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Abstract—This paper proposes a new buck-boost flying-
capacitor (FC) converter for the DC-DC stage of an Electric
Vehicle (EV) fast charging station. The proposed converter is
capable of delivering a wide output range of voltage to charge
different battery configurations. The converter has two modes of
operation, buck and boost. Thanks to this feature, the proposed
converter allows higher efficiency and a wide operating range.
The proposed converter is capable of supplying a voltage range
from 200 V to 1000 V at its output, which shows the feasibility
of occupying the converter inside a charging station that allows
charging 400 V and 800 V battery systems. The average efficiency
reported is over 97%. It is concluded that the proposed buck-
boost FC converter is suitable for modern wide-output EV fast
charging applications.

Index Terms—Electric Vehicles, Fast Charging, Flying-
Capacitor.

I. INTRODUCTION

In recent years, the development of electric vehicles has
gained significant importance within the automotive industry
due to the imminent change expected from the old internal
combustion systems to fully electric systems [1].

However, the rapid development of electric vehicles has
brought important challenges, mainly regarding the battery [2].
Lifetime, charging time, and energy density, among others, are
battery characteristics that define the behavior of the EV. Some
of these features are directly related to the battery charger,
so the development of these must go hand in hand with the
advancement of battery technologies.

In the last years, battery capacity has been pushed up to the
60-120 kWh range. This improvement has imposed substantial
challenges on battery chargers, and available charging rates
[3], [4]. With current fast charging technologies rated at
50 kW, it takes between 35 and 120 minutes to recharge the
battery [5]. However, by increasing the charging power level

F. Rodriguez
Electronics Engineering Department
Univ. Tecnica Federico Santa Maria
Valparaiso, Chile
francisco.rodriguezh @sansano.usm.cl

H.Renaudineau
Electronics Engineering Department
Univ. Tecnica Federico Santa Maria
Valparaiso, Chile
hugues.renaudineau @usm.cl

S. Kouro
Electronics Engineering Department
Univ. Tecnica Federico Santa Maria
Valparaiso, Chile
Department of Electronic Engineering
Universidad de Sevilla
Sevilla, Espafia
samir.kouro @ieee.org

to 150 kW, this can effectively reduce the charging times.
Over the past decade, most EVs have used battery configura-
tions in the range of 150 to 450 V; this voltage configuration
is often called the 400 V system. In order to offer an im-
provement in the power rating and charging times, 800 V DC
systems have been proposed [6]. Therefore, the two biggest
challenges for new EV battery chargers are achieving high
charging power and high efficiency, providing a wide output
voltage range so that 400V and 800V systems can coexist.
Several DC-DC converters have been proposed to cover the
needs of new charging stations. For example, Tesla Super-
charger V2 comprises a phase-shift full bridge DC-DC con-
verter. Tesla Supercharger is built in a modular way and can
charge a battery up to 150 kW, with a reported maximum
efficiency of 92% [7]. In [8] a cascaded H-bridge converter
is employed to interface the medium voltage grid, while a
dual active bridge converter with galvanic isolation serves as a
wide output interface with EVs. Another wide output solution,
based on a reconfigurable LLC resonant DC-DC converter, is
presented in [9].

On the other hand, there are solutions without galvanic iso-
lation; for instance, in [10], [11], [12], topologies based on
the partial power converter concept have been proposed. A
non-isolated topology for wide output fast charging stations is
proposed in [13]; a full bridge topology is connected through
an impedance network, comprised of an LCC configuration,
to an output diode bridge, producing a wide output voltage in
the output.

After presenting existing buck-boost FC converters in section
II-A, this paper proposed a new buck-boost FC converter in
section II-B. Control of the converter is explained in section
II-C. Simulation results and the main conclusions obtained are
shown in sections III and IV.
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Fig. 1: Flying-capacitor buck converter

II. PROPOSED BUCK-BOOST FC CONVERTER
A. Buck and boost FC converters overview

In the study of high voltage and high power applications,
flying-capacitor converters were introduced in [14]. Based
on this principle, several topologies have been developed for
different applications [15], one of which corresponds to the
flying-capacitor DC-DC buck converter (FCBC). Among the
main advantages of FCBC over traditional buck converters are
the lowest switch voltage stress, smaller passive components
size, and a higher power density [16].

A detailed study of a FCBC is presented in [17]; this converter
consists of four semiconductors, two MOSFETSs, and two
diodes, as shown in Fig. 1.

