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Abstract—As electric vehicles compete with internal combustion
engine cars, cost and weight savings remain central research objec-
tives. The auxiliary power module, a dc/dc converter responsible
for stepping down the power from the main traction battery to
the auxiliary battery, has gained attention as a component where
weight and cost savings can be achieved. With the auxiliary power
module responsible for feeding everything from headlights to rising
vehicular computational demands, these savings become evermore
significant. This article introduces a system that integrates traction-
to-auxiliary power conversion into the dual inverter drivetrain,
leveraging typically underutilized degrees of freedom in the drive
inverter to implement and control the dc/dc conversion eliminating
the auxiliary power module. Due to the high level of integration,
the proposed solution improves on existing literature by exclusively
using the drivetrain’s active switches. Beyond capital savings and
simplicity, this ensures no additional switching losses compared
to regular driving operation. A mathematical model is motivated
analytically and validated using computational simulations. A
1.2 kW prototype is constructed to validate the introduced concept
experimentally.

Index Terms—Auxiliary power module (APM), electric vehicle
(EV) drivetrain, integrated, modeling and control, traction to
auxiliary (T2A) charger.

I. INTRODUCTION

R ECENT developments in power processing and energy
storage have the potential to decrease electric vehicle (EV)

production cost and weight, with the latter being a determining
factor of vehicle range [1]. The range and cost of EVs, compared
to ICE vehicles, remain two prominent barriers limiting the pace
of EV adoption [2].

Adding to price and weight concerns is the increasing auxil-
iary load power consumption trend. Modern car consumers ex-
pect high-end connectivity, comfort, and computational power.
To provide these features, an auxiliary power module (APM)
is included and responsible for traction-to-auxiliary (T2A) en-
ergy conversion. The power requirements from the APM are
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Fig. 1. Dedicated dual active bridge APM charger.

often around 2.5 kW [3], with industry and academia recently
investigating 6 kW power levels [4]–[6]. This power is needed to
supply loads such as headlights, onboard computing systems, air
conditioning, and many other subsystems. Consequently, EV’s
APM solutions are growing in cost and weight, partially under-
mining the weight savings resulting from the advancements in
drivetrain power conversion technology.

The classical APM implementation includes a dedicated iso-
lated dc/dc converter from the high voltage (HV) battery to the
low voltage (LV) battery. In [7] and [8], several isolated dc/dc
topologies and their suitability are investigated, considering
different primary and secondary side power electronic interfaces
(PEIs). The solution proposed in [9], for instance, includes a dual
active bridge (DAB) for T2A conversion, as shown in Fig. 1.

Recent research effort has been dedicated to reducing the
size of the APM, given its increasing relevance. Two prominent
strategies employed to meet this goal are higher switching
frequency and converter integration.

A higher switching frequency leads to significantly reduced
mass and cost of passive filtering components. In [10], an
APM converter is designed using GaN switches with 700 kHz
switching frequency. Several other authors also achieve high
power density by leveraging the high frequencies enabled by
wide-bandgap devices [11]. However, high switching frequen-
cies may lead to more expensive switches, complex gate-driver
design, and increased switching losses.

Converter integration, in this context, is characterized by the
repurposing of components previously present in the vehicle
to implement, partially or entirely, the APM. These previously
present components may be, for instance, included for driving or
charging purposes, irrespective of the APM. In [12], a topology
is explored where a half-bridge is shared between the onboard
charger (OBC) converter and the DAB converter implementing
the APM. As a result, the solution in [12] reduces the number
of half-bridges in the system by one.

Some solutions attempt to integrate additional functionality
into the APM. In [13]–[15], the APM is integrated with ac-
tive power decoupling (APD) functionality. The APD system
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Fig. 2. Multiport ac charging system with T2A capability with shared trans-
former and PEI proposed in [21].

Fig. 3. Multiport ac charging system with T2A capability and shared PEI
proposed in [24].

diverges the second harmonic power ripple from the OBC
single-phase input to an auxiliary capacitor, thereby reducing or
eliminating the second harmonic power ripple into the traction
battery. In other implementations, the APM is integrated with
HV battery balancing, with the T2A conversion being fed from
different cells of the traction battery [16]–[19].

