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Abstract— A major component in accelerating the broad adoption of electric vehicles (EVs)
is a decrease in the time it takes to charge their batteries. The upfront and ongoing expenses
of commercial off-board high-power DC fast-charging stations are rather substantial, whereas
the typical on-board Type-1 and Type-2 AC chargers, with ratings ranging from 3.3 kW to 19
kW, need lengthy charging times. This research suggests a method to charge electric vehicle
batteries faster using a combination of AC and DC currents. The suggested method allows for
the use of both the on-board Type-2 AC charger and the drivetrain-integrated DC charger to
charge the electric vehicle's battery at the same time. Using the neutral point (N) of the EV
motor windings and the negative rail (O) of the drivetrain inverter, a DC input port (N(+),
O(-)) is created for drivetrain-integrated DC charging. This DC input connector may receive
electricity from DC microgrids that are based on renewable energy, solar roofs, and other
electric vehicle batteries. By repurposing the motor windings as filter inductors, the electric
vehicle's drivetrain inverter may be operated as an integrated interleaved DC-DC converter
(IDC). In place of the traditional PI controller, an ANFIS-based DC-link voltage controller is
suggested to guarantee adaptive and robust functioning while both AC and DC charging are
occurring at the same time. The suggested controller regulates the common DC-link voltage
while efficiently handling nonlinearities in the system and fluctuations in source and load
circumstances. Through finite element method (FEM) co-simulation using ANSYS Maxwell
and Simplorer, the performance of the electric vehicle motor and drivetrain-integrated DC
charger is validated with the suggested ANFIS-based control system. In addition, a scaled
experimental prototype is created to confirm that the combined AC-DC charging strategy is
feasible and practical.

Keywords: Electric vehicles, combinatory AC-DC charging, drivetrain-integrated charger,
integrated DC-DC converter, DC-link voltage control, adaptive neuro-fuzzy inference system
(ANFIS), onboard charger, DC microgrid.

I. INTRODUCTION advancements, is the lengthy time it takes
Increasing environmental concerns, strict to charge the batteries [1] — [3]. Therefore,
pollution restrictions, and breakthroughs in it is crucial to do research on ways to
battery and power electronic technology shorten charging times without drastically
are driving the fast expansion of electric raising system costs or infrastructural
vehicles (EVs). One of the key obstacles to complexity,. Two main types of
widespread EV adoption, even with these conventional electric vehicle charging
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infrastructure exist: on-board AC chargers
and off-board DC fast chargers. Despite its
ability to offer charging power surpassing
50 kW, high-power off-board DC fast-
charging stations are not widely used
because to their high maintenance costs,
large initial investment, and the need to
reinforce the utility grid [4]. On the other
hand, electric vehicles with big battery
packs require longer charging times when
using on-board AC chargers, which are
both affordable and widely accessible
(Type-1 and Type-2 chargers with ratings
between 3.3 kW and 19 kW) [5].
There has been a rise in interest in
drivetrain-integrated charging technologies

as a means to circumvent these
restrictions. These methods allow for
higher charging power levels while

reducing hardware redundancy, weight,
and cost by reusing existing drivetrain
components, such as the motor windings
and traction inverter [6]-[9]. Using the
motor windings as filter inductors, many
investigations have shown that the traction
inverter may be operated as a bidirectional
DC-DC or AC-DC converter when in
charging modes [11]. While there are
drivetrain-integrated chargers on the
market, the vast majority of them can only
charge in one of two modes: AC or DC.
Direct DC charging of EVs has also
become more feasible due to the
proliferation of DC microgrids and
renewable  energy Avoiding
numerous rounds of AC-DC conversion
can greatly enhance charging efficiency
when using DC based on

Sources.

sources
renewable energy, such as energy storage
systems, vehicle-to-vehicle (V2V) power
transmission, and solar roofs [12]. For
these DC sources to be used efficiently,
charging structures need to be flexible
enough to take power from numerous
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sources at once. This study presents a
hybrid AC-DC charging system that allows
electric vehicle batteries to be charged
using both the on-board Type-2 AC
charger and a DC charger that is built into
the drivetrain both at once. By connecting
the EV motor windings' neutral point with
the drivetrain inverter's negative rail, a
new DC input port is created, enabling
direct connection to external DC sources
such DC microgrids and renewable power
systems. By converting the electric
vehicle's drivetrain inverter into an
integrated interleaved DC-DC converter
(IDC) and using the motor windings as
filter inductors, extra passive components
may be
Managing the shared DC-link voltage in
the face of nonlinear system dynamics and
fluctuating source and load circumstances
is a significant obstacle to the efficient
functioning of combined AC-DC charging
Under these

proportional-integral

omitted.

