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Abstract— Significant effort has been dedicated to developing
integrated onboard charging circuits for electric vehicles, aiming
to improve cost, range anxiety, and charging convenience. The dual-
inverter drivetrain topology has attracted particular attention as a
platform for developing such solutions, being previously leveraged
for the implementation of dc and single-phase ac onboard charging.
This work proposes an integrated three-phase onboard charger
based on the dual-inverter drivetrain. The proposed converter is
implemented with minimal change to the dual inverter and no
additional power electronics by introducing a split-phase electric
machine. A mathematical model is developed, decomposing the
system into four decoupled subsystems, individually responsible for
charging, driving, grid common-mode current, and zero-sequence
current generation, respectively. In light of this model, a novel
space-vector pulsewidth modulation technique is introduced to en-
sure charging current control while generating no flux-producing,
nor zero-sequence currents, and having superior common-mode
performance. Simulation-based and experimental verification is
conducted on a 7.2-kW scaled-down prototype to prove the charg-
ing concept, as well as the common-mode current elimination.

Index Terms—Electric vehicle (EV) drivetrain, integrated
charger, modeling and control, onboard charger, transformerless.

I. INTRODUCTION

E LECTRIC vehicles (EVs) have recently gained significant
momentum. The market share and the variety of com-

mercially available models have grown over the last decade.
While transportation electrification has moved forward, cost,
range anxiety, and charging inconvenience have consistently
been identified as factors slowing EV adoption by the consumer
market [1]–[3].

One of the significant strategies to improve such factors is
the development of integrated charging topologies, an approach
reviewed in [4]–[6]. This strategy leverages preexisting parts of
the vehicle, such as the drivetrain, to implement the onboard
charger. Several integrated charging solutions have been pro-
posed for charging. Some approaches are as follows:
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Fig. 1. Integrated three-phase charger with split-phase open winding motor
architecture and six-leg inverter drivetrain [16].

1) Deploying multiphase machines for driving and using the
multiple neutral points of these machines to interface the
grid [7], [8], such that the machine leakage inductance
filters the switching content produced by the inverter dur-
ing charging operation. For these solutions, the drivetrain
inverter is the only power electronics required.

2) Using a front-end current source converter, and conducting
current through the zero-sequence of the machine, lever-
aging its leakage inductance [9]–[11].

3) Using a front-end converter, and conducting current
through the positive sequence of the machine [12]. While
this solution utilizes the machine’s full magnetizing in-
ductance, it requires a front-end converter and produces
significant torque at the grid frequency.

4) Using a dual-inverter drivetrain, fed by a dual battery
pack, with the machine leakage inductance used for fil-
tering purposes and common-mode voltage between both
batteries being used to oppose a single-phase ac or dc
grid [13]–[15].

One of the approaches used to implement three-phase inte-
grated chargers relies on the use of split-phase open wound
motors. These motors have each one of the stator phases split
into two windings, hereinafter termed half-windings (HWs).
The connection point between two HWs is used to interface
a three-phase grid, as shown in Fig. 1. With an appropriate
modulation and control scheme, the current can divide equally
between the top and bottom HWs of each phase, with the mag-
netic field generated, by a given HW, through the rotor canceling
its complementary HW. As a result, the charger leverages the
machine leakage inductance without producing any torque while
using the inverter to produce grid-opposing voltage. Systems
based on this idea are explored in [16]–[20].

A similar approach has been used with asymmetrical
six-phase machines. In this strategy, contactors are used to
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reconfigure the motor when in charging mode, enabling grid
connection. During driving, all phases of the machine are con-
nected, forming a neutral point. Solutions exploring this strategy
are discussed in [21]–[23], including control strategies to min-
imize torque production. Also using contactors, some works
have proposed integrated battery chargers using three-phase
single inverters and split-phase machines [24], [25]. While these
solutions can be beneficial in some scenarios, given the high
current ratings required for driving, contactors may become
significantly costly and, in some applications, impractical.

While the approaches previously discussed stand to signif-
icantly improve EV mass and production cost, they all fail to
address the issue of grid common-mode (CM) leakage currents,
and therefore run the risk of being impractical. Defined as the
sum of the currents flowing from all connection points to the
grid, CM currents can represent a safety hazard. To prevent such
hazard, some standards pose strict limits on CM currents and
require the inclusion of a ground fault current interrupter, de-
signed to trip and open the circuit when the CM current exceeds
20 MIU, i.e., 20 mApeak at the output of a prescribed low-pass
filter [26], [27]. The issue is particularly pronounced for the
solution introduced in [9], which has been commercialized and
has been reported to suffer with CM-induced nuisance tripping.