A clear trend to integrate OBC and APM has been reported
in the literature [20], with two main approaches being em-
ployed. The first approach consists of leveraging the isolation
transformer of the OBC, with an additional winding set and
PEI included to implement the APM. The approaches used
in [21] and [22], for example, add an APM port to the OBC,
effectively generating a multiport converter, such as that shown
in Fig. 2. As explored in [23], additional ports can be in-
cluded for additional functionality, such as onboard photovoltaic
generation.

Another approach to integrating the OBC and APM circuits is
to employ a bidirectional OBC that, while idle, can be used as the
primary stage of the APM. The solutions introduced in [24] and
[25] explore this strategy. The resulting system is as shown in
Fig. 3. These systems can implement the APM with remarkable
cost-effectiveness, as the additional circuitry needed is minimal
and potentially entirely passive [24]. Nonetheless, while in T2A
operation, the system incurs all of the losses associated with
the OBC. Moreover, on this kind of implementation, the system
cannot operate while the OBC charger is used to charge the HV
battery, which may be an extended period for level 1 charging.

Integrated charging and drivetrain solutions have been pro-
posed where the OBC does not include an isolation stage and
has reduced or no PEI dedicated exclusively for charging op-
eration [26], [27], in particular for the dual inverter drivetrain.
The dual inverter drivetrain boasts some valuable advantages
for EV applications, including redundancy and fault resiliency

[28]–[30], suitability for a wide speed range of operation [31],
and low current distortion [32], [33], while having the same total
semiconductor apparent power rating as a comparable single
inverter.

The solutions proposed in [26] and [27] significantly reduce
the vehicle’s mass but do not allow for the implementation of
multiport OBC integrated APMs, as in [21] and [22], or using
the OBC as a front-end, as in [24] and [25]. For such systems,
solutions are yet to be proposed to integrate the APM into
existing modules. One module that rises as a potential candi-
date for APM integration is the drivetrain itself. EV drivetrains
typically have an underutilized degree of freedom, the neutral
current, or zero-axis/zero-sequence. Previous work has been
proposed leveraging this degree of freedom to implement other
functionalities, such as dc fast charging [34], even during driving
operation [35].

This work presents a fully integrated T2A supply topology
for dual inverter drivetrain systems, leveraging and controlling
the switching frequency component of the zero-sequence cur-
rent through the machine to perform T2A power transfer. The
proposed circuit possesses the following set of unique features
in comparison to solutions previously discussed in the literature.

1) The system can be implemented on a dual-inverter driv-
etrain without adding active switches, thereby providing
a cost-effective and straightforward way to add the T2A
functionality. The added circuitry includes only a compen-
sation capacitor, an isolation transformer, a diode rectifier,
and an optional output CL low-pass filter, drastically re-
ducing the T2A system’s deployment cost.

2) The system does not require any specific OBC system,
thereby providing a flexible T2A integration for dual
inverter systems.

3) The system does not require any additional switching
action compared to regular driving operation, resulting in
no additional switching loss. This feature is expected to
increase the total vehicle range compared to a dedicated
APM.

4) A control algorithm that leverages additional degrees of
freedom of the dual inverter to fully control T2A charging
power without disturbing torque production using the
zero-axis voltage. This allows for the seamless operation
of the T2A system while driving or at a standstill.

II. PROPOSED TOPOLOGY

The proposed topology is based on the dual inverter drivetrain,
discussed in [26] and [27], and is implemented by connecting
the primary side of a transformer and a compensation capacitor
to the dual inverter, with the secondary side of the transformer
connected to a rectifier, followed by an optional CL filter and the
auxiliary LV battery. The series combination of compensation
capacitor and the primary side of the transformers are connected
to the negative terminal of each battery. The high-level view of
the proposed system is shown in Fig. 4.

Observing the circuit shown in Fig. 4, it can be noted that
the current into the primary side of the transformer equals
the sum of the three motor windings currents, ia, ib, and ic,
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Fig. 4. Proposed circuitry addition to the drivetrain for T2A operation.

Fig. 5. Simplified zero-axis equivalent model of the proposed system.

termed the common-mode current in [36]. The common-mode
equivalent of the circuit of Fig. 4 is derived as prescribed in [36].
This transformation computes the Thevenin equivalent of the
system as seen by the zero-axis, as defined in [37] and [38].
The resulting equivalent circuit is shown in Fig. 5 and simplifies
the proposed system. It is also apparent that the common-mode
current is triple the zero-axis current, following the definitions
in [37] and [38]. The Clarke transformation, as discussed in [38],
will be leveraged throughout the following derivations. In these
derivations, the optional low-pass filter effects are neglected for
simplicity.

