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Abstract. A two-stage converter connects the input grid voltage to a pack of batteries with the voltage
varying between 48-400 V, depending on the size and the range of the vehicle, with battery-operated
electric and Plug-in Hybrid Electric Vehicles (PHEVs). This article offers a unique built-in converter that
can interface with both high voltage (HV) and low voltage (LV) batteries. For all car architectures a
universal charger that can accommodate this wide range of battery pack voltages is suitable. The novel
integrated buck and boost converter (IBBC) is the proposed converter supplied using AC-DC driver at the
front end mode. The main objective of this paper is to show a universal battery charger for an EV with a
high power factor (PFC) and a small total harmonic distortion (THD) in addition to the high power density.
A PFC converter is formed without any auxiliary circuit to balance the output voltage dependence of the
battery against fluctuations in the ac grid input voltage, which in turn reduces the cost of additional circuit.
A closed loop controller scheme is used to adjust for variations in the broad range output voltage and load.
The proposed topology's detailed operation is simulated using the MATLAB/Simulink software and

achieved a THD of 1.18%.

1. Introduction
he rising popularity of battery electric vehicles
(BEVs) and plug-in hybrid electric vehicles (PHEVS),
also known as electric vehicles (EVs), can be attributed to a
number of significant advantages, including reduced global
greenhouse gas (GHG) emissions [1] and superior vehicular
performance [2], as well as progressing toward cost
competitiveness with internal combustion engine (ICE)
vehicles in the long run. A charger is an essential
component of an EV's system. In [3]-[4] EV chargers are
classified as off-board chargers and on-board chargers.
Customers prefer on-board chargers because they can
charge their EVs anywhere. Electric vehicles (EVs)
commonly charge their batteries using an on-board charger
set up with power electronics arrangement. Low- and high-
frequency harmonic compliance is always a concern when
designing power electronic systems that are connected to a
mains supply. The development of a PFC for main power
equipment often aims for high efficiency and high specific
power at the very same moment, with the duty cycle as a
parameter. The EV on-board charger can be connected to
the grid supply by an ac-dc conversion at front side, the dc
link control and power control is carried out on the grid [5]-
[7].A galvanic isolation is provided to avoid harmful issues
while charging the battery with the help of dc-dc converter
at the back end which connects the input grid and battery
charger of EV [8]-[10]. Boost converters, with or without
interleaving, are preferred in most PFC applications to
provide dc output voltages greater than the peak ac line

voltage [11], [12]. An increase in switch stress, a bulky
inductor and a large input current ripple are some of the
drawbacks of a boost converter when operating at low AC
line voltages [12]. To increase power density, the effects of
interleaving various parallel boost cells are proposed in [13]
and compared with the conventional boost PFC topology. It
is possible to achieve a universal charger by increasing or
decreasing the PFC output voltage, which does not have a
significant impact on magnetics of high frequency
transformers. Buck-boost, cuk and SEPIC converters can
meet the requirements for a universal charger that operates
at worldwide voltage ranges, but they have the
disadvantages of stress and bulky size. There are two ways
to do this: [14], [15]. For a low stress level in the device,
[14] propose combining buck and boost with two switches
between the source and the load, two switch converters
provide a direct energy transfer path, which reduces the
effect of passive components. In this paper, we will not
investigate alternative topologies, such as the bridgeless
PFC circuit [11], which has been reported to have a slightly
higher efficiency potential but also increased common
mode (CM) noise issues. In the literature review [16]-[20],
converters which are used for high voltage battery charging
purpose and low voltage battery charging purpose are
proposed independently and some of the authors are
proposed together with the usage of more number of
switches or components in the circuits and with more ripple
content in the supply current which says poor power factor
and the attainment of universal voltages were not showed
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clearly. To overcome these challenges / drawbacks, in this a high voltage battery Vy, that is greater than the rectified
paper a modified integrated Buck and Boost Converter for a output voltage Vor or the peak value of the input
Universal Battery Charger of an EV is proposed. In this the supply, then the converter is operated in boost mode.
buck converter is cascaded with two boost converters The switches Siand S; are turned on and off using PWM
connected in parallel which in turn is interleaved boost pulses with a phase difference of 180 degrees between
converter through which the EV batteries can be charged to each switch and S3 is turned on continuously, after they

are added together, the ripple current at PFC output is
reduced as a result of the phase shift of PWM signals.
Across the capacitor C, the average voltage is zero and
which supplies energy before the switches are on. A pair
of inductors L; and L, are used to divide the input
current in any of the operating mode.

either high voltage or low voltage with improved THD,
power factor and the usage of components are less
compared with the existing models which are discussed in
the literature. The circuit along with waveform will help us
understand the working of the model and how it solves the
above-mentioned drawbacks.

