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Abstract

To address key challenges in the widespread adoption of electric vehicles, this article introduces a
bidirectional, integrated on-board battery charger capable of flexibly drawing power from various AC
sources, such as single-phase and three-phase grids, as well as renewable energy DC sources like
photovoltaic (PV) energy systems. The charger is designed for vehicles with an open-end winding motor
powered by a dual inverter, consisting of two three-phase traction inverters and two sets of batteries. The
proposed design utilizes a bidirectional current source converter at the input stage and integrates the dual
inverter and the motor windings' leakage inductance as part of the charger, reducing both size and cost.
Operating bidirectionally, the charger supports various grid support strategies, offering controlled active and
reactive power with low total harmonic distortion (THD) in the grid current. It can also be directly connected
to PV panels or DC fast-charging stations. A zero-net-torque-generating, interleaved switching pattern is
employed to control the dual inverter switches, minimizing current ripple throughout the system. This article
provides a detailed explanation and analysis of the proposed integrated charger, with system feasibility and
performance validated through simulations.

Keywords: Electric Vehicle (EV), Integrated On-Board Charger (I0BC), Bidirectional Current Source

Converter (B-CSC), Dual Inverter Drive, Open-End Winding Machine, Renewable Energy Source.

1. Introduction

The decline of fossil fuel reserves and rising
environmental concerns have accelerated the
global shift toward electric vehicles (EVS). EVs
offer a sustainable alternative to conventional
vehicles by reducing greenhouse gas emissions,
especially when charged through renewable
energy sources [1,2]. However, their large-scale
adoption faces key obstacles such as high costs,
limited charging infrastructure, long charging
durations, and battery lifespan [3].

Electric wvehicle (EV) charging systems are
classified into two main categories: on-board and
off-board chargers. Off-board chargers, located
externally at dedicated charging stations, deliver
high power to reduce charging time, though they
require substantial infrastructure investment. In
contrast, on-board chargers are integrated into the
vehicle and often leverage existing subsystems—
such as the traction inverter, thermal management
system, and electric motor—to facilitate energy
transfer during the charging process while the EV
is parked. This integration can significantly

decrease both system volume and associated costs
[4,5]. The topology introduced in [6] employs a
front-end power factor correction (PFC) boost
converter interfaced with a single-phase grid, and
utilizes the traction inverter and three-phase motor
as parts of the charger. However, this approach
necessitates access to the motor’s neutral point
and is constrained by the inherent limitations of
single-phase PFC converters. Alternatively, open-
end winding machines driven by dual inverters
have gained considerable attention due to their
advantages, including an inherent multilevel
converter structure, reduced current ripple in the
motor windings, and the capability to drive high-
voltage motors using dual inverters powered by
independent sets of low-voltage batteries [7].

In [8], a charger topology is proposed that utilizes
the dual-inverter configuration and the leakage
inductances of an open-end winding machine to
enable battery charging via a DC microgrid.
Building upon this concept, [9] extends the
architecture by incorporating two additional half-
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bridges as grid interface stages, thereby enabling
operation from a single-phase grid. While three-
phase sources support high-power energy transfer
for charging, preventing torque generation during
charging remains a critical constraint for most
three-phase integrated chargers, whether for
chargers employing three-phase electrical
machines [10] or their multi-phase counterparts,
including six-phase [11] and five-phase [12]
topologies. Various implementations address this
issue through the inclusion of auxiliary
mechanical components, such as clutches or rotor
locking mechanisms, to mitigate unintended
torque production during charging. Some
approaches employ mechanical switches to
reconfigure  stator  windings,  facilitating
connection to the three-phase grid while
suppressing undesired torque. However, these
methods can degrade system performance,
introduce mechanical wear, increase spatial
requirements, and potentially reduce long-term
reliability [13]. The three-phase charger topology
presented in [14] integrates a current source
converter (CSC) for AC/DC conversion with a
dual-inverter drive. This design offers benefits
such as reduced current ripple magnitude and
higher ripple frequency, allowing for more
compact LC filtering. Nevertheless, it operates
unidirectionally and lacks support for Vehicle-to-
Grid (V2G) functionality. To enable bidirectional
operation, [15] proposes a polarity inversion
module, which may reduce overall system
reliability.