In this context, we have the following.
1) i0 is the instantaneous average current amongst the three-

phase windings, defined as i0 = 1
3 (ia + ib + ic).

2) Ls is the motor’s stator winding phase leakage inductance.
3) Vt is the top battery voltage.
4) Vb is the bottom battery voltage.
5) Cr is the compensation capacitor, included to cancel the

combined inductive reactance of the transformer and the
zero-sequence inductance of the motor.

6) Ltr is the leakage inductance of the step-down transformer,
referred to as the primary (HV) side.

7) gi,t is the gating state of the phase i, i ∈ {a, b, c}, of the
top inverter; defined to be 1 when the top switch of the
associated half-bridge on and –1 when the bottom switch
is ON.

8) gi,b is the gating state of the phase i, i ∈ {a, b, c}, of the
bottom inverter; defined to be 1 when the top switch of

the associated half-bridge is ON and –1 when the bottom
switch is ON.

9) α is the transformer’s turns ratio, as shown in Fig. 4.

A. Operating Principle

The equivalent zero-axis voltage produced by the dual inverter

v0 =
1

3
(va + vb + vc) + vbt (1)

represents the average voltage applied by the dual inverter to the
series combination of motor winding leakage inductance and
additional circuitry, as defined by the standard Clarke trans-
formation [38]. This voltage can be defined in terms of the
instantaneous gating signals and the battery voltages as

v0 =
V t

6

c∑
i=a

gi,t − V b

6

c∑
i=a

gi,b (2)

and can be controlled to track the desired zero-axis current i∗0,
consequently controlling the current into the T2A transformer.

Although the system can be operated with different energy
storage voltages for each inverter, the energy storage voltages
are assumed to be equal in the following derivations for clarity
and succinctness. Under this assumption, the voltage of both
energy storage units, e.g., batteries, is defined as

Vbat � Vt = Vb (3)

such that the total voltage v0, driving the circuit shown in Fig. 5,
can be rewritten as

v0 =
Vbat

6

c∑
i=a

(gi,t − gi,b) . (4)

To facilitate power transfer at the switching frequency, the
included capacitance Cr and transformer leakage inductance
Ltr are designed to resonate at the switching frequency, ensuring
minimum loop impedance. Hence

Cr =
1

(2πfsw)
2 (Ls

3 + Ltr
) . (5)

In this approach, the magnetizing inductive reactance of the
transformer, as seen by the primary side, is designed to be large
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and is neglected for compensation purposes. The resonance
from (5) allows the fundamental zero-axis voltage harmon-
ics produced by switching the main traction inverters at the
switching frequency to generate a significant current through
the loop, thereby facilitating T2A power transfer. The resonant
operation of the system ensures that higher order harmonics of
the switching frequency do not generate significant currents.

Fourier analysis can be used to determine the frequency com-
ponents of the zero-axis voltage, v0 over the switching period,
from

V
(n)
0 =

2

Tsw

Tsw
2∫

−Tsw
2

v0e
−j2πnfswtdt (6)

where
1) V

(n)
0 denotes peak phasor voltage at the nth harmonic of

the switching frequency fsw;
2) Tsw is the fundamental period associated with fsw.
To control the power transfer in the circuit shown in Fig. 4, the

magnitude of the fundamental harmonic voltage phasor, |V (1)
0 |,

needs to be controlled. Given the relation shown in (4), it is
necessary to know the gating pulse sequencing in order to solve
(6), as

V
(1)
0 =

Vbat

3Tsw

Tsw
2∫

−Tsw
2

(
c∑

i=a

(gi,t − gi,b)

)
e−j2πfswtdt. (7)

A suitable gating pulse generation, which allows for T2A control
while not interfering with the drive control, is discussed below.