circumstances,
(PD)
controllers are not very resilient and need
to be fine-tuned often [13]. To solve this
problem, this study suggests a DC-link
voltage controller based on an adaptive
neuro-fuzzy inference system (ANFIS).
The ANFIS controller effectively handles
system nonlinearities and parameter
variations[14] - [18] by integrating the

systems.
traditional

learning and reasoning abilities of neural
networks with fuzzy logic, which results in
adaptive and resilient performance.
Through finite element method (FEM) co-
simulation using ANSYS Maxwell and
Simplorer, we evaluate the efficacy of the

proposed combinatory charging
architecture and ANFIS-based control
scheme [19]. This ensures correct

modeling of electromagnetic and power
electronic interactions. In addition, we
build a scaled experimental prototype to
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show how well the system works when
charged with both AC and DC power
sources at the same time.
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Fig. 1. Drivetrain integrated on-board EV
charger configurations of the proposed
System.
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Fig. 2. Power architecture showing drive
train, EV  motor, on-board power
converters with power input ports of an
EV.
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Fig. 3. Detailed circuit diagram of the
proposed combinatory ac and dc charging
approach.

II. TOPOLOGY OF THE PROPOSED
COMBINATORY AC-DC EV
CHARGING SYSTEM

The topology of the proposed combinatory
AC and DC EV charging system is
illustrated in Fig. 3. The proposed

configuration enables simultaneous
utilization of conventional on-board AC
charging infrastructure and an additional
drivetrain-integrated DC charging
interface, without introducing significant
additional hardware. A typical EV
passenger car power architecture consists
of an on-board Type-1 or Type-2 AC
charger, a high-power drivetrain inverter,
an EV motor, a battery-side DC-DC
converter, and the traction battery pack, as
shown in Fig. 2. The on-board AC charger
accepts power from a single-phase or
three-phase AC grid through the Type-2
inlet and delivers regulated DC power to
the common DC-link of the drivetrain. For
high-power DC fast charging, the battery
terminals are externally accessible through
a CHAdeMO or CCS2 Combo port. In
most commercial EVs, the CCS2 Combo
port integrates both the Type-2 AC and DC
fast-charging interfaces into a single inlet.
In the proposed topology, in addition to the
existing AC and DC charging ports, a new
DC input port (N(+), O(-)) is introduced.
The positive terminal of this port, N(+), is
derived from the neutral point of the EV
motor stator windings, while the negative
terminal, O(—), is connected to the
negative rail of the drivetrain inverter DC
bus. This configuration allows direct
interfacing of external DC sources—such
as solar rooftop systems, DC microgrids,
stationary energy storage systems, and
other EV  batteries—with the EV
drivetrain. The drivetrain inverter is
reconfigured during charging operation to
function as a three-legged interleaved
DC-DC converter (IDC). The stator
windings of the EV motor are reutilized as
interleaved  filter inductors, thereby
eliminating the need for additional passive
components. Each inverter leg operates
with appropriate gating signals to achieve
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interleaved boost conversion from the DC exceeds 600 V, allowing a wide

input port voltage V; gto the common DC-
link voltage. This reuse of drivetrain
components significantly improves power
density and reduces system cost and
weight.

The proposed topology supports three
distinct charging modes:

1. AC-only charging, where the EV
battery is charged exclusively through the
on-board Type-2 AC charger.

2. DC-only charging, where the EV
battery is charged from an external DC
source through the drivetrain-integrated
IDC via the DC input port.

3. Combined AC-DC charging, where
both the on-board AC charger and the
integrated IDC operate simultaneously to
deliver higher charging power to the
battery.