Interest in transformerless and integrated chargers has been
documented. Yet, while CM currents have been extensively
addressed in photovoltaic generation [28]–[30], there are few so-
lutions addressing CM voltage production for integrated charg-
ers [31]–[33]. Zhang et al. [34] list, as possible solutions, 1)
disconnection of dc-link capacitors, which is not feasible in
commercial vehicles, 2) excessive ac CM filtering, which may be
expensive, 3) alternative modulation schemes, and 4) active CM
filters, which might be infeasible due to the increased complex-
ity. A prominent solution suggests grounding the vehicle chassis
through a high impedance [35]. While this solution does reduce
grid leakage currents, it jeopardizes the guaranty of zero touch
potential at the chassis. A safer solution to enable the benefits
of transformerless integrated chargers can therefore be greatly
beneficial.

This article introduces a novel topology, featuring the dual-
inverter drivetrain, fed by a dual battery pack, driving a split-
phase machine. This drivetrain is selected as a base for the
integrated charging topology due to its previously explored com-
petitive driving features: 1) It operates well over a wide range
of speeds [36]; 2) it has improved current switching harmonic
profile [37], [38]; 3) it shows resiliency under some faults [39],
[40]; and 4) it can be used to control power flow between the
two dc-links’ energy sources [41], [42].

The main contributions of this work are as follows:
1) A novel topology, leveraging the dual inverter to imple-

ment an integrated three-phase charger. The dual inverter
may be driven by either a single battery pack or a dual
battery pack. The dual battery pack operation first explored
in this work presents the advantage over single-battery
solutions, of having no path for zero-sequence circulating
currents in the machine. Thus, regardless of the modu-
lation choice, the detrimental impacts of zero-sequence
currents are not experienced during any operation.

Fig. 2. Proposed drivetrain with a dual inverter controlling a split-phase, open
winding machine. (a) Schematic representation of split-phase open winding
machine. (b) Proposed dual-inverter architecture.

2) A mathematical model, applicable not only to the proposed
dual-battery topology but also to single-battery split-phase
machine drivetrains, detailing the six available degrees of
freedom and how they relate to driving, charging, zero-
sequence current, and CM current production.

3) A novel modulation that, using the insights afforded by
the aforementioned model, enables standard-compliant
CM charging operation, rendering practical not only the
presently proposed charger, but also the charger explored
in the body of work composed of [16]–[20], while also en-
suring zero torque production during charging operation.

II. PROPOSED TOPOLOGY

The proposed topology consists of a drivetrain formed by
a split-phase open winding machine driven by a dual-inverter
architecture. A representation of the machine’s stator is provided
in Fig. 2(a), where, without loss of generality, a two-pole stator
and round rotor are depicted. The dual inverter and its connection
to the machine are shown in Fig. 2(b).

A variety of rotor types are suitable for implementing this
system, without significant difference in charging functionality,
including slip ring, squirrel cage, permanent magnet, and wound
synchronous rotor. Therefore, only the rotor magnetic core is
represented in Fig. 2(a). The drivetrain can be operated in driving
mode using a classic control strategy appropriate to the rotor
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Fig. 3. Three-phase charging configuration of the system.

type. Since the driving operation is extensively discussed in the
literature, the topic is not addressed in this work, other than
demonstrating that charging operation does not result in torque
production via analysis, simulation, and experimental results.

To operate the system in charging mode, a three-phase grid
can be connected to the split-phase point of each phase of the
machine, as shown in Fig. 3. During charging operation, the
vehicle’s chassis is assumed to be connected to ground via
a protective earth conductor to ensure zero potential at the
accessible chassis, as required by the standard. The current
flowing through the protective earth conductor, ignd, by standard,
is required to be monitored by a residual current monitoring
device, which interrupts the charging process if the value exceeds
a specified threshold. In that context, the y-capacitances, present
between the battery and chassis, become relevant, as these
components complete the path through which ignd may flow.
The y-capacitances can be included, by design, as a discrete
component, or arise due to parasitic effects in the system. Given
the presence of y-capacitances and protective earth conductor
in the system, as shown in Fig. 3, it is necessary to devise and
consider the CM model of the system, taking measures to ensure
low CM currents during the charging process in order to avoid
nuisance tripping of protective systems.