This paper presents a bidirectional three-phase
integrated on-board charger topology featuring
flexible input sources and direct integration with
renewable energy systems, based on a dual-
inverter drive. The dual-inverter effectively
reduces current ripple, allowing for a more
compact LC filter design on the grid side and
reducing the need for extensive motor winding

A Bidirectional CSC

inductance. The incorporated bidirectional current
source converter (B-CSC) offers several benefits,
including power factor correction, rapid dynamic
response, and improved waveform quality. The
topology supports bidirectional power flow across
all power factors, enabling V2G functionality.
This facilitates multiple grid services such as
reactive power support for voltage regulation,
load leveling, peak shaving, frequency
stabilization, and backup power supply during
grid outages. Additionally, the system can switch
off all B-CSC switches and operate via the dual
inverter for motor operation in propulsion mode.
The proposed charger can be flexibly connected to
single-phase and three-phase grids, as well as DC
sources such as DC fast-charging stations, DC
microgrids, and renewable energy sources like
photovoltaic (PV) systems. PV can be directly
connected to the proposed charger without the
need for an external Maximum Power Point
Tracking (MPPT) stage due to the built-in MPPT
algorithm.

The system operating and control principles and
charger design are detailed in Section 2, Section 3
presents the simulation results, and Section 4
provides the conclusions.

2. System operation

Figure 1 Shows the structure of the proposed
integrated charger, which consists of a
bidirectional current source converter, an LC
filter, two traction inverters, an open-end winding
motor, and two identical battery packs. Notably,
the design can accommodate hybrid energy
storage configurations, such as combined battery-
supercapacitor systems. During charging, the dual
inverters function as a pair of DC/DC converters
to manage battery charging, while in propulsion
mode, they operate as DC/AC converters to drive
the motor.
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Figure 1. The proposed bidirectional integrated charger with flexible input sources
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The AC outputs of the inverters connect directly
to the motor’s open-end windings, with the
motor’s leakage inductance shared between the
two inverter networks, thereby eliminating the
need for additional magnetic components in the
charging circuit. The use of dual traction inverters
reduces current ripple and uses differential
connections for enhanced EV  charging
performance. This section presents a detailed
analysis of the system’s operating and control
principles, including the B-CSC, dual inverters,
and the filter.

2.1. B-CSC operating principles
In contrast to three-phase voltage source
converters (VSCs), three-phase current source
converters (CSCs) provide a wider output voltage
range, reduced inrush current during start-up, and
inherent short-circuit current limitation. These
characteristics make CSCs particularly suitable
for applications involving high-voltage input and
high-current, low-voltage output, such as in
telecommunication power supplies and electric
vehicle on-board chargers where efficiency and
grid current quality are critical performance
metrics [16].
The modulation of the B-CSC requires continuous
current flow through the DC-link, as any
interruption can lead to voltage spikes across the
DC-link. While several modulation methods exist
for B-CSCs, the current space vector modulation
(CSVM) method will be used for the proposed
charger because CSVM is simple to implement
and provides fast dynamic response for control of
grid current magnitude and phase angle [17].
CSVM shapes the input current by nine
permissible switching states—six active and three
zero vectors—distributed across six symmetrical
sectors in the complex plane. The incoming three-
phase current to the B-CSC is controlled to track a
reference current vector I, defined as:
‘T’ 1 [COS?]

SIN ©

)

in which T denotes the magnitude and 0 represents
the phase angle of the current vector 1. Within a

single sampling cycle, T is synthesized using two
active vectors and one zero vector. As an
illustrative case, the corresponding duty ratios are
presented for Sector I; due to the system's
symmetry, the same approach can be extended to

all other sectors. In sector I, shaping T is achieved
by sequentially switching the B-CSC to the I,
vector for T4, the I, vector for T,, and the I, vector
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for T, , all within one B-CSC switching period.
The duty ratio expressions are derived as follows:

m _
Ty = M, Ts_pcsc SIN (E - 9) (2)
n_
T, = M, Ts_gcsc SIN (E + @) 3
To=Ts_gesc— T — T, (4)
I — I
ForR — s <0< p (5)

The parameter M; denotes the B-CSC modulation
index while Ts_pcsc Stands for one switching
period of the B-CSC. The selected switching
pattern is specifically designed to minimize
current ripple and reduce the switching frequency
within each cycle, thereby lowering overall power
losses [18].