B. Magnitude of Switching Frequency Component of
Zero-Sequence Voltage

Assuming, without loss of generality, that the modula-
tion technique used to drive the electric motor is sinusoidal
pulsewidth modulation (PWM), a phase shift δ is introduced
between the triangular carriers used to generate the gating pulses
of the top and bottom inverters to control |V (1)

0 |. This phase shift
is implemented with a delay of Δt between carriers of the top
and bottom inverters, i.e.,

δ =

(
Δt

Tsw

)
2π. (8)

The system is envisioned to operate during both driving and
standstill conditions. When driving, a control system produces
a reference voltage suitable for torque production in the motor.
This voltage defines a set of modulating signals, ma, mb, and
mc. The modulating signals can be written in space-vector form
through the use of the Park transformation. The modulation
vector is defined by

�m = md + jmq = Mejθ (9)

where we have the following.
1) M is the modulation index or, equivalently, the amplitude

of the modulation vector, typically related to the speed of
the car. M is approximately 0 when the car is at standstill.

Fig. 6. PWM carrier visual definition and top-to-bottom phase-shift represen-
tation.

2) θ is the angle of �m, which is dependent on the angle of
the voltage space-vector, requested by the driving control
system.

The modulating signals used to generate each phase’s gating
pulses are defined by⎡

⎣ma

mb

mc

⎤
⎦ =

⎡
⎢⎣

Mcos (θ)

Mcos
(
θ − 2π

3

)
Mcos

(
θ + 2π

3

)
⎤
⎥⎦ . (10)

The gating pulses gi,t and gi,b can, therefore, be generated
by comparing the modulating signals with the top and bottom
inverter carrier signals, ct and cb, respectively⎡

⎣ ga,tgb,t
gc,t

⎤
⎦ = sign

⎛
⎝
⎡
⎣ma

mb

mc

⎤
⎦− ct

⎞
⎠ (11)

and ⎡
⎣ ga,bgb,b
gc,b

⎤
⎦ = sign

⎛
⎝−

⎡
⎣ma

mb

mc

⎤
⎦− cb

⎞
⎠ (12)

where we have the following.
1) ct is a triangular carrier signal of the top inverter, with

frequency fsw, ranging between −1 and 1, as illustrated in
Fig. 6.

2) cb is a delayed version of ct, which is used to generate the
gating pulses of the bottom inverter, i.e.,

cb(t) = ct(t−Δt) (13)

where

0 ≤ Δt ≤ Tsw

2
. (14)

Once the gating pulses are defined, based on the choice of
carrier and modulating signals, (7) can be solved in light of (8),
and (10)–(13), and assuming the modulating signals vary much
slower than the carrier signals. The result, describing magnitude
of the fundamental frequency component of v0, can be written
as a function of the modulation index M modulation angle θ and
the carrier phase-shift δ∣∣∣V (1)

0

∣∣∣ =
4Vbat

3π

[
1∑

i=−1

cos

(
Mπ

2
cos

(
θ + i

2π

3

))] ∣∣∣∣sin

(
δ

2

)∣∣∣∣ .(15)



VIANA et al.: AUXILIARY POWER MODULE ELIMINATION IN EVS USING DUAL INVERTER DRIVETRAIN 12517

Fig. 7. Weak dependence of maximum applicable voltage, in p.u., A(M,θ),
on the modulation angle.

Fig. 8. Maximum applicable voltage in per-unit.

The maximum attainable amplitude of |V (1)
0 |, enacted when

δ = π, can be defined as A(M, θ)Vbat, where A(M, θ) is a
function of the modulation index magnitude and angle, given by

A (M, θ) �

∣∣∣V (1)
0

∣∣∣
Vbat

∣∣∣∣sin

(
δ

2

)∣∣∣∣
=

4

3π

1∑
i=−1

cos

(
Mπ

2
cos

(
θ + i

2π

3

))
. (16)

While the function A(M, θ) is mathematically dependent on
both modulation indexM and the modulation angle θ, the depen-
dence on θ can be neglected. To demonstrate this, Fig. 7 shows
the function A(M, θ) plotted with respect to the modulation
angle θ for different values of M . Note that for every value of
M , the plot is approximately a horizontal line, demonstrating
the weak dependence of A(M, θ) on θ.

