five times larger. Therefore, the
power loss might increase up to 1.8% at full charging at 8.4 kW
power.

The additional loss percentages for the dc/dc conversion stage
is calculated for a buck and boost stage during propulsion, which
are identical to regenerative braking modes. In the propulsion
boost operation mode, the current passes through an additional
switch, S3 in comparison to the basic boost dc/dc converter. This
would cause additional 0.5% efficiency drop if battery voltage
is 300 V. In addition, instead of a fast diode, the body diode
of the IGBT (D8) conducts. The average current of this diode
is in the range of 33–50 A depending on the battery voltage,
at full load. Consequently, considering both additional switch
and reverse recovery losses, efficiency is expected to reduce by
0.5%–0.63%.

Likewise, there is an additional loss occurring in buck mode
operation due to the existence of additional body diode on the
conduction path, D8 , which would result in up to 0.73% addi-
tional losses. Similar to boost mode, the current flows from the
body diode of the switch, D6 , causing additional losses. The
rms and average diode currents are 28 and 16 A, respectively.
The maximum additional loss would be 0.18%. Consequently,
a maximum efficiency decrement of 1.8% for the charging op-
eration, 1.0%–1.13% for the boost operation, and 0.91% for the
buck operation could be expected.

D. Component Lifetime and Reliability Analysis

Since the semiconductors are selected for a high-power dc/dc
conversion stage, the charging power will not pose any extra
thermal or electrical stress on the devices. The lifetime of semi-
conductor switches are typically much higher than that of the
capacitor and battery. Since the capacitor connected to the high
voltage bus is not used during charging, and the capacitor con-
nected to the battery terminals is also cycled in the conventional
on-board charger, the converter will not pose additional threat on
the capacitor failure. Extra cycling semiconductors may reduce
their lifetime to some extent; however, it would not be signif-
icant, as semiconductors in charging mode will be exposed to
lower power ratings. In addition, a failure during charging may
affect the propulsion mode. Thus, the reliability of the proposed
converter might slightly be lower than the conventional on-board
chargers as two operation modes share the same components and
some semiconductors are cycled more.

V. CONTROL STRATEGY

The block diagram representation of the controller utilized
for the proposed integrated topology is illustrated in Fig. 6.
The integrated controller contains three subcontrollers for the
essential operation modes. During charging the battery from the
grid, reference charging power is divided by the rms value of the
input voltage to create a reference input current. This reference is
compared to the actual rms value of the inductor current and the
error is fed to a PI controller to generate a reference sinusoidal
wave through multiplication of the output of the PI controller
with a unit sinusoidal wave, which is in phase with the input
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Fig. 6. Control algorithms for all operation modes.

grid voltage. A second PI controller is utilized to provide unity
power factor operation.

For both propulsion and regenerative braking modes, an av-
erage current mode controller is adopted. Depending on the
operation mode, either G1 and G2 or G3 /G4 signal pairs are
generated and transmitted to the gates of the related switches.
In the case of propulsion, the controller regulates the dc bus
voltage through generating a reference inductor current, which
is provided to the average current mode controller. In regen-
erative braking operation, the input reference data are usually
torque determined by the driver. The reference torque can be
converted into battery charging power reference, which actually
corresponds to negative torque. After reference power is deter-
mined, reference battery current can be found by dividing the
reference power by battery voltage which is again supplied as an
input to the average current mode controller for inductor current
tracking.

VI. EXPERIMENTAL RESULTS

In order to validate the functionality, efficiency, and perfor-
mance of the proposed converter, a 20 kW prototype, shown in
Fig. 7, has been designed and built.

The component selection and test conditions as well as op-
eration limits of the prototype converter are given in Tables IV
and V, respectively. It should be noted that the charging power
is limited to 8.4 kW when the grid voltage is 240 VAC . In dc/dc
part, transferrable power can be as high as 20 kW if the battery
voltage is chosen as 400 V.