The B-CSC used in the proposed charger topology
integrates a three-phase current source inverter
(3ph-CSl) and a three-phase three-switch current
source  rectifier  (3ph-CSR) [19]. This
configuration supports bidirectional operation,
functioning either as a rectifier enabling G2V
mode or as an inverter enabling V2G mode.
Switch conduction patterns required to achieve
each vector for both V2G and G2V modes are
outlined in [20 ]. CSVM scheme is illustrated in
the ap reference in figure 2.

Figure 2. Sectors and vectors of CSVM

2.2. Dual-Inverter operating principles

Charger architectures employing a single battery
and one inverter per motor are constrained in grid
voltage compatibility, as the battery's minimum
state of charge must exceed the peak amplitude of
the grid AC voltage. Alternatively, dual-inverter
configurations enable the use of higher-voltage
motors by leveraging two conventional low-
voltage inverters, thereby enhancing overall
system efficiency, improving compatibility with
grid voltage levels, and mitigating harmonic
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distortion and n induced stress [21]. This

configuration integrates an open-end winding
machine between dual traction inverters,
leveraging the motor’s leakage inductance as an
effective filtering element. Due to the constraints
imposed by the motor’s magnetic design on
available leakage inductance, advanced control
techniques are required to suppress high-
frequency ripple components. To address this, two
distinct modulation strategies are applied. One of
these involves phase-interleaved switching known
as inter-winding interleaving, where the carrier
signals of the inverter half-bridges are offset by
one-third of the submodule switching period

(%). This  coordination  enables the
bidirectional converter to operate at harmonic
frequencies aligned with integer multiples of
TS—dil’lV H H H H H
=== resulting in reduced current ripple within

the DC-link and more stable charging currents to
the battery system. Another advanced modulation
method, referred to as inter-inverter interleaving,

introduces a temporal shift of ~s=4i2v petween the

switching carriers of the half-bridges in the two
inverters. This synchronization forces the system
to operate at harmonic intervals aligned with

integer multiples of @ effectively reducing

ripple in both the DC-link and motor phase
currents. When combined with inter-winding
interleaving, the benefits of both techniques are

simultaneously realized. Under this dual-
interleaving scheme, the switching cycle becomes

T _ ) .
—==2in¥, ensuring consistent and periodic current

sampling. This results in a higher effective
switching frequency, which suppresses grid-side
harmonic emissions and may allow for smaller
input filter. Additionally, it reduces the switching
requirements of the main traction inverters while
maintaining a sinusoidal current waveform in the
machine [22]. A detailed overview of these
interleaving strategies and their benefits is
presented in Table 1.

The proposed topology confines current flow
within the machine windings exclusively to zero-
sequence components, thereby eliminating torque
production. To maintain this condition, the
operational states of all phases in the traction
inverters must remain precisely identical. The
duty cycles associated with the applied switching
patterns are specified in [23]. As shown in figure
1, the upper and lower traction inverters are
arranged.

The dual inverters are connected in series,
allowing the charger to utilize the combined
voltage of both battery packs. This design
overcomes the voltage limitations inherent in
single-battery systems and enables effective
interfacing ~ with  higher-voltage  systems,
enhancing the flexibility and scalability of the
onboard charging system.

Table 1. detailed overview of dual inverter interleaved switching strategies

Inter-winding Inter-inverter Maximum operable f;_gcsc Current ripple mitigation
Not adopted Not adopted fo—dinv None
Adopted Not adopted 3fs_dinv Ipc, ig1, ige
Not adopted Adopted 2f_dinv Ipc tums fvms fwm
Adopted Adopted 6fs_qiny I lums fvms iwmo 181, iB2