A. Model and Operating Principle

A generalized Clarke transformation can be defined to de-
compose the system into six components. The voltage resulting
from the transformation is described in (1a), whereas the current
is described in (1b).
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In (1),
1) the gating pulses are defined to be 1, when the associated

transistor is ON and 0 otherwise;
2) C is the 3× 3 Clarke transformation matrix, defined as
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3) the charging voltage space-vector is defined as

�vch = vα,ch + jvβ,ch (3)

and represents the voltage used to control the charging
current;

4) the driving voltage space-vector is defined as

�vdr = vα,dr + jvβ,dr (4)

and represents the voltage used to generate magnetic flux
through the rotor and control torque production;

5) the quantity v0,dr represents the zero-sequence voltage
applied to the motor terminals by the dual inverter;

6) the quantity v0,ch represents the CM voltage applied in
the direction of producing CM leakage current through
the ac grid;

7) �igr = −�ich = −(iα,ch + jiβ,ch) is space-vector current
flowing through the three-phase grid connection;

8) �idr = iα,dr + jiβ,dr is the driving current, which pro-
duces rotating flux through the rotor;

9) i0,dr is the zero-sequence current flowing through the
machine; and

10) ignd = −3i0,ch is CM leakage current flowing through
the grid.

Combined, these two transformations result in the definition
of four submodels, respectively, associated with each one of
the subsystems’ effects: Driving, charging, zero-sequence, and
CM current. As shown by the model, the four subsystems are
mathematically and conceptually decoupled from one another.

The system can, then, be understood as four subsystems,
which combined account for the six degrees of freedom of the
total system.

1) The charging subsystem, comprising�ich, �vch, and, when
present, �vgr, describes the current exchange via the split-
phase connection of the machine and accounts for two
degrees of freedom.

2) The driving subsystem, comprising �idr, �vdr, and, when
moving, �vbemf, describes the two degrees of freedom re-
sponsible for torque production.

3) The zero-sequence subsystem, comprising i0,dr and v0,dr,
describes the generation of zero-sequence current through
the machine stator windings.
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Fig. 4. Decoupled representation of the four subsystems resulting from the
proposed topology during charging operation. Ls represents the machine’s per-
phase leakage inductance and L represents the positive sequence inductance.
�vbemf is the back electromotive force produced by the machine. Cy is the y-
capacitance coupling each battery to the vehicle’s chassis. (a) Charging model.
(b) Driving model. (c) Grid CM leakage model. (d) Machine zero-sequence
model.

4) The CM subsystem, comprising i0,ch and v0,ch, describes
the generation of CM current through the grid.

Note that these subsystems describe the degrees of freedom
associated with each operation. As a mathematical description,
the subsystems exist even when they are idle. For instance, the
charging system exists even when the vehicle is not charging.

For illustration purposes, the four subsystems are shown
in this section. A nonsalient permanent magnet synchronous
machine (PMSM) is chosen for this representation, since the
machine model is the simplest. However, the proposed approach
is valid for different rotor types. In fact, to demonstrate this
flexibility, the experiments are conducted on an IM.

During charging operation, the three-phase grid is connected
to the system, providing the voltage space-vector, �vgr, from
which the system charges by transferring power via the model
represented in Fig. 4(a). In this condition, the grid connection
and the protective earth connection provide a path for CM
leakage current through the y-capacitances, as represented in
Fig. 4(c).

During charging operation, for safety reasons, the machine
must remain stationary. This is achieved by applying 〈�vdr〉 = 0.
For induction machines, this approach ensures the stator is not
excited, therefore not producing any torque. For PMSMs, zero-
driving voltage implements an active short and acts like an virtual
strong brake [43], [44], thereby locking the rotor in place.

The system is assumed to be disconnected from the grid and
protective earth conductor during driving operation. As a result,
the subsystems represented in Fig. 5(a) and (c) feature an open-
circuit, signifying the lack of a current carrying path. The model
relevant for driving operation is represented in Fig. 5(b) and
includes a nonzero �vbemf, produced by the machine as a result
of nonzero speed. No significant changes are observed in the
zero-sequence model.