The switching frequency is set to 20 kHz for all operation
modes, which has been recommended in the utilized IGBT
datasheet as the highest frequency that the losses are optimized.
A higher switching frequency can be employed at low power
charging, and IGBT would dissipate the heat indeed. Based on

Fig. 7. Photo of the 20 kW prototype.

(2), using a higher switching frequency would proportionally
reduce the ripple current and improve the total harmonic distor-
tion. However, the percentile losses may increase and efficiency
may drop significantly as switching frequency increases under
hard switching. Therefore, the selection of switching frequency
in charging operation is a tradeoff between reduced efficiency
and improved input ripple current.

It should be noted that the core size and winding thickness
of the inductor are chosen based on the peak current, which is
typically higher in a dc/dc stage. The inductance value on the
other hand is chosen to satisfy the maximum allowable current
ripple in both charging and propulsion modes. This may vary
according to application needs. In case switching frequency is
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TABLE IV
COMPONENT SELECTION

TABLE V
EXPERIMENTAL CONDITION

sufficiently increased in charging mode, the components are
sized based on design guidelines of the dc/dc conversion stage,
in which the semiconductors are switched at 20 kHz.

For such a high power converter, rising and falling times of the
chosen switches and diodes are inevitably large, which would
cause severe reverse recovery losses, as diodes need longer time
to recover. Particularly, during the high voltage tests, the cur-
rent oscillating in the circuit causes significantly high losses and
distorts input/output current depending on the operation mode.
For instance, in the instant of switching S1 in the propulsion
boost mode, Chv discharges over D5 , causing significant losses
as well as undesirable oscillation. In order to solve this problem,
second-order LCL filters are utilized in both the battery and the
high voltage sides, as shown in Fig. 8. This allows both filter-
ing the output with good attenuation and prevents the reverse
recovery losses as one filter inductance is placed between Chv
and D5 .

The transfer function of filtered current I2 to the input current
with harmonics I1 can be expressed as

I2(s)
I1(s)

=
1

1 + s2Lf 2C
(19)

The Lf 1 is the inductor placed on the source side, Lf 2 is
the second inductor of LCL circuit. It should be noted that Lf 1
should be replaced by Lf 2 in (19) when the current flow is
reversed. Equation (19) can be written in the standard form of a
second-order system and natural radial frequency would be

ωn =
1√

Lf 2C
. (20)

Based on the frequency characteristic of an LCL filter, the at-
tenuation is −40 dB/decade over the cutoff frequency (ωn

√
2).

The cutoff frequency should be chosen below the switching fre-
quency to reject the harmonic frequencies with an attenuation
of −40 dB/decade. In addition, the minimum frequency should
be higher than the highest harmonic frequency to be compen-
sated by the filter. Typically, the minimum pass band frequency
is limited to fn/

√
2. Taking these considerations into account,

Lf 2 and C should satisfy following constraints:

1
2π2f 2

s

≤ Lf 2C ≤ 1
8π2f 2

N

(21)

where fs is the switching frequency and fN is the lowest fre-
quency among the harmonic frequencies to be rejected by the
filter. In the proposed circuit, Lf 1 and Lf 2 are chosen as ap-
proximately 300 nH and 1.6 μH, respectively. All of the induc-
tances are designed using air coils. This inductive effect can be
achieved through a low-ESL bus design and layout.

Experimental tests are carried out for charging, propulsion
boost, and regenerative braking buck modes at various power
levels. The screenshot of the current and voltage waveforms
during charging with 1.8 kW power is shown in Fig. 9. The input
(grid) and output voltages are measured through the voltage
sensor, which outputs 6 mV per each Volts. The input voltage is
150 VAC and the output voltage is kept constant at 250 VDC . The
input (grid) current is also measured through the current sensor.
The rms value of the input current is approximately recorded
as 11.8 A, whereas dc-link current is measured as 6.5 A. The
power factor is 0.995 and the crest factor is 1.49. The efficiency
is calculated as 91.1%.