2.3. Grid-Side LC filter design

The filter design of the B-CSC is mainly
determined by the allowable limits on the grid
current THD and input voltage distortion. The
switching operations within the B-CSC generate
high-frequency harmonic components in the line
currents, which can be effectively suppressed by
using a passive LC filter. In this study, a filter
design based on CSVM is presented to extract
smooth, sinusoidal currents from the grid. To
improve system stability and dampen oscillations
at the LC resonant frequency, damping resistors
are connected in parallel with the filter inductors.
Although virtual damping methods offer a lossless
alternative, they require additional computational
effort and more advanced sensing capabilities
[24].
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A frequency domain analysis of the B-CSC is
conducted to inform the filter design process. The
LC filter parameters are determined through an
analytical evaluation of the input current ripple,
ensuring that the RMS magnitude of the grid
current ripple remains within prescribed limits to
achieve the desired THD. According to IEEE 519,
the THD of the grid current must not exceed 5%
of its fundamental frequency component.
Additionally, for optimal B-CSC performance, the
input voltage should exhibit minimal high-order
harmonic content. Achieving efficient operation
requires the extraction of grid current with a
power factor approaching unity, while minimizing
the fundamental frequency voltage drop across the
input filter. The LC filter parameters are
determined by applying the design equations
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outlined in [25], which incorporate the specified
limits on current ripple, harmonic distortion, and
voltage drop, ensuring that the filter design aligns
with relevant standards.

2.4. Direct PV connection and MPPT

PV panels can be directly connected to the
proposed charger without the need for an external
converter for MPPT. This connection can be
implemented in two ways: by connecting the PV
panels to two phases of the B-CSC input and
turning on corresponding phase-specific switches,
or by bypassing the B-CSC and directly
connecting to the DC-link terminals (points A and
B in Figure 1). While bypassing the B-CSC can
reduce conduction losses in the semiconductor
switches, it requires an additional terminal for
connection. Furthermore, this configuration makes
it infeasible to use the input LC filter, which is
typically employed to reduce PV current ripple.
Figure 3 illustrates the MPPT control loop for
direct PV connection, which determines the DC-
link current reference value (Ipc—rer). MPPT can
be implemented using common techniques such as
Perturb and Observe (P&O), Incremental
Conductance, or advanced methods like Global
Maximum Power Point Tracking (GMPPT)
strategies to handle partial shading conditions
[26]. In the proposed system, the state of charge
(SoC) of the battery is integrated into the MPPT
algorithm. The tracking process is halted
whenever any operational limit—such as
maximum SoC, battery current, or battery
voltage—is reached. Otherwise, the system
continues to extract and deliver the maximum
available PV power to the batteries.

2.5. Control principles

MPPT
with Battery
voltage/current
loc »| limit (CV/CC)

Constant Current (CC) Control

This study initially considered an idealized
symmetrical system with balanced energy sources,
enabling the controller to apply identical duty
cycles to both the upper and lower power traction
inverters. To manage scenarios in which the
battery packs possess different state of charges
during charging, the duty cycles are decomposed
into sum and difference components. This charger
is designed to regulate the DC inductor current
through the sum component, while the difference
component facilitates the equalization of stored
energy between the split energy sources.

2.5.1. Inductor current control

As shown in Figure 3, three PI controllers are
employed to regulate the current in parallel
phases, ensuring constant current operation. Since
the DC current at the vehicle inlet is typically
managed, each inductor current is set to track one-
third of the total DC bus current reference. The
system dynamics are formulated by expressing the
duty cycles in terms of their sum (D) and
difference (Ad), as defined in [27]. Ideally, when
battery voltages are balanced, the DC current is
controlled predominantly by the sum component.
However, the difference component remains
coupled to the current controller. To maintain
stability, the wvoltage balancing controller is
designed with a slower response relative to the
current controller, allowing the term (V1- V2) Ad
to be considered as a quasi-static offset within the
current control timeframe.

2.5.2. Energy balancing

As illustrated in Figure 3, the voltage balancing
controller processes the voltage difference
between the two sources and generates the
differential duty term Ad. This strategy ensures
that when the upper.

Traction Inverter |

Vrec

i N, Open-ended
) )
\ winding motor
N _ 7/ N

\+_/ Traction Inverter 11

Ml
I
V,

Figure 3. charger full control strategy.
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As illustrated in Figure 3, the voltage balancing
controller processes the voltage difference
between the two sources and generates the
differential duty term Ad. This strategy ensures
that when the upper battery pack is more charged
than the lower one, the lower traction inverter is
switched more frequently, redistributing power to
balance the energy levels. Although both battery
packs are charged concurrently, the introduction
of this offset shifts the power flow to correct the
imbalance. To prevent the differential duty
adjustment from exceeding the converter's
operational constraints, a limiter is applied at the
output of the voltage balancing controller [28].

