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Abstract—In both battery operated electric vehicles (EVs) and
plug-in-hybrid electric vehicles (PHEVs), a two-stage converter
connects the input grid voltage to the battery pack whose voltage
varies from 100-500 V, depending on the vehicle size and range.
A universal charger, which can address this wide range of
battery pack voltages, is suitable for all vehicle architectures.
This requirement is achieved by varying the AC/DC converter
output voltage using the concept of variable dc link voltage, which
is one of the challenges in battery chargers for attaining universal
output voltages. This paper mainly focuses on analysis and op-
erating modes for a interleaved boost cascaded-by buck(IBCBB)
converter suitable for a power factor correction (PFC) converter.
The designed control structure provides a wide degree of control
freedom to operate even if the VDC /Vmax (output voltage to peak
of Input) less than 0.5. The design considerations for selection
of components is also addressed in the paper. Moreover, the
proposed converter is validated on the experimental setup and
the results are presented in the paper. In addition, a two-stage
universal battery charger with wide input and output voltage is
been simulated and presented in the paper.

Index Terms—AC-DC power converters, battery chargers,
energy storage, power electronics, transportation

I. INTRODUCTION

On-board chargers for electric and hybrid electric vehicles
is an indication of the new era in field of power electronics for
the automotive industry. Lack of fast charging infrastructure
deploys the automotive manufactures with on-board battery
chargers, which are feasible of charging from household power
sockets. A considerable range of literature is available on
the topologies, power levels and stages of the chargers for
electric and hybrid electric vehicles [1]-– [3]. Fig.1 shows the
typical layout of the battery chargers with a feature of isolation
accepting the wide input voltages. A front-end active power
factor correction (PFC) converter is required at the input to
maintain high power quality. In most PFC applications, a boost
converter with or without interleaved topology is preferred in
order to provide a dc output voltage that is greater than its peak
ac line voltage [4]. At low line AC voltages, drawbacks such
as more stress on switches, a bulky inductor and a huge input
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Fig. 1: Two-stage layout of battery chargers

current ripple will appear in the boost converter. Researchers in
[5]– [8] investigated the various PFC topologies to mitigate the
problems. However, it showed up some improvements in the
efficiency but the structure of the boost PFC category remains
the same. The output of PFC converter when connected to a
high frequency DC-DC converter provide the output voltage to
various batteries with a minimum voltage of 200 V. There are
few electric vehicles having the DC battery operating voltage
less than or equal to 150 V (48 V system, 72 V,96 V,144 V).
In such a low output voltage conditions, the battery charger
manufactures are employed with a high frequency step-down
transformer in the DC-DC converters, which restricts the
output voltage range limits, weight of the transformers and
efficiency with limited ZVS [9]– [12].

The voltage fed DC-DC converter is inherently a buck con-
verter whose output voltage is less than the input. The desired
maximum voltage is attained by varying the high frequency
transformer. One of the attractive solution to attain universal
charger without influencing much on the magnetics of high
frequency transformers is the step up or step down of the PFC
output voltage. For a universal charger to operate at worldwide
voltage range, conventional converters such as buck-boost,
SEPIC and CUK converter can fulfill the requirements but
have the disadvantage of stress and bulky size [13]-– [14]. To
have a low stress level in the device, a combination of buck
and boost with two switches is proposed in [15]– [17]. The
benefits of two switch converters is the ability to have a direct
energy transfer path between the source and load to minimize
the effect of using passive components.

This paper proposes a two-switch configuration based in-
terleaved boost cascaded-by buck PFC converter. The detailed
design analysis and operation of a proposed converter in dif-
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Fig. 2: Proposed Interleaved boost cascaded-by buck PFC converter based on-board battery charger

ferent modes are discussed in the paper. The proposed control
structure with voltage and current control loops maintains
the universal output voltages and high input power quality.
The parameters of the converter are derived and the proof-
of concept hardware set-up with results are presented in this
paper. Finally, the proposed variable DC link PFC voltage is
simulated with a Phased shifted DC-DC converter to have a
universal chargers with wide output voltage range.

II. ANALYSIS AND OPERATION OF THE PROPOSED PFC
CONVERTER

The above circuit shown in Fig.2 is schematic of two-
stage on-board battery charger. It consists of an power factor
correction converter in two-switch topology configuration and
an isolated DC-DC converter. The proposed PFC converter
consists of a cascaded combination of the interleaved boost
with a buck converter. The inductors L1,L2 at the input pro-
vides a non-pulsating current which can be easily controlled to
maintain the power quality. Interleaved combination at input
also provides the reduced ripple content in the input current.
The converter is operated in the continuous conduction mode
(CCM) with a boost configuration formed with the switches
Q1, Q2 and diode D1 D2. An LC filter is paired either at the
input or the output side of the converter based on operating
mode which provides non-pulsating currents to source and
load. The converter controls the buck switch Q and diode D
based on the input and output voltages. The output voltage of
the converter is represented as VDC which can be controlled
to a value either above or below of the peak value of input
voltage Vmax. Fig.3 shows the rectified universal input voltage
applied to converter whose output voltage (VDC) selected is
greater than the peak of input voltage Vmax enabling the boost
operation with controlling switches Q1 and Q2 with a duty
ratio of d1 and d2 turning the buck switch Q on continuously.
If the output voltage at the converter is selected lesser than
the peak of the input voltage Vmax the converter operates in
both boost and buck modes. In interval [0,t1] the converter
operates in boost mode controlling Q1 and Q2 as shown in
switching states and from [t1, Ts