The efficiency curve of the charging operation is shown in
Fig. 10. The efficiency is 88.4% at light load and gradually
increases up to 91.6% at 1.2 kW and slightly decreases at 1.8 kW.
It should be noted that the curve is drawn using sixth-order
polynomial of the 11 measured test points.

The boost mode during propulsion is tested at various power
levels starting from 250 W up to 1.6 kW. The battery side
voltage is 165 VDC . The control aims to keep the output voltage
at 250 VDC while the load is increased by 125 W in each test.
Fig. 11 shows the screenshot of the oscilloscope in boost mode
during propulsion. The currents are measured using Tektronix
probes, which output 100 mV/A. The dc bus current is recorded
as 6.4 A at 250 V, corresponding to 1.6 kW power. The battery
side current is measured as 10.17 A at 165 V. The efficiency of
this test is recorded as 95.3%.

When the switch is turned ON, the inductor current (battery
side) increases with a constant slope. The dc bus current is
continuous and smooth because of the output filters. Small volt-
age spikes are observed on the dc-link voltage. These happen
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Fig. 8. Schematic of the converter with deployed LCL filters.

Fig. 9. Experimental waveforms of charging operation (CH1: grid voltage
[83 V/div] sensor outputs 6 mV/V), CH2: grid current [15 A/div] sensor outputs
65 mV/A, CH3: battery side voltage [83 V/div] sensor output 6 mV/V).

Fig. 10. Efficiency for charging with various power levels.

in the instances of switching due to the reverse recovery losses,
which slightly reduces the efficiency as previously discussed in
the additional loss analysis. This can be overcome through ac-
tive soft-switching techniques such as zero-voltage-zero-current
switching and using faster switches to reduce the switching
losses, particularly the reverse recovery losses [28].

The converter efficiency curve versus output power with bat-
tery voltage of 165 V and dc bus voltage of 250 V is measured
and presented in Fig. 12. The efficiency at 250 W is 92.5%,
which increases to 96.6% at 750 W output power, and then
decreases to 95.3% at 1.6 kW.

Fig. 11. Experimental waveforms of propulsion boost mode operation (CH1:
gate signal [20 V/div], CH2: battery side current [5 A/div] probe outputs
100 mV/A, CH3: dc bus voltage [165 V/div] sensor outputs 6 mV/V, CH4:
dc bus current [2 A/div] probe outputs 100 mV/A).

Fig. 12. Efficiency curve in a propulsion (boost) mode.

The screenshot of dynamic response of the closed-loop sys-
tem is given in Fig. 13. The controller successfully regulates the
dc bus voltage at 200 V even during sharp load variations. The
dc-link current is varied from 1 A to maximum of 7.5 A. Even
in the case of a sharp load variation from 400 W to 1.5 kW, the
dc bus voltage is regulated tightly at 200 V.

The screenshot of the oscilloscope, taken during the regen-
erative braking buck mode, is shown in Fig. 14. The dc bus
voltage is 170 V and it is aimed to step it down to 120 V. The
dc bus current is 9.6 A while the battery side current is 12.5 A.
The power delivered to the battery side is 1.5 kW, whereas the
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Fig. 13. Dynamic response of the converter to load variations in propul-
sion boost mode operation (CH2: battery side current [5 A/div] probe outputs
100 mV/A, CH3: dc bus voltage [165 V/div] sensor outputs 6 mV/V, CH4: dc
bus current [1 A/div] probe outputs 100 mV/A).

Fig. 14. Experimental waveforms of regenerative braking buck mode opera-
tion (CH1: logic signal [10 V/div], CH2: battery side current [2 A/div] probe
outputs 100 mV/A, CH3: battery side voltage [83 V/div] sensor outputs 6 mV/V,
CH4: inductor current [2 A/div] probe outputs 100 mV/A).

power measured from the dc bus is 1.632 kW. The efficiency is
measured as 91.9%.