The structure of the paper as follows: in section II the
operation of the modified integrated Buck and Boost
Converter for a Universal Battery Charger is discussed. The
controlling scheme of current and voltage loops are
discussed in section III. In section IV the results and

discussions are provided and the conclusions are given in

section V.

2. Operation of the Proposed

Fig. 2. Equivalent mode 1 of boost operation

Converter . .
When any of the first two switches S; or S; is in on
The circuit diagram of the proposed model is shown in fig. position as shown in fig.3 and fig.2 that corresponding
Which consists of power factor correction circuit with inductor L, stores energy through that switch and the
interleaved switches and a DC-DC converter for a variable load or battery gets energy from the rectified output
dc output voltage to charge a universal battery. The circuit voltage Vor and the energy stored in the other inductor
consists of three switches S1, S2 and S3, three inductors L1, Li.At some point of time the two switches are turned on
L2 and L3 to limit the ripple currents, two capacitors Cl1 and off because of the phase difference then the
and C2 connected at the rectifier and after the DC-DC capacitor C supplies energy to the battery and the two
converter to maintain constant dc voltage. The combination inductors supplies energy to the battery which is given in
of interleaved switches with two inductors at the input side fig.4. In this way the converter operates in boost mode as

the switch S3 is always on in any of those equivalent
modes of boost operation, so continuity exists between
the battery and interleaved converter.

of DC-DC converter reduces the ripple content in the input
current. The switches will be turned on and off in order to
attain a low dc voltage and high dc voltage at the DC-DC
converter stage to charge the corresponding battery (48- L. D
400V) keeping the input supply as same. The gating signals
are generated by two controlling schemes current and
voltage feedbacks to improve the power factor while
providing a wide range of output voltages. Based on the
operating mode, an LC filter is balancing either at the
converter's input or output. This approach eliminates the
pulsating currents to the source and load.

Fig. 3. Equivalent mode 2 of boost operation

mln

Fig. 1. Proposed modified integrated Buck and Boost
Converter

The proposed circuit runs in continuous conduction way Fig. 4. Equivalent mode 1 of buck operation
of boost and buck model based on the requirement of
universal battery voltage range. If it is required to charge
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inductor current does not fall completely to zero in regular

intervals of time. After some interval of time the current

through inductors gets some minimum and maximum
T values from there onwards it maintains that limit. The
corresponding switching states of the converter based on
the requirement of battery voltage and associated mode of
v A < v,  operation are listed in table 1.

Table 1. Switching States of the proposed converter
Condition S3 D5 D6 D7 Mode
Fig. 5. Equivalent mode 2 of buck operation S1 S2
V> Vor n off on on off off Boost
Vb >Vor off on on off on off Boost

The corresponding switch gating signals and the Vo>Vor  off off on on on off Boost
inductors current waveform are shown in fig.6 for one Vo<Vor off off on on on off Buck
mode of interleaved boost operation and the other mode Vb<Vor off off off on on on Buck
can be drawn with a phase shift of 180 degrees. As
switch S3 is always on in this mode and if the duty ratio 3. Designing Parameters and Control
is fienoted by d3=1 and the switches S1 .and S2 dgty Techniques:
ratios are d1 and d2 then the overall dc gain conversion
is A =d3/1-dl.