A control system for driving operation can be devised using
the submodel depicted in Fig. 5(b). The submodels represented
in Fig. 5(a) and (c) do not need be considered in the control
design, as current flow through the associated degrees of freedom

Fig. 5. Decoupled representation of the four subsystems resulting from the
proposed topology during driving operation. (a) Charging model. (b) Driving
model. (c) Grid CM leakage model. (d) Machine zero-sequence model.

is not possible. The model represented Fig. 5(d) may, in some
circumstances, be neglected, as the typically small values of Cy

result in a high impedance, which renders the magnitude of i0,dr
insignificant for the system.

During charging operation, the system must control the charg-
ing voltage �vch. In order to avoid torque production, it is desired
that the average driving voltage �vdr over a switching cycle
is 0. Finally, the system is designed not to require galvanic
isolation. Therefore, the instantaneous voltage v0,ch must be 0
at all times, in order to mitigate CM current production and meet
the strict CM standard requirements. It is important to note that,
in contrast with the model represented in Figs. 4(d) and 5(d),
the model in Fig. 4(c) must be carefully considered, as even CM
leakage currents in the mA range may cause nuisance tripping. In
Section III-B, a modulator is proposed to ensure the conditions
stated in this paragraph are met, allowing the system to charge
while not producing torque, zero-sequence current through the
machine, or CM currents through the grid.

III. CONTROL SYSTEM

By virtue of the decoupled nature of the four subsystems,
it is possible to devise a control architecture that tracks a
desired charging current by applying a suitable value of �vch
to the system, while not generating any current through the
other subsystems. In this section, the control architecture which
determines the reference voltage �v∗ch is briefly discussed. A
novel modulator is then introduced, which, in light of the four
subsystems introduced in Section II-A, synthesizes

〈�vch〉 = �v∗ch (5a)

outputting the reference voltage produced by the control system,
while ensuring

〈�vdr〉 = 0 (5b)

thereby preventing torque production

〈v0,dr〉 = 0 (5c)

and, most importantly,

v0,ch(t) = 0 ∀t (5d)
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Fig. 6. Control architecture used during charging operation of the proposed integrated drivetrain charger.

eliminating CM voltage generated by the system. In (5), 〈x〉
represents the average, over a switching cycle, of the quantity
x, whereas (5d) refers to the instantaneous value of v0,ch.

The control system architecture used in the simulations and
experiments performed in this article is shown in Fig. 6 and
implements a version of the conventional constant voltage–
constant current (CC-CV) charging algorithm. In the control
system depicted in Fig. 6, the line-to-line voltages at the grid
connection are measured, and a Clarke transformation is used
to express the voltages in the stationary reference frame (SRF).
The result is fed into a rectangular-to-polar transformation to
determine the magnitude of the grid voltage, Vgr, and the associ-
ated angle, θgr. The line currents are measured and transformed
into a rotating reference frame (RRF) aligned with θgr. The
CV controller determines the required current coming from the
grid in order to bring the average battery voltage to the reference
value V ∗

dc, defined by a battery management system (BMS). The
result is saturated to a maximum current to produce the current
reference i∗d, which the CC controller enforces. The BMS defines
the saturation limits, considering the battery and grid current
capabilities. Unity power factor is enforced by defining i∗q = 0.
The output of the current controller is added to a feedforward
voltage based on the grid voltage, and the result is rotated
back to the SRF. Finally, this voltage is sent to the proposed
charging space-vector modulator (CH-SVPWM), described in
Section III-B.

A. Available Switching States

In order to ensure minimal leakage current, d
dtv0,ch = 0 must

be respected at all times. Applying v0,ch = 0 achieves this
objective while allowing for maximum available number of
switching states. It is, therefore, convenient to list all of the
possible switching states at which v0,ch = 0. Table I lists all
such states, and accounts for 20 of the total 64 possible switching
states. In the table, �vdr, v0,dr, and �vch are also shown.

The space-vector diagrams resulting from Table I are shown
in Fig. 7. Fig. 7(a), on the left, shows the attainable nonzero

TABLE I
SWITCHING STATES PRODUCING 0 CM VOLTAGE

Fig. 7. Available voltage space-vector with zero CM voltage. Zero vectors not
labeled. (a) Available charging voltage space-vector, �vch. (b) Available driving
voltage space-vector, �vdr .
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charging voltage space-vectors, whereas Fig. 7(b), on the right,
shows the nonzero driving voltages space-vectors, as defined in
Section II-A.