Therefore, it is possible to approximate the function A, which
describes the maximum applicable voltage, given a suitable
choice of carrier phase shift δ as being dependent only on the
modulation magnitude M

A (M, θ) ≈ A(M, 0) = A′(M)

=
4

3π

(
cos

(
Mπ

2

)
+ 2cos

(
Mπ

4

))
. (17)

The function described in (17) is plotted in Fig. 8 and varies
between 4

√
2

3π and 4
π for 0 ≤ M ≤ 1. The magnitude of the zero-

axis voltage can be evaluated as

∣∣∣V (1)
0

∣∣∣ = A′(M)

∣∣∣∣sin

(
δ

2

)∣∣∣∣Vbat (18)

Fig. 9. Proposed traction-to-auxiliary topology in the presence of parasitic
capacitances.

with 4
√
2

3π ≤ A′(M) ≤ 4
π . The functionA′(M)may be taken into

consideration when designing the system, to ensure the system
can meet the power specifications even under the hardest power
transfer scenario, i.e., when M = 1.

As a result of motor behavior, the modulation index M tends
to increase approximately proportionally to the machine speed
within the maximum torque per ampere operating region. As a
consequence, to deliver a constant LV battery charging power,
the system is expected to require a somewhat higher value of δ
at higher drive speeds than what is required at lower speeds.

C. Filtering

The rectified sinusoidal current into the LV auxiliary battery
can have a significant double switching frequency harmonic. To
address this component, a CL low-pass filter can be placed after
the rectifier stage, as seen in Fig. 4. By design, the current wave-
form’s high frequency can help reduce the filter cost, allowing
for the use of an air-core inductor, thus significantly reducing
the filter weight. Such a filter is used in Section IV.

D. Effects of Parasitic Capacitances

The derivations made in this section assume no parasitic
capacitances. Nonetheless, in practical applications, such ca-
pacitances exist. Two such particularly important effects are the
motor capacitances and the dc-link y-capacitances.

Both parasitic effects are shown schematically in Fig. 9.
The y-capacitances from the dc-link to the chassis are labeled
Cy , whereas the capacitances from the stator windings to the
machine chassis are labeled Cw.

The effect of winding-to-chassis capacitance Cw is to al-
low leakage current through the stator chassis, part of which
takes the form of ball bearing currents, and can decrease motor
lifetime. The first harmonic approximation of the total current
through the combined winding-to-chassis capacitanceCw can be
computed as

∑
Icw =

A′(M)
2

∣∣cos
(
δ
2

)∣∣Vbat

1
jωsw(3Cw+4Cy)

+ jωsw
Ls

12

. (19)

Note that the voltage driving current through the machine par-
asitic capacitances, A′(M)

2 |cos( δ2 )|Vbat, is always less than, or
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Fig. 10. Proposed control system with a PI compensator determining the voltage magnitude |V (1)
0 |.

equal to, the voltage driving the same currents in a conven-
tional three-phase system, which can be shown to be A′(M)

2 Vbat.
Therefore, while not exploring the full cancelation afforded by
six-phase systems, the proposed T2A implementation produces
better or equal ball bearing current profile compared to conven-
tional drives. As a result, the extent of ball bearing currents is
out of the scope of this article.

The effect of Cy is to decrease the total voltage that is
applicable to the T2A system. To achieve a power transfer P , it
is required that

A′(M)Vbat > αVLV

(
4

π

)
G1G2 (20)

at all times, where

G1=

∣∣∣∣∣∣
(

1
jωswCy

)
‖
(

1
jωswCr

+jωswLtr+Req

)
(
jωsw

Ls

3

)
+
(

1
jωswCy

)
‖
(

1
jωswCr

+jωswLtr+Req

)
∣∣∣∣∣∣,

(21)

G2 =

∣∣∣∣∣ Req
1

jωswCr
+ jωswLtr +Req

∣∣∣∣∣ (22)

and the equivalent resistive representation of the rectifier stage,
referred to as the HV side, is given by

Req =
8α2

π2

V 2
LV

P
. (23)

For the experimental setup, both sets of parasitic capacitance
effects, however, can be neglected during the proposed system
analysis. However, in practical applications, these capacitances
can be larger and may, in some cases, need to be considered.
The operation shown in Section V demonstrates that Cy is
sufficiently small to allow current through the T2A branch.

III. CONTROL SYSTEM

As mentioned in Section II, the auxiliary LV battery charger
operates regardless of whether the car is driving or at a standstill.
As such, the T2A control system must operate without disturbing
the drive control or motor torque production. The T2A control
system may take variables from the driving control into con-
sideration. The modulation index M is particularly relevant, as
it has some effect on the amplitude of the applied voltage, as
shown in (17) and (18).