3. Simulation results
A full-switch model of the proposed integrated
charger, with the parameters provided in Table 2,
was developed and simulated in
MATLAB/Simulink. The simulation outcomes
confirm the following:

e Effective MPPT implementation for the

e Current control functionality.
e Zero average torque production while
charging.
e Current ripple reduction through the
proposed interleaved switching.
e Supporting G2V and V2G operating
modes
The P&O algorithm is one of the most widely
used strategies for MPPT, owing to its algorithmic
simplicity and reliable tracking performance. This
approach works by slightly changing the PV
system’s current and then observing how the
output power responds. This change in power is
compared to the previous value to determine
whether the system is moving toward or away
from the maximum power point (MPP). This
power variation is compared against its prior
value to infer the direction of system response. A
positive differential suggests motion toward MPP,
justifying a continuation of the perturbation in the
same direction.

PV system.
Table 2. System Parameters

System parameter Symbol Value

Motor winding leakage inductance Lyms Lyms Lum 0.5 mQ
Motor winding resistance Rms Roms Rvm 55 mQ
Dual inverter switching frequency fs—ainv 10 kHz
DC-link capacitance Ci0,Cy0 49 mF
Battery internal resistance Ri6, Ry 48 mQ
Filter inductance L 32.6 uH

Filter capacitance c 63 uF

Filter damping resistance Raamp 150 Q
PV maximum power  — 8.82 kW
PV voltage at maximum power Vinpp 363.6 V
PV short circuit current I 8.61A

PV temperature Temp 25°C

PV open circuit voltage Ve 374V

In contrast, a negative differential implies
deviation from the MPP, prompting a reversal of
the perturbation direction. This iterative process is
sustained until the power differential term
approaches zero, signifying that the system has
reached the MPP. With changes in irradiance
while the temperature remains constant, the output
current of the PV system varies according to the
characteristic curve depicted in figure 4.

As shown in figure 5, the output power also
changes proportionally with irradiance, and the
MPP is effectively tracked.

Figure 6 illustrates the dynamic system response
to a step change in current applied at t = 1.5 s,
where the inductor reference current is increased
from 7A to 9A. This adjustment results in a
corresponding rise in total input power, DC bus

current, and the current supplied to the battery
packs.

D initially decreases to accommodate the
increased current demand and stabilizes at its new
steady-state value. Thus, the constant current
control strategy effectively manages dynamic
changes, ensuring rapid stabilization of system
variables.

Figure 7(b) shows the DC link current obtained
using both interleaving methods, while Figure
7(a) shows the DC link current obtained using
both interleaving methods current waveforms
without interleaved switching for comparison.
Under the interleaved switching condition, the
harmonic reduction of the DC link current is
confirmed.
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For a symmetrical machine, the phase currents are
identical. Figure 8 shows that the motor currents
constitute a zero-sequence set, which leads to zero
average torque production by the machine. Figure
9 illustrates bidirectional power flow functionality
of the charger when connected to a 3ph AC
source, enabling not only energy transfer to the
EV but also reverse power delivery to the grid.
This allows the charger to provide grid services.
Moreover, the topology operates at near-unity
power factor, achieving a grid-side power factor
greater than 0.995. It also complies with the IEEE
519 standard for grid harmonics, with THD levels
of 2.8% in G2V mode and 0.79% in V2G mode.
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4. Conclusion

This paper presented a bidirectional integrated on-
board charger for EVs that supports the capability
to flexibly draw power from various AC and DC
sources, including direct PV connections. By
leveraging a dual-inverter, open-end winding
machine configuration, and B-CSC, the proposed
design enables efficient power conversion with
reduced current ripple, minimized torque
production during charging, and enhanced grid
compatibility. The use of the B-CSC ensures high-
quality grid interaction with inherent current
limiting, low total harmonic distortion, and full
V2G capability.

Additionally, the built-in MPPT control allows
direct PV integration without external DC-DC
converters, further increasing system efficiency
and reducing cost. Simulation results validate the
effectiveness of the proposed system in
maintaining stable current control, ensuring
battery voltage balancing, suppressing ripple
currents, and accurately tracking the MPP in PV
mode. The presented charger topology is an
efficient, highly integrated, scalable, and reliable
solution for next-generation EV  chargers,
particularly in smart-grid and renewable-powered
scenarios.
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