The linear characteristic of the converter, shown in Eq. (1),
allows having an output voltage proportional to the duty cycle
dp,, of the Sy switch. The two pairs of semiconductors work
in a complementary way, i.e., if S is ON, D5 is OFF, and if
S is ON, D; is OFF. S; and S5 operate with classical bipolar
PWM commutation.

Vo =dpu Vi Q)

Otherwise, there are boost FC topologies for high energy
density applications [18], [19]. An analysis of the operation
and control of the three-level flying-capacitor boost converter,
shown in Fig. 2, is presented in [20]. Similarly to the operation
of the FCBC, the two pairs of semiconductors work in a
complementary way. The transfers function of the converter
is a function of the duty cycle dj, of Sy switch, as it is shown
in Eq. (2).

Vvi = (]- - dbo) : Vo (2)

B. Proposed buck-boost FC converter

The present work proposes a new buck-boost FC converter,
depicted in Fig. 3. Based on the converters presented in the
previous section, the proposed converter joins the buck and
the boost converters through a single inductor L. The main
advantage of this topology is the wide output voltage range
and high conversion efficiency.

Some buck-boost converter configurations designed for EV

i()

Ris

Fig. 3: Proposed buck-boost flying-capacitor converter

charging applications can be found in the literature. However,
these show designs for single voltage values [21]. On the
other hand, buck-boost topologies can be found adapted to
offer a greater voltage range. However, these imply a more
significant number of components and the most complicated
control strategy [22].

The operation of the converter can be analyzed in two modes,
buck mode, and boost mode. For buck mode, the MOSFETs
Ss and Sy stay off, while diodes D3 and Dy are on. The pair
of semiconductors S; and D; operates in a complementary
way with the pair So and Ds. For boost mode, the MOSFETSs
S1 and Ss always stay on to allow the current flow through
the inductor L. Semiconductors S3, S, D3, and D, operate
analogously to the buck mode. The output voltage of the
converter is a function of the duty cycle of the PWM signals
used to drive the MOSFETS; according to the operation mode,
it defines Dy as the duty cycle of S; and So switches for buck
mode and, D,, as the duty cycle of S3 and S4 switches for
boost mode, as shown in Eq. (3) and Eq. (4).

Vo=Dg-V;,, 0<Dg<1 3)

1

V= ——
1-D,

Vi, 0<D,<1 (G))

The eight operation states derived from the converter are
detailed in Table I, where it can be appreciated the equivalent
circuit operation, and state variables equations for each
respective state of operation.
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TABLE I: Proposed converter operation and state variable modelling
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Fig. 4: Simulation results of the proposed converter in buck

C. Converter control

The control of the proposed converter is based on a
cascade control loop using traditional PI controllers. For the
correct operation of the converter, PI controller parameters
are dimensioned for buck and boost operation modes, as
shown in Fig. 6.

The output voltage of the converter is controlled by controlling
the inductor current L. According to the charging algorithm,
the BMS defines the reference signals for those control loops,
as shown in Fig. 6. For this work, the constant current and
constant voltage algorithm (CC-CV) is used [23], and the
reference signal changes according to the state of charge
of the battery. When the charging process starts, the BMS
establishes the current reference so that the charging station
can operate at its nominal current. This reference is held until
the battery reaches its rated voltage value; then, the battery
determines how much current it must absorb to complete its
charge. Therefore, from this moment, the current controller
reference changes the signal of the output of the external
controller, allowing it to keep the battery voltage constant
at its nominal value. Each of the capacitors of the proposed
converter should be appropriately maintained according to a
voltage reference. For this, two independent PI controllers are
used. The reference for each capacitor, C1, and C2, equals
Vi/2 and Vo/2, respectively [17], [18].

The output signal D corresponds to the dj,, and dp, signals
from the PI controllers for each operation mode, depending
on the inverter operating status, shown in Fig. 6.

Signals D and U,,, allow obtaining the switching signals of
each of the MOSFETSs through a PWM modulation block.

III. SIMULATION RESULTS

The first result corresponds to the voltage behavior of
the capacitors C; and C5, for the buck and boost operation
modes. Fig. 4 shows the simulation results for the buck
mode. Considering an input voltage of 540 V and an initial
power of 1.8 kW. At the time ¢ = 1s, the converter faces
a change in the output power to 3.2 kW. The results show
that the system behaves as expected. At the beginning of the

Time [sec]

Fig. 5: Simulation results of the proposed converter in boost
mode

simulation, the output voltage is equal to 150 V. After the
power change at ¢ = 1s, the output voltage increase to 200 V,
and it is observed that the converter output voltage follows its
reference before and after the increase in output power. The
voltage on the capacitor C is always regulated at 270 V, a
value corresponding to half the input voltage V;, while the
voltage on the capacitor Co is maintained at the half the
output voltage V,,. For the boost mode, considering the same
input voltage 540 V, the correct system behavior is shown in
Fig. 5. Initially, the converter operates at an output power of
8.8 kW, with an output voltage of 750 V, at the time ¢ = 1s,
the converter faces a change in the output power to 10 kW.
After the power change, the output voltage increase to 800
V, it is observed that the capacitors C; and Cs maintain the
same behavior as for the buck mode.