If the required output voltage or battery voltage is i. Selection of Inductors and Capacitors:
less than the rectified output voltage Vor or the peak
value of the input supply then the switches S; and S are
turned off continuously and the switch S; is operated in
PWM mode as shown in the model waveform fig. The
corresponding equivalent circuit mode operation is
shown in fig.4 when the switch S; is in on position and

Under assumption of continuous conduction
mode, the inductors L; and L, are selected with
minimal effect on current ripple which is an
important parameter for PFC. The input current [;, is
sum of the two inductor peak average currents I,

in fig.5 when the switch is in off condition. When the and /1.
switch is in off condition. In this way the switch S; gets Lip =1Ipp + 112 (1)
connected to battery when it is on and when it is off the The ripple in inducor currents are A I;; and A I,
battery or load gets connected with didoe D; and whose magnitudes are less than the averahe inductor
inductor L;. By controlling the gating signal of S; the currents.
buck converter operation can be achieved. The
corresponding mode gating signals and the inductor Al + Al <Iin 2)
current are shown in fig.7. Ts+Vogr+d,
Aly=—"T — 3)
3L
Vi Tsx VO R* dZ
Al = g 4)

Vo 21‘2

=t The PFC inductor equations for continuous
o1 O bz S,ors, l__ conduction mode are given as

I I L | | . Vesd,+(1-d,)
>t L=[,=-t0n ") 5
N — ) =L =T ®)
Kinfils Where V¢ is the voltage across the the dc link
/\/\/\/ capacitor C

fs is the switching frequency

The duty ratio d; or d in this interleaved boost mode
| are given by

Ve =V
, d, =Y —Vor 6)
v Vor
4 The buck converter inductor L; equation for

continuous conduction mode is given by

T 1 [ L g g

-t Alp xZxfx

| C; is located at the output of the bridge rectifier, C is
L’/\/\/\/ located at the high DC-link, and C; is located across

Tt
Fig.7. Model waveform in buck operating mode
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the battery in the converter. These capacitors are
designed using the following equations:

1
- = 8
1 43 FRpy ®
e O ©)
? LRAVoR
T T iiApary (10)

ii. Control Techniques

To obtain a dc variable voltage and to charge a

universal battery, the proposed topology's control
technique is depicted in Figure 8 and 9. The
implementation of proposed modified integrated buck
and boost converter operation modes are required to be
controlled in closed loop control model in order to get a
wide output voltage range and to improve the power
quality. Control technique inputs for the proposed
topology is selected based on the external feedback
signals taken from dc link battery voltage and PFC
inductor current. The control technique used for PFC
converter and dc-dc converter are explained briefly in
the following sub-sections.
The control technique used for the PFC converter as
shown in Fig. 8 consists of PID controller, rectifier,
adder/subtractor and a comparator. The AC grid voltage
is attenuated with the help of a transformer and a
resistive network to obtain the required AC voltage. This
AC voltage is converted to equivalent reference DC
voltage ¥, using a rectifier and a filter. The reference
battery voltage Vgres is compared with the measured
battery voltage V3 to get the error signal. This error
signal is fed to the input of PI controller to generate
reference current I, which is compared with the
measured PFC inductor current /; to generate controlled
step signal. The step signal is compared with the high
frequency saw tooth signal to obtain pulse width
modulated (PWM) signal to drive the switches in PWM
mode.

e v, T

Fig. 8. Controller Scheme for PFC

The simulated model of the proposed converter along
with the controller schemes are shown in fig.9 It consists
of four PI controller blocks, in which two are used for
boost converter operation and two are used for buck
converter operation with PFC. In this the logic controller
is selected based on the feedback voltage. If the actual
battery voltage which is reference voltage is less than the
rectified voltage then the above two controllers used to
generate the gating signals to the switches S; and S; and

the through the two controllers at lower side will provide
a continuous gating signal to S3 switch and if reference
voltage that is actual battery voltage is lower than the
rectified voltage then mode selector will provide a
continuous off signal to the switches S; and S, through
the top two controllers and a PWM signal is generated
with the help of two controllers which are at lower side
and the same is provided to switch Ss.

Fig. 9. Simulated model of proposed converter with controlling

scheme

In this controller scheme, the reference is nothing but the
rectified voltage, based on this voltage the converter is
operated in boost or in buck to charge a universal battery
with minimum harmonic distortion in input current.