In the proposed system, the DC-link is
common to the output of the three-phase
active rectifier of the on-board AC charger,
the drivetrain-integrated IDC, and the
battery-side = DC-DC converter. The
battery-side DC-DC converter, which
supports bidirectional power flow, is
responsible for regulating the DC-link
voltage to its rated value while transferring
the combined charging power to the
battery pack. Maintaining a stable DC-link
voltage is critical to prevent circulating
currents between the AC charger output
and the IDC output during combined
charging operation. The IDC operates in
boost mode to elevate the DC input port
voltage V,;.gto the DC-link voltage level.
To ensure safe operation, V;.pmust remain
lower than the rated DC-link voltage;
otherwise, the antiparallel diodes of the
inverter switches (D7, D9, and D11) may
become forward biased, leading to
uncontrolled rise in DC-link voltage. In
typical EV drivetrains, the DC-link voltage
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permissible DC input voltage range from
approximately 150 V to 500 V. This wide
voltage compatibility enables effective
utilization of DC sources such as solar
photovoltaic DC microgrids,
energy storage systems, and vehicle-to-
vehicle (V2V) energy sharing platforms. In
particular, V2V energy sharing schemes,
such as the cooperative
presented in [22], require flexible, high-
power DC interfaces. The proposed DC
input port and drivetrain-integrated IDC
provide a suitable solution for accepting
power from other EV batteries operating in
the 350 V to 450 V range, enabling faster
and more flexible EV charging.

systems,

framework

III. CONTROL METHODOLOGY

The proposed combinatory AC-DC EV
charging system employs a hierarchical
control strategy to ensure stable DC-link
voltage regulation, coordinated power
sharing between multiple sources, and safe
battery charging under varying operating
conditions. The overall control structure
consists of three primary control layers: (i)
on-board Type-2 AC charger control, (ii)
drivetrain-integrated interleaved DC-DC
converter (IDC) control, and (iii) battery-
side DC-DC converter control.

A. On-Board AC Charger Control

The on-board Type-2 AC charger consists
of a three-phase active front-end (AFE)
rectifier connected to the AC grid. The
AFE operates under unity power factor
control using a synchronous reference
frame (SRF) current control strategy. The
primary control objectives of the AFE are:
1. Regulation of AC-side currents to
follow their references.

2. Maintenance of unity power factor at the
grid interface.
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3. Delivery of regulated DC power to the
common DC-link.

The outer voltage control loop generates
the DC-link current reference, while the
inner current control loop ensures fast
tracking of the reference currents. During
combined AC-DC charging operation, the
AFE contributes a portion of the required
DC-link power based on grid availability
and charger rating.

B. Drivetrain-Integrated Interleaved
DC-DC Converter Control

During DC charging operation, the
drivetrain inverter is reconfigured as a
three-phase interleaved boost DC-DC
converter. Each inverter leg operates with
a phase-shifted pulse-width modulation
(PWM) strategy, resulting in interleaved
inductor currents through the motor stator
windings. This interleaving significantly
reduces input current ripple and DC-link
voltage ripple. The control
objective of the IDC is to regulate the
power drawn from the external DC source

primary

connected at the DC input port V;.g. The
IDC operates in current-controlled mode,
where the reference current is generated
based on the DC-link voltage regulation
requirement. The duty cycle of each
inverter leg is adjusted to control the
average inductor current and hence the
power transferred to the DC-link.

C. Battery-Side DC-DC Converter and
DC-Link Regulation

The battery-side DC-DC converter is
bidirectional and operates as a boost
converter during drive mode and as a buck
converter during charging mode. In the
proposed system, this converter is
responsible for regulating the DC-link
voltage to its reference value V. under all
charging scenarios. During combined AC—
DC charging, the battery-side DC-DC
converter absorbs the total charging power
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supplied by both the AFE rectifier and the
IDC. The controller ensures smooth power
flow into the battery while maintaining a
stable DC-link voltage and preventing
circulating currents between the charging
sources.

D. ANFIS-Based DC-Link Voltage
Controller

To address the nonlinear dynamics and
parameter inherent in the
combined charging system, an Adaptive
Neuro-Fuzzy Inference System (ANFIS)—
based controller is employed for DC-link
voltage regulation. The conventional PI
controller is replaced by the ANFIS
controller in the outer voltage control loop
of the battery-side DC-DC converter. The
ANFIS controller uses the DC-link voltage
error e(k) = V;. — Vy.(k)and the change
in error Ae(k)as its input variables. Based

variations

on a set of fuzzy inference rules and
adaptive learning algorithms, the ANFIS
controller generates the reference current
for the battery-side DC-DC converter.
This adaptive control structure enables
robust DC-link regulation under rapid
changes in AC and DC source availability,
load conditions, and system nonlinearities.