A second simulation is performed with a 4.5 kWh Li-ion
battery model used to simulate the proposed converter as part
of a charging station for both systems 400 V, and 800 V.
Table II shows the parameters used to simulate the DC-DC
converter as part of the fast-charging station.

Figures 7 and 8 show the proposed converter operation for
400 V and 800 V systems. The behavior of the charging
system is shown according to the CCCV algorithm. It consists
of two stages. The first corresponds to the constant current
mode; in this stage, a fixed current value is supplied to
the battery, controlled by the battery management system
(BMS) until it reaches the desired level of its state of charge

Charging
Algorithm 'V,

~ Voltage Capacitors
v Controller
Voltage Controller

Fig. 6: General control scheme
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Fig. 7: Simulation results of the proposed converter for the
charging of a 400V battery

(SoC); generally, this value is around 90%. The constant
voltage stage is responsible for getting the battery to 100%
SoC without risk. In this stage, a constant voltage is applied
between the battery terminals equal to the system nominal
voltage of the battery. As the battery reaches the desired
voltage level, the current gradually decreases to a minimum
value.

TABLE II: Simulation Parameters

Parameter Values
Input Voltage 540 V
Inductor 397 uH
Cl 274 uF
C2 126 pF
Switching Frequency 25 kHz

For the 400 V system, Fig. 7 shows the converter output
voltage and output current, both with their respective reference
signals. It is observed how the signals follow their references
according to the loading algorithm. The ripple in the inductor
current 77, shows a maximum value of 13%; however, the
ripple in the output current %, reaches a maximum value of
1.7%. For the 800 V battery system, Fig. 8 shows the output
current and voltage and references signals of the converter.
The ripple in the inductor current iy shows a maximum
value of 12.1%; however, the ripple in the output current %,
reaches a maximum value of 2%. These ripple values at the
converter output make this a good proposal for use within
a charging station with a wide voltage output range. The
voltage variation is much lower in 400V system due to the
different capacity (Ah) of the battery for the same (kWh) pack.

Using the component PLECS thermal model, a simu-
lation of the efficiency of the proposed converter is per-
formed. The MOSFET models MSC025SMA120B and diodes
MSCO050SDA170B developed by MICROCHIP were em-
ployed. The efficiency of the converter is shown for the two

50 60
Time [min

Fig. 8: Simulation results of the proposed converter for the
charging of a 800V battery
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Fig. 9: Estimated efficiency in buck mode

modes of operation. Figure 9 shows the efficiency of the
converter in the buck mode. It is observed that the efficiency
is higher when the output voltage is close to the input voltage,
with a maximum of 99.6%. Efficiency reduces for values
more proximate to the 200V limit with a reported minimum
efficiency of 97.5% for a power of 9.6 kW. Figure 10 shows
the same efficiency analysis for the boost mode, as in the
reducer case, the efficiency reports a higher value for values
close to the input voltage, with a maximum of 99.6%, and
the minimum is given for values further away from the input
voltage, a minimum of 96.6% is reported for a converter power
of 9.6 kW. Although efficiency decreases for higher power
values, the proposed converter still maintains a high value
compared to existing converters on the market.

IV. CONCLUSION

This work proposed a new buck-boost flying capacitor DC-
DC converter for wide voltage output EV battery charging
stations. The proposed converter comprises four semiconduc-
tors, which allow operating in buck or boost mode with the
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correct modulation. The theoretical analysis shows some of the
advantages of using flying capacitor converters. The simulation
results show the correct behavior of the proposed converter as
a battery charger. Simulations were carried out for the two
systems with different voltage level, where their control were
validated for the proposed power converter. It can be observed
that the converter presents the necessary characteristics for
battery charging, such as its wide voltage range, between 200V
to 1000V, and the minimal ripple in the output current. Finally,
the estimated efficiency of the proposed converter shows that
the proposed solution allows high efficiency over a wider
power range, especially for output voltages close to the input
value. It is then concluded that the proposed solution is suitable
for EV fast charging applications.
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