B. Proposed Modulation

The modulator is devised constraining the system to the
switching states presented in Table I, inherently ensuring (5d)
and, as a result, minimal CM leakage current generated by the
charger. The generalized description of the modulator, which
can be used for implementation, is provided in Appendix A.
The discussion presented in this section assumes, without loss
of generality, a reference voltage in sector s0 [as defined in
Fig. 7(a)], for simplicity. Under this simplifying assumption,
the sequence of switching states used by the system, over one
switching period, is

18 → 0 → 3 → 19 → 1 → 2 → 18.

The synthesized charging voltage, averaged over a switching
period, is given by〈[

vα,ch
vβ,ch

]〉
=

Vdcfsw√
3

[
0

√
3
2−1 − 1
2

] [
t0 + t1
t2 + t3

]
(6)

where tx is the time spent at switching state x. This method
can ensure the condition stated in (5a) by determining the dwell
times as[

t0
t2

]
=

[
t1
t3

]
=

√
3

2Vdcfsw

[
0

√
3
2−1 − 1
2

]−1 [
v∗α,ch
v∗β,ch

]
. (7)

Another implication of (7) is that (5b) is also met. This is a
result of the three factors that

1) switching states 0 and 1 produce diametrically opposed
instantaneous driving voltage;

2) t0 = t1, canceling the contribution of each switching state;
3) the same happens for switching states 2 and 3.
Finally, this approach can also meet condition (5c), by setting

t18 = t19, equaling dividing the remaining of the switching
period between these two states. The zero-sequence voltage is
canceled because each one of the following pairs of switching
states cancels the contribution toward 〈v0,dr〉 : states 0 and 1,
states 2 and 3, and states 18 and 19. Note that this approach
does not use the switching states 12–17 since these states’
zero-charging vector can be achieved by simply using states
18 and 19.

IV. SIMULATIONS

The system shown in Fig. 2 is simulated using the parameters
listed in Table II. Ls refers to the leakage inductance of the
machine across each HW. Similarly, Rs refers to the resistance
through one HW. Note that the impedance seen by the charging
operation is half of that of a HW, given the parallel connection.
Similarly, the maximum charging current is twice the rated phase
current.

The parameters used in the simulation are based on those
used for experimental verification, presented later in this work.
The experimental setup, in turn, is a scaled-down model of the
proposed system, given the limitations imposed by the available

TABLE II
PARAMETERS USED IN SIMULATIONS AND EXPERIMENTS

Fig. 8. Grid phase quantities under transient step in charging current reference.
(a) Grid current. (b) Grid voltage.

induction machine. To operate with a 400 Vrms line voltage grid,
for instance, while maintaining the �vch inside of the feasible
region, described in Fig. 7(a), the minimum dc-link battery, at
the lowest state of charge (SoC), should be

Vdc ≤ 400
2
√
2√
3

+ σ ≈ 653 V + σ (8)

where σ is an appropriate safety margin.
At time t = 0, the reference charging current is stepped up

from 0 to 20 A. The converter starts switching at the same
time. Grid line currents and phase voltages are shown in Fig. 8.
The currents are sinusoidal and in phase with the grid voltage.

The system is assumed to be operating in CC mode. Therefore,
the current reference is immediately stepped up. The control
response is shown in Fig. 9, where the currents have been
transformed to the RRF for ease of interpretation. The d-axis
current reference is the one to increase, as this axis is connected
to active power exchange with the grid. On the other hand, the
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Fig. 9. Direct-axis representation of the grid current and its reference value
from simulation.

Fig. 10. CM voltage space-vector generated by the dual inverter during
charging operation.

Fig. 11. Voltage space-vectors decomposed as defined in (1), averaged over a
switching cycle. (a) Charging voltage space-vector in SRF. (b) Driving voltage
space-vector in SRF.

q-axis reference is kept at 0, as this axis is related with reactive
power and unity power factor is desired.

The CM voltage produced by the inverter is measured. The
results are shown in Fig. 10. It can be observed that the proposed
modulator ensures zero instantaneous CM voltage at all times
in simulation.