The efficiency curve is extracted using 11 test points with dc
bus voltage of 170 V and the battery side voltage of 120 V. The
efficiency curve is drawn using sixth-order polynomial of the
test points and given in Fig. 15. The efficiency is the lowest at
light load and increases up to 94.1%. As the current in the battery
side increases up to 12.5 A, the efficiency slightly decreases to
91.9%.

The results for closed-loop control of regenerative braking
buck mode in the case of dc-link voltage variations are pre-
sented in Fig. 16. The dc-link voltage is varied manually be-
tween 165 and 130 V. The battery side current is regulated at
4 A whereas the battery side voltage is constant at 120 V. The
controller successfully regulates the battery side current even
if the input voltage varies sharply. It is seen that the inductor
ripple current increases, although the average inductor current
remains the same as the input voltage increases. This is due to the
fact that when the switch is “ON,” the voltage of the inductor

Fig. 15. Efficiency curve in regenerative braking (buck operation).

Fig. 16. Dynamic response of the converter to dc bus voltage variations in
regenerative braking buck mode operation (CH1: dc bus voltage [83 V/div]
sensor outputs 6 mV/V, CH2: dc bus current [2 A/div] probe outputs 100 mV/A,
CH3: battery side voltage [83 V/div] sensor outputs 6 mV/V, CH4: battery side
(inductor) current [2 A/div] probe outputs 100 mV/A).

Vin − Vo increases as Vin increases. Since the output load is
constant, by controlling the battery side current, the battery side
voltage is regulated as well. In constant power load applications,
voltage or current regulation is the same as power regulation,
which in this case is 480 W. The input current decreases to main-
tain 480 W, as a consequence of increasing the input voltage.

Similar to closed-loop control of the boost mode during
propulsion, a voltage control loop has been developed which
regulates the battery side voltage at 120 V. The results for closed-
loop control are shown in Fig. 17. Sharp step load variations are
applied to test the performance of a controller. The step current
demand is varied between 1 and 12 A, corresponding to de-
livered power of 1.44 kW. Since the controller successfully
regulates the battery side voltage at 120 V and input voltage is
constant, the inductor current ripple is the same, even though the
average current varies. A few small voltage spikes are observed
in the battery side voltage due to switching.
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Fig. 17. Dynamic response of the converter to sharp load variations in re-
generative braking buck mode (CH2: dc bus current [2 A/div] probe outputs
100 mV/A, CH3: battery side voltage [83 V/div] sensor outputs 6 mV/V, CH4:
battery side (inductor) current [2 A/div] probe outputs 100 mV/A).

VII. CONCLUSION

This paper proposed an integrated single-stage charger and
propulsion dc/dc converter topology for the PEVs. It can also be
used for conversion of HEVs to PHEVs. The proposed topology
eliminates the need for an additional power conversion stage in
the charger topology. Consequently, the size and weight of the
power electronics are effectively reduced. It has been shown that
at least 266 cm3 and 1.1 kg reduction can be achieved for an
8.4 kW charger through elimination of an inductor core, which
is present in conventional structure with two individual power
electronic converters for PFC. In addition, all essential operation
modes during propulsion are achieved using four switches and
a diode bridge. The functionality and performance of the pro-
posed integrated topology have been verified with experimental
results. A 20 kW prototype which is capable of transferring
charging power of 8.4 kW has been designed and tested at var-
ious levels; up to 1.8 kW for charging operation, 1.6 kW for
propulsion, and 1.5 kW for regenerative braking operation. The
peak efficiencies for the charging, propulsion, and regenerative
braking operations are measured as 91.6%, 96.6%, and 94.1%,
respectively. The performance of the proposed control algo-
rithms are tested with step load variations. The power factor is
recorded as 0.995 at 1.8 kW, where crest factor is recorded as
1.49. Based on the achieved results, the proposed integrated con-
verter offers an efficient and cost-effective solution to currently
available and next-generation PEV technologies.
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