The proposed control paradigm, shown in Fig. 4, consists
of a compensator that determines the voltage magnitude |V (1)

0 |
required by the T2A system to eliminate the current tracking

error ei. Considering the modulation index M , the system deter-
mines the value of sin( δ2 ) required to synthesize such a voltage.
Before the sine inverse block, a limiter saturates the input to be
between −1 and 1, ensuring the output is defined in R. Finally,
the phase-shift δ is sent to the PWM modulator in the drivetrain.
Alternatively, the controller can be implemented solely with a
saturable PI controller if high-speed transient performance is not
required.

A. Compensator Design

The compensator design can be conducted considering a
worst-case scenario for stability. While the transfer-function
relating iLV with the magnitude of the input voltage |V (1)

0 |
is complex, it can be simplified as α

R , where R is the series
combination of the equivalent rectifier resistance and the loop re-
sistance. In the worst-case scenario, this function is bounded by
the ratio between the transformer ratioα and the loop resistance,
considering windings, connections, semiconductors, and other
components. This approximation is only valid for closed-loop
system bandwidths much lower than the switching frequency.

As a practical heuristic, for this system, a PI controller with
transfer function

PI(s) = K
(
1 +

a

s

)
(24)

can be used, where we have the following:
1) K ≤ Vbat

imax
LV

, with imax
LV representing the maximum current

output of the T2A system;
2) a ≈ 2πfsw

100 .
These conditions simultaneously
1) prevent controller saturation during large transients;
2) result in a controller bandwidth of approximately 100

times slower than the switching frequency, which is typ-
ically fast enough for the T2A system’s requirements but
is slow enough so that the resistive approximation is valid.

IV. SIMULATIONS

Simulations are conducted to verify the system’s operation.
In the results presented in this section, conventional techniques
are used to control the driving operation and ensure the system
follows a reference speed. The speed control system and its
architecture and design are sufficiently discussed in the liter-
ature and therefore not covered in this article. The T2A control
described in Section III ensures the proper functionality of the
LV battery charging stage. This analysis aims to show that
the T2A operation does not affect the driving control system.
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Fig. 11. Simulation results of T2A operation during acceleration of drivetrain.
(a) Machine speed and torque. (b) Machine phase current waveforms. (c) Current
reference and actual current into the auxiliary battery. (d) Carrier phase-shift
between top and bottom inverters. (e) Dual inverter PWM modulation index.

The simulations in this section use the circuit represented in
Fig. 4, driving a permanent magnet synchronous machine.

The simulation parameters are shown in Table I. The voltage
ratings are selected to represent typical voltages present in a
commercial EV. The motor parameters are selected to represent
the machine HSM-60, manufactured by TM4, used in Section V

Fig. 12. Simulation results zoomed in on 100 to 0A transient change of T2A
reference current. (a) Machine phase currents. (b) T2A output current.

Fig. 13. Preexisting drivetrain parts. (a) Drivetrain. (b) PMSM.

TABLE I
PARAMETERS USED IN SIMULATION
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and shown in Fig. 13(b). The T2A transformer and compensation
capacitor Cr are selected to ensure resonance, as prescribed in
(5), while filter components, Cf and Lf , are selected based on
available laboratory stock components that are employed for
experimental verification.

The simulation test, whose results are shown in Fig. 11,
consists of accelerating the drive system from rest to 5000 r/min
at time t = 0.1 s. This high speed value was set in simulation to
ensure a high modulation index in the inverters, making explicit
the dependence of |V (1)

0 | on M, described in (17) and (18) and
illustrated in Fig. 8. In the simulation, the vehicle inertia and
friction have been set to low values, while the torque controller
is designed to provide a fast response (in the order of 1-ms rise
time) in an attempt to demonstrate the T2A operation even in
the presence of transients significantly more severe than what
can be expected in practical applications.

In simulation, the LV battery current reference is initialized
to 0. At t = 0.05 s, before the acceleration takes place, the
reference is set to i∗LV = 100A. As a result, the T2A system is
operating while the acceleration transient is applied, showcasing
the effect of disturbance introduced by the drive controller onto
the T2A system. At time t = 0.4 s, the reference is set back
to 0, and at time t = 0.75 s, it is raised to 100A once more,
showcasing the effects of disturbances introduced by the T2A
transients onto the driving system. The simulation results are
shown in Fig. 11.