The voltage produced by the inverter in simulation is aver-
aged over a switching period and transformed according to (1),
from which the space-vector charging and driving voltages are
shown in Fig. 11. The charging voltage space-vector is shown
in Fig. 11(a) and both the α and β components are sinusoidal.
The averaged driving voltage is shown in Fig. 11(b), confirming
it is zero, as desired, by how the modulation is implemented.
Combined, these two results highlight how the modulator can

Fig. 12. Setup used for experimental verification. (a) Power electronics.
(b) Induction motor.

produce controllable charging voltage while producing zero
flux-generating voltage.

V. EXPERIMENTAL VERIFICATION

The system discussed above is implemented for experimental
verification. In this analysis, the parameters are identical to those
used in simulation. The experimental setup is shown in Fig. 12.
The motor used in this setup is a three-phase Baldor EM2394 T,
modified to have open winding and each phase split into two
HWs, as shown in Fig. 2. The machine has the same resistance
as stated in Table II. A digital torque transducer, model DR-
2412-P, from LORENZ MESSTECHNIK GmbH, is included
to demonstrate zero torque production. A specialized Rogolski
coil is used to measure the CM current flowing from the grid.

The experiments presented in this section are as follows:
1) grid-to-vehicle operation with a conventional sinusoidal

PWM modulation, providing a benchmark for the pro-
duction of CM currents;

2) grid-to-vehicle operation, showcasing zero torque produc-
tion and near-zero CM currents;

3) vehicle-to-grid operation, showcasing zero torque produc-
tion and near-zero CM currents; and

4) constant current–constant voltage charging operation,
demonstrating operation in a realistic charging regiment.

In the first experiment, the circuit shown in Fig. 2 is used to
charge from the three-phase grid, at 20 Arms and unity power
factor. In this test, a conventional PWM modulation, explicitly
defined in (9), is used to serve as a baseline for CM production.
This test uses the control architecture shown in Fig. 6. The grid
line currents and phase voltage are shown in Fig. 13(a). The
CM current, shown in Fig. 13(b), is measure to be 2.0 Arms and,
as demonstrated later in this article, well above the limits pre-
scribed by standard regulation. Moreover, the high-sensitivity
current sensor used to measure the CM current has a maximum
instantaneous readable current amplitude of 2.5 A, and a clear
clipping effect is observed, in Fig. 13(b), around 3 A, suggesting
the actual RMS CM current is well above the measured value.⎡
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Fig. 13. Experimental results during G2V operation using a conventional
PWM. (a) Grid line current and phase voltage. (b) Grid CM current.

G2V operation is conducted once more at 20 Arms and
unity power factor. This time the system used the proposed
modulation. The results are shown in Fig. 14. Fig. 14(a) shows
the measured grid line currents and phase voltage. While the
currents are approximately the same, the voltage seems to have
less noise. This suggests the noise results from the CM current
generated by the conventional modulation scheme. The grid CM
current is shown in Fig. 14(b), and measured to be 65.4 mArms,
which represents approximately a 30-fold reduction, despite the
underestimation of the CM current in the benchmark case due
to sensor saturation.

The torque is also measured and shown in Fig. 14(b) to be ap-
proximately zero. The batteries are charged, as evidenced by the
negative currents, shown in Fig. 14(b). This result suggests that
the modulation meets its CM, torque, and charging objectives.

The test is repeated, this time with V2G operation, at 20 Arms

and unity power factor. Fig. 14(a) shows the measured grid
line currents and phase voltage. The measured torque, grid CM
current, and the battery currents are shown in Fig. 14(b). Once
again, no significant torque or CM currents are observed. The
only difference to the past test is that the battery currents are
positive in the V2G operation, while the grid currents are out of
phase with the grid voltage.

The ground-fault current interrupters prescribed by standards
do not operate on the exact CM current. Instead, a human body
model filter is applied, as prescribed in [27]. The protection
trips and the charging stops if the output exceeds 20 MIU. To
indicate whether or not the system would trip in the presence of a
ground fault current interrupter, the data of the past experiments
are exported and filtered using the human body model filter.

Fig. 14. Experimental results during G2V operation using the proposed mod-
ulation. (a) Grid line current and phase voltage. (b) Torque, battery currents, and
grid CM current.

TABLE III
SUMMARY OF EXPERIMENTAL CM MEASUREMENTS

The results, along with the original data, are shown in Fig. 16.
The unfiltered results are shown in Fig. 16(a). The MIU output
of the filter is shown in Fig. 16(b), wherein the conventional
modulation has a peak of 308 MIU, while the proposed modula-
tion peaks at 12.6 MIU. The results are summarized in Table III.