IV. MATHEMATICAL ANALYSIS OF

THE PROPOSED CHARGING
SYSTEM
A. Mathematical Model of the
Integrated Interleaved DC-DC
Converter
During DC charging operation, each

inverter leg of the drivetrain inverter
operates as a boost converter. The motor
stator windings act as filter inductors with
The
averaged state-space equations of a single
IDC phase can be expressed as

dij,
Sdt

inductance Lgand resistance R;.

L =d Vg — (1 —d) Vg,
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where dis the duty ratio of the inverter leg,
iris the
external DC input voltage, V,;.is the DC-
link Caqcis  the  DC-link
capacitance, i4ggis the current contributed

inductor current, Vj.gis the

voltage,

by the AC charger, and ip,is the battery
charging current.
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Fig. 4. Control block diagram of the
proposed combinatory AC-DC EV
charging system with ANFIS-based DC-
link voltage regulation.
Due to interleaved operation with 120°
phase shift between inverter legs, the net
DC-link current ripple 1is significantly
reduced, 1improving overall system
performance.
B. DC-Link Voltage Dynamics
The DC-link voltage dynamics are
governed by the net power balance at the
DC-link. The instantaneous power balance
can be expressed as

Parg + Pipc = Ppat + Pross
Neglecting losses for control-oriented
analysis, the DC-link voltage dynamics

can be approximated as

v, ) . .
CacVac d_tc = Vac(lare + Uipc — lbar)

Equation (4) highlights the nonlinear
relationship between the DC-link voltage
and the charging currents, which motivates
the use of an adaptive control approach.

C. Battery-Side DC-DC Converter
Model

During charging mode, the battery-side
DC-DC converter operates in buck mode.

This article can be downloaded from https://ijerst.org/index.php/ijerst

The averaged inductor current dynamics
are given by

dip
Ly o dpVac — Vpar
dVbat . .
bTar lp — lioad

where L,is the battery-side inductance,
dpis the duty ratio of the battery-side
converter, Vp,¢1s the battery voltage, and
[10aqls the battery charging current.

D. ANFIS-Based DC-Link Control Law
The ANFIS controller maps the nonlinear
relationship between the DC-link voltage
error and the required battery-side current
The law can be

reference. control

expressed as
ipat = fanris(e, Ae)

where fynris(-)represents the nonlinear
mapping implemented by the trained
ANFIS network. By adaptively tuning the
membership functions and rule parameters,
the controller fast dynamic
response and robust DC-link voltage
regulation under combined AC-DC
charging operation.

€nsures

V. RESULTS

The proposed combinatory AC and DC EV
charging system is simulated in
MATLAB/Simulink using the parameters
listed in Table II. The performance of the
system under AC-only, DC-only, and
combined AC-DC charging modes 1is
evaluated, with particular emphasis on the
effectiveness of the proposed ANFIS-
based DC-link voltage controller.

Casel: Type-2 AC Charging
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Fig. 5. illustrates the input phase
voltages V' Von' Ven)and the
corresponding grid

(Iya' Iyp IgC)-

currents

The three-phase AC charging operation
through the on-board Type-2 charger is
carried out at a rated power of 19.4 kW.
The phase currents are observed to be
in phase with their
respective phase voltages, confirming
unity power factor (UPF) operation of the
Type-2 on-board charger. This validates
the proper operation of the synchronous

sinusoidal and

reference frame (SRF) control strategy
under AC charging
establishes a stable baseline for subsequent
combined charging operation.

conditions and

Case2: IDC Operation and Interleaving
Performance

Fig. 6. Shows the inductor currents of
the three inverter legs (i, iy i.), DC
input current iz.g, external DC source
voltage V ;..

The switching behavior and current
sharing of the drivetrain-integrated
interleaved DC-DC converter (IDC) under
DC charging operation are presented in
Fig. 6. The top trace shows the inductor
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currents of the three inverter legs
(iy’ iy’ i.), which are phase-shifted by 120°
as a result of the interleaved PWM
(IPWM) control strategy. This confirms
balanced current sharing among the
inverter legs. The middle trace represents
the resultant DC input current i;.g, which
exhibits reduced ripple
compared to individual phase currents.
This ripple reduction is achieved due to the
interleaving effect as well as the relatively
high leakage inductance of the EV motor
stator windings reused as filter inductors.

The bottom trace in Fig. 6 shows the

significantly

external DC source voltage V;.g, which
remains within the permissible operating
range during the charging process. The DC
current reference, generated based on the
proposed control law, ensures that the
power drawn from the external DC source
remains within acceptable limits.