4 ] in buck mode of operation
with duty ratio of dBu and it repeats for next quarter cycle.
The switching pattern of the converter during buck and boot

modes of operation is showed in Fig.3. The overall gain of
the converter is given as

M =
dBu

1− dBo
(1)

The duty ratio for the boost mode of operation is defined as
dBo with the duty ratio of the boost switches d1 and d2 are
maintained 1800 phase shift between them. The phase shift in
the PWM signals generates the ripple current in the inductor
in phase opposition which cancels the ripple when they are
added up resulting in the reduction of ripple current at the PFC
output. In the boost mode of operation the duty ratio of the
buck switch is made high dBu = 1, (turned on continuously)
and the inductor at input and output provides a continuous
current. The overall gain of the converter in boost mode of
operation with the duty ratio dBo is given as M1 = 1

1−dBo
.

The detailed operating modes of the converter in boost mode
is as shown in Fig.4. In mode-(a) the inductors share input
current equally and the output capacitor supplies to load. A
part of the input current flows to the load through the capacitor
C1 providing a direct path from source to load. In mode-(b)
and (c) one of the boost switch is turned off which provides
a path for the input current to charge the inductor as well
as to supply to load. In mode-(d) the switches are turned off
and the input current flows directly to output. Similarly, in the
buck mode of operation the converter is operated with a duty
ratio of d2 and the boost switch is turned off making the duty
ratio dBo = 0. The overall gain of the converter is given as
M2 = dBu. The cascaded combination of the boost mode and
the buck mode implies the product of the gains of converter.
The overall gain of converter is given as:

M = M1 ×M2 =
dBu

1− dBo
(2)

For analysis as shown in Fig.4 the forward voltage drop of the
diodes is neglected and the rectified voltage is assumed to be
same as the input voltage which is given as

V1(t) = Vmax|sinωt| (3)

where Vmax is the maximum value of rectified input voltage
and is given as Vmax =

√
2Vac,rms.For a ideal PFC rectifier

(neglecting losses) the power at input and output is assumed to
be constant. For a particular value of the output voltage VDC
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Fig. 3: Rectified input voltage waveform with different possible operating modes and switching states
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Fig. 4: Operation of the proposed converter in boost mode
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Fig. 5: Operation of the proposed converter in buck mode

the input current iin(t) is proportional to the input voltage
V1(t). 

iin(t) =

√
2Vac,rms

Rem
|sinωt|

iin(t) =
V1(t)

Rem

(4)

where Rem is the emulated resistance related to active
power P0 demanded by load. The expression for the input
current is given as :

Iin(t) =

√
2P0

Vac,rms
sin(ωt) (5)

Iin(t) =
4P0

πV0(1− dBo)
sin(ωt) (6)

A. Design Parameters of PFC converter

The selection of the inductors is assumed under the con-
dition of continuous conduction mode with less effects on
current ripple. Let I1 is the average input current flowing
through the inductor L1 with an peak inductor ripple of ∆I1
and I2 is the average input current flowing through the inductor
L2 with an peak inductor ripple of ∆I2 .

Iin = IL1 + IL2 > ∆IL1 + ∆IL2 (7)
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TABLE I: Parameters of the Proposed Converter

Item Buck Mode Boost Mode

Input Voltage Vin(rms) 85-265 V 85-265 V
Output PFC Voltage Vdc 150, 250 V 400 V
Power Rating 1 kW 1 kW
PFC Switching Frequency fs 30 kHz 30 kHz
Boost Inductor L1 3 mH 3 mH
Boost Inductor L2 3 mH 3 mH
Inductor L 2.52 mH 2.52 mH
Leakage Inductor Lr1 2 µH 2 µH
Output Capacitor C0 10 µF 10 µF
Output filter Inductor L0 320 µH 320 µH
Capacitor C1 8 µF 8 µF
PFC CapacitorC2 950 µF 950 µF
Duty Cycle D 0.266 0.7175
Output Load Resistance R 62.5 Ω 160 Ω

The input current and the peak inductor current ripple is
defined as :

Iin =
V1
Re

>
V1 × d1Ts

2Lin

whereLin = L1 = L2

(8)

where Re is the input resistance of the power converter
which can be determined for a given output power.

Lin >
Ts ×Re

2
(1− Vmaxsin(ωt)

VDC
) (9)

similarly in the buck mode the inductance L2 can be de-
termined from the below equations. For the selection of the
capacitance C1 so that input variations will not effect much
on the output voltage voltage. The converter forms a low pass
LC filter at input during mode whose frequency is more than
the input line frequency.