4. Results and Discussion

This section provides a brief overview of the proposed
topology's results simulated in MATLAB 2021a and
discussions. Starting at 0.0s, stopping at 1s, and using a
fixed step solver with a step size of 5e-6s, the model
configuration parameters were selected and the battery
rating is 1kW and the values of inductors and capacitors
are calculated as per the designing parameters with a
switching frequency of 30 kHz. The Fig.10 shows the
Simulation waveforms of IBBC PFC converter operated
in buck mode. The input supply voltage in red colour
and the input supply current is in blue colour and the
battery reference voltage is taken as 150 V which is
projected from the simulation waveform. This shows that
the supply voltage and supply currents are in phase with
each other hence the power quality is improved in the
buck mode. The fig. 11 and 12 shows the output
waveform of battery voltage and the input grid voltage
and currents. Even from the waveforms it is clear that
battery voltage is 300 V in fig 11 and 400 V in fig.12. In
fig 12 the grid voltage is scaled to 23 V in blue colour
and current in red colour to shows the the power quality
improvement. In this mode the input grid voltage of peak
value is 220 V which means now the converter is
operating in boost mode and the input voltage and
currents are in phase even if it is operated in boost mode.
The Interleaved Boost cascaded by Buck converter has
good power quality. The different values of the output
voltage can be set manually as a reference input to the
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PID controller, it means the battery voltage rating (48 to The IEEE standard for THD ranges from 0.5% to
400 V) can be considered as a reference input to the PID 5%. The proposed converter [18], projected that
THD is less but after simulating the same circuit it is
having current THD of 4.90% which is reasonably
oo under the range but still on the higher scale of THD

I it e e

I Syt o

— standards. The projected converters in [14]-[16]
mt ' ' ‘ - shows a THD of 1.90% and 6% at rated current. The
1 THD of input supply current is 2.80% in [19]
v —— proposed for PFC. From the simulated results of this
':I’/ﬁ 7 converter are shown in the Fig.10 - 13. These results

. . ‘ clearly show us that distortion present in the input

. ‘ - " waveform is removed and the expected output

Flg 10. waveforms of input grid voltage, grid current and battery remains the same and there is no compromise of

voltage in Buck mode getting the output range of this modified model. The

output voltage and controllability of the output

voltage remains the same as compared to the first

proposed model. But this modified model removed
the distortion and improved the THD.
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controller in pragmatic scenario.

1 otage an G Garrent
T

g LA - —
- L L 1 Il | =07
N a1 2 3 o . . ar o o ' §
T i T T G 06 J
- :
- 205
ﬂ % 04} 1
‘ § 03} .
‘ : ‘ = = : : o . =02
Fig. 11. Waveforms of input grid voltage, grid current and battery voltage 01 I I I I I
in Boost mode (300V battery) ol -
0 0 12 14 16 18 20

Harmomc order

Fig. 13. THD of grid input current

N . As we can see from the above figure 13 that the THD
- for the proposed model is 1.18% which is a significant

: : : : improvement compared to the original THD values of
the above listed papers. Hence the power factor and

r power quality are better in this model while achieving
: the desired voltage required by the battery.

L
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Fig. 12. Waveforms of input grid voltage, grid current and battery voltage The proposed PFC converter operates with wide
in Boost mode (400V battery) output voltages for universal input voltages. It

produces a wide DC link voltage with smooth input

Through this concept, different voltage range of batteries current, even if the converter runs above and below
can be charged using variable battery charger. the peak of the input voltage or rectified output

voltage. By using interleaved combination at the input
provides reduced ripple content in the input current.
Over conventional converters, the proposed topology
has a current THD of 1.18%, lower ripple in input
. current, lower output voltage ripple, stress on switches
g "R AR AR ARRRRRRRRARARA A AR AR AR A are IGSS, prompter transient response, Superior
il reliability, and substantially lower electromagnetic
interference. In addition, because the input current is
split into two routes in the proposed topology, ohmic
: loss and inductor ac loss are significantly decreased,
Fig. 12. Input Supply Voltage and current waveforms and the system ultimately accomplishes much greater
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efficiency. The IBBC PFC converter improves the
charging power quality and efficiency which
ultimately reduces the charging rates of an EV.The
above features makes it possible for the proposed
converter to be used in G2V technology related
applications.
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