Case3: Combined AC-DC Charging
and DC-Link Voltage Regulation

L.

Fig. 7. Simulation results during

combined AC-DC charging: average
power supplied by the Type-2 on-board
charger P, (top trace), power

transferred through the drivetrain-
integrated IDC P,.(middle trace), and
regulated DC-link voltage V;.(bottom
trace).

Fig. 7 presents the dynamic performance

of the proposed combinatory AC-DC
charging scheme in terms of power
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contribution from the AC charger and the
IDC, along with the DC-link voltage
regulation. The top trace shows the AC
charging power P,., which is maintained at
19.4 kW throughout the simulation. The
middle trace shows the DC power
contribution P;.from the IDC. For the
initial 1s, the DC power is intentionally
maintained at zero to demonstrate AC-only
charging operation, resulting in a charging
rate of approximately 0.4 C. Subsequently,
the IDC current reference is increased in
discrete steps corresponding to charging
rates of 0.56 C, 1.18 C, and 1.6 C. This
staged increase demonstrates the capability
of the proposed system to dynamically
scale  the  charging power by
simultaneously utilizing AC and DC
sources. The bottom trace of Fig. 7 shows
the DC-link voltage V;., which remains
tightly regulated at its reference value
despite sudden changes in DC charging
power. The absence of overshoot or
oscillations in the DC-link voltage clearly
demonstrates the superior dynamic
performance of the proposed ANFIS-based
DC-link controller. Unlike a conventional

PI controller, the ANFIS controller
effectively compensates for system
nonlinearities and coupling effects

between the AC charger and IDC, thereby
preventing  circulating  currents and
ensuring stable operation during combined
charging.

Case4: Battery Charging Performance
with ANFIS Control

|
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Fig. 8. Simulation results during
combined AC-DC charging: battery
charging current I,,(top trace), battery
terminal voltage V,(middle trace), and
battery charging power P, (bottom
trace).

The battery charging characteristics under
combined AC-DC charging was shown in
Fig. 8. The top trace shows the battery
charging current [,;, which increases
proportionally with the stepwise increase
in IDC power contribution. The middle
trace shows the battery terminal voltage
Vp, which increases smoothly without
abrupt transients, indicating safe charging
operation. The bottom trace shows the
Ppqt, which
reflects the combined contribution of the
AC charger and the IDC. The smooth
transition in battery current and power
during step changes in charging rate
highlights the effectiveness of the ANFIS-
based controller in managing fast dynamic
interactions among multiple power
sources. The adaptive nature of the ANFIS

battery charging power

controller enables rapid adjustment of the
battery-sidle DC-DC converter current
reference, ensuring stable DC-link voltage
regulation and improved charging response

compared to  conventional  linear
controllers.
CONCLUSION

This paper presented a combinatory AC—
DC charging approach for electric
vehicles, enabling simultaneous utilization
of an on-board Type-2 AC charger and a
drivetrain-integrated DC charging
interface. A new DC input port, formed
using the neutral point of the EV motor
windings and the negative rail of the
drivetrain inverter, allows the EV to accept
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power from external DC sources such as
energy systems and DC
microgrids. The drivetrain inverter was
reconfigured as an interleaved DC-DC
converter, with the motor stator windings
acting as  filter  inductors.  This
configuration supports flexible operation
under AC-only, DC-only, and combined
AC-DC charging modes, allowing
scalable charging rates depending on
source availability. An ANFIS-based DC-
link controller was implemented in
MATLAB/Simulink to regulate the DC-
link voltage under simultaneous multi-
source  charging. Simulation results
demonstrated that the ANFIS controller
effectively handles system nonlinearities
and dynamic interactions between the AC
charger and the integrated DC-DC
Stable  DC-link  voltage
regulation, reduced transient disturbances,
and smooth battery charging profiles were
achieved even during step changes in
charging power. The MATLAB/Simulink
simulations validated the feasibility and
effectiveness of the proposed combinatory
AC-DC charging strategy. Unity power
factor was achieved during AC charging,
interleaved operation of the DC-DC
converter reduced current ripple, and
battery and voltage profiles
confirmed safe and efficient charging.

renewable

converter.

current

These results indicate that the proposed
approach provides a reliable method for
faster and more flexible EV charging using
hybrid AC-DC power sources.
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