The system is operated through a CC–CV cycle to demon-
strate the controller performance in a practical setting. Two EA-
PSB 10750-120 power supplies units are used. The power supply
software is used to emulate the batteries for the experiments.
The battery chosen to be emulated for this test is composed
of 100 series-connected lithium-ion cells, with 400-V nominal
voltage and 20-Ah capacity, characterizing 8 kWh per battery
and 16 kWh total storage. This capacity is chosen to limit the
time required for the experiment to around 30 min.

In this experiment, the CV controller sets the battery voltage
at 410, whereas the CC controller sets the limit of the grid current
to 20 Arms, since the machine used in this test has a constant
current specification of 20 Arms. As a result, this experiment
is conducted at 7.2 kW during the CC operation, gradually
decreasing during the CV operation.

The results are shown in Fig. 17. Fig. 17(a) and (b) shows the
voltages and currents on the top and bottom batteries, respec-
tively. At the beginning of the test, the system current is set to
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Fig. 15. Experimental results during V2G operation. (a) Grid line current and
phase voltage. (b) Torque, battery currents, and grid CM current.

Fig. 16. Experimentally measured CM leakage current reduction by the pro-
posed modulation technique. (a) Ground current. (b) Ground current filtered as
prescribed in the standard.

the maximum, causing the battery voltage to rise. After about 15
min of charging, the battery voltage reaches the 410-V set point.
At that time, the current setting starts to drop until it reaches
5 Arms at the grid, when the system turns OFF. At that time, the
currents are around 2 A through each of the batteries. The SoC
reported by the power supply is shown in Fig. 17(c) and (d),
detailing the rise from the initial 70% SoC to 89% and the end
of the test.

Fig. 17. Experimental results of CC–CV charging operation with battery
emulation power supply EA-PSB. Data exported by the battery emulator power
supply software. (a) Top battery voltage and currents during charging. (b) Bottom
battery voltage and currents during charging. (c) Top battery state of charge
during charging. (d) Bottom battery state of charge during charging.

VI. CONCLUSION

This article presents a topology that can perform nonisolated
three-phase charging for EVs using a drivetrain based on the
dual-inverter architecture. The model of the system is derived,
wherein the circuit is decomposed into four conceptually and
mathematically decoupled subsystems, related to 1) charging, 2)
driving, 3) CM current, and 4) zero-sequence current generation.
By employing a separate dc-link to each inverter, the system
prevents circulation of zero-sequence current during driving
operation, as demonstrated by the zero-sequence subsystem.

A bespoke SVPWM is proposed using this model, which
can be used with the topology introduced here. The intro-
duced modulation ensures vastly superior CM current flowing
through the ac grid, compared to a conventional modulation
benchmark, in the absence of galvanic isolation, allowing for
standard-compliant nonisolated deployment. Simulations and
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experimental verification are presented to validate the model,
including CC–CV charging of battery emulator power supplies.
With the proposed modulation, charging operation is demon-
strated to produce zero torque and to reduce the CM currents
30-fold, leading to standard-compliant nonisolated operation.

VI. APPENDIX

A. Implementation of Proposed Modulation

The general implementation of the modulator introduced in
this article can be achieved by the following sequence of steps.

1) Determine the sector i in which the reference voltage
v∗α,ch + jv∗β,ch lies.

2) Use the switching states sequence

18 → (2i)%12 → (2i+ 3)%12 →
19 → (2i+ 1)%12 → (2i+ 2)%12 → 18

where (x)%12 denotes the reminder of the division of x
by 12.

3) Determine the reference voltage rotated to its equivalent
voltage in sector s0

[
vα,s0
vβ,s0

]
=

[
1
2 −

√
3
2√

3
2

1
2

]i [
v∗α,ch
v∗β,ch

]
. (10)

4) Determine the active dwell times, based on[
t(2i)%12

t(2i+2)%12

]
=

[
t(2i+1)%12

t(2i+3)%12

]

=

√
3

2Vdcfsw

[
0

√
3
2−1 − 1
2

]−1 [
v∗α,s0
v∗β,s0

]
. (11)

5) Determine the zero-vector dwell times, based on

t18 = t19 =
1

2fsw
− (

t(2i)%12 + t(2i+2)%12

)
. (12)
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