Lp >
(Vmaxsin(ωt)− VDC)× V 2

DC ×ReTs
2× (Vmaxsin(ωt))3

(10)

Lp =
LinL

L+ Lin
(11)

The value of inductance L2 can be determined using the
equations (10) and (11). For a given power rating the parame-
ters used in the converter are detailed in Table.I. For the phase
shifted ZVS DC-DC converter the standard design guidelines
are followed and the parameters derived are shown in Table-I.
To have a proper ZVS for the different loads the condition
shown in (12) must be satisfied.

1

2
LlkI

2
cri >

4

3
CmosV

2
1 +

1

2
CTrV

2
1 (12)

Here Cmos is refered as the drainto source capacitance of the
switch and CTr is the transformer winding capacitance.

III. EXPERIMENTAL SETUP AND RESULTS

The simulations of the proposed Interleaved boost cascaded-
by buck PFC converter were performed in PSIM 11.0.3 with
the power ratings of 1 kW. Fig.6 shows the simulation result of
the proposed converter configuration with an input voltage of

Fig. 6: Simulation results of converter with 150 V output voltage

Fig. 7: Simulation results of converter with 250 V output voltage

230 V. The output of converter is at 150 V which is less than
the peak of the input voltage and the captured input current
is in-phase with input voltage which maintains high power
quality. Similarly, Fig.7 shows the simulation result of the
proposed converter configuration with an output voltage of 250
V which reaches almost near to the peak of input voltage. The
role for operation of the buck converter reduces near the peak
voltages giving more operation time for the boost mode. Fig.8
shows the simulation results of converter with output voltage
of 400, which is greater than peak of input voltage. The input
current observed from the above waveforms Fig.6 to 8 shows
the smooth operation providing a high power factor. The con-
trol structure proposed for this smooth variation in the DC link
voltage is implemented as shown in Fig.9 with a separate set of
PI controllers for both the boost and buck modes of operation.
As a proof of concept, the experimental set up of the proposed
converter is scale down and implemented on a 300 W set-up.
Fig.10 shows the experimental setup of the proposed converter
and the control algorithm implementation using Launchpad
TMS320F28069M. Silicon labs Si-8284 isolated gate drivers

Fig. 8: Simulation results of converter with 400 V output voltage
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Fig. 10: Experimental setup of the proposed IBCBB PFC converter

with the maximum voltage of 300V are used for Infineon
MOSFET switches IXFHG0N50P3 with LV-20P LEM voltage
sensors. The gate drivers has with inbuilt protection circuits
which can turn-off the gate pulses in abnormal conditions.

A regenerative grid simulator NHR300 is used as a pro-
grammable AC source to power up the converter. The compo-
nents are selected for 1 kW but as a proof-of concept a low
voltage is applied to the converter and results are presented
in the paper. The Fig.11 shows the boost operation of the
proposed converter and Fig.12 shows the buck-boost operation
of converter. The closed loop operation is implemented in
the TI-Launchpad using fixed point representation. The output
voltage observed is above the peak of the input voltage and the
current is in-phase relation with the voltage with an observed

Input Voltage Input Current

Output Voltage

PWM pulses

Fig. 11: Experimental results of PFC converter in boost mode

 Boost PWM Pulses

 Buck PWM Pulses

Input Voltage

Output Voltage

Fig. 12: Experimental results of PFC converter in buck-boost mode

Fig. 13: Output voltage and current of charger at 50 V

power factor of 0.99. To Prove the concept of universal battery
charger the above variable DC link voltage is applied to a
Phase shifted DC-DC converter. The over all schematic of
the above circuit shown in Fig.2 is simulated in PSIM and
the results are presented in the paper. The parameters used to
create the ZVS are calculated and indicated in the Table.I. For
the switch capacitance we have considered the SiC MOSFET
C3M0065090D with 900V and 36 A. The output inductor is
designed to withstand the maximum current of 20A at lower
voltage of 50 V. The maximum voltage seen by the charger
is around 500 v to which the selection of the components are
made to withstand 1.8 times the operating voltage (rate of
chances for voltage spikes).Fig.13 to Fig.15 shows the results
of the DC output voltage including the DC-DC converter. A
voltage ripple of around 2% and current ripple of around 1.5%
is been observed. This paper achieves a wide range of output
battery voltages.

IV. CONCLUSION

This paper proposes a new interleaved boost cascaded-
by-buck PFC converter for on-board battery chargers. The
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Fig. 14: Output voltage and current of charger at 250 V

Fig. 15: Output voltage and current of charger at 500 V

proposed PFC converters operates with wide output voltages
for universal input voltages. The various modes of operation of
the converter are detailed in the paper. Moreover, the converter
is operated above and below the peak of the input voltage to
provide a wide DC link voltage with smooth input current. The
design considerations and the control loop to achieve the wide
output voltages is also discussed in the paper. The prototype
build of the proposed converter achieves high input power
factor of 0.99 and able to operate with both buck and boost
modes of operation. The proposed PFC converter is cascaded
to a phase shifted DC-DC converter to form a two-stage layout
of the battery charger which is simulated and the results are
presented to validate the concept of achieving wide output
battery voltages with reduced voltage and current ripple.
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