Fig. 11(a) shows the speed and torque responses of the sys-
tem to the transient described above. As the speed reference
step is applied, the drive controller increases the torque to
its maximum value, determined by the maximum allowable
machine winding current. As a result, the speed increases,
converging to the reference value of 5000 r/min. To achieve
this behavior, an inner control loop increases the stator cur-
rents, as shown in Fig. 11(b). The system’s speed, torque, and
stator winding currents are typical for permanent magnet syn-
chronous motor (PMSM) drives. This result demonstrates that
the integrated T2A functionality does not interfere with drive
operation.

The T2A controller has a variable reference for LV bat-
tery current as described above. The reference current is
shown in Fig. 11(c), as well as the actual current output to
the LV battery. The control scheme shown in Fig. 10 ade-
quately tracks the reference current. The T2A system con-
trols the carrier phase-shift between inverters δ, as shown in
Fig. 11(d). At t = 0.05 s, as the T2A reference output cur-
rent increases, the value of δ requested by the control sys-
tem increases commensurately, tracking the current command.
Despite the large T2A transient, no disturbance is noted in
the speed or torque signals shown in Fig. 11(a), highlighting
the fact that T2A operation does not interfere with driving
functionality.

At t = 0.1 s, as the acceleration transient is applied, in an
attempt to quickly raise the torque, the drive control applies a
largeM transient, seen as a spike in Fig. 11(e). This sudden vari-
ation in M imposes a transient onto the T2A system, as per (17).
Even in this extreme circumstance, which is more severe than

expected in practical applications, the T2A controller quickly
reestablishes tracking. At t = 0.4 s, as the current reference is
set to zero, the phase-shift decreases to zero, thereby tracking
the current reference.

As the speed continuously increases, so does the modula-
tion index M, as shown in Fig. 11(e). This effect is typical
and expected in drive systems. The modulation index variation
changes the required value of δ for a given T2A output power.
In the simulation result, this effect can be seen best between
t = 0.25 s and t = 0.4 s. The rapid increase in speed causes a
rapid increase in modulation index. To maintain the same output
power, the controller increases the phase shift, according to (15).

Near the end of the simulation, as the machine speed ap-
proaches nominal values and modulation index approaches
unity, a significantly larger δ is required to output the same
current level. This effect can be seen in Fig. 11(d), as the value
of δ is significantly greater near the end of the simulation period,
despite the identical current reference i∗LV.

To examine the impact of T2A transients on driving currents,
Fig. 12(a) shows the machine phase currents during the step
transient in reference current output from the T2A shown in
Fig. 12(b). The transient happening around 0.4 s is chosen for
this demonstration as the phase current magnitude is approxi-
mately constant when the change occurs. Since the magnitude of
the currents resulting from driving operation are several orders
of magnitude larger than those resulting from T2A operation,
no appreciable change is seen due to the transient. This result is
a consequence of the orders of magnitude difference in power
ratings, making T2A imposed currents negligible to the drive-
train.

V. EXPERIMENTAL VERIFICATION

An experimental prototype, as shown in Fig. 13(a), was de-
signed to verify the analytical claims and validate the simulation
results. This section covers the design calculations pertaining to
the construction of the experimental setup and the operation
thereof. The circuitry can be decomposed into two parts: pre-
existing drivetrain parts and added circuitry. The preexisting
drivetrain parts are shown in Fig. 13. The added circuitry is
shown in Fig. 14. Note that the T2A additional circuitry is
simple enough to be designed with lab available parts, including
the aircore inductor, and is not optimized for power density.
All parameters used in experimental verification are identical to
what is described in Table I unless otherwise specified.

A. Transformer Design

To enable the drivetrain integrated T2A, the transformer de-
picted in Fig. 4 must be designed. The transformation ratio is
chosen such that the system can operate for all values of M. The
design, therefore, considers the case where M is approximately
1 and A′(M) ≈ 4

√
2

3π , as this case produces the smallest value
of A′(M). In the tests conducted in this work, the HV battery
voltage is 400V and the LV battery voltage is 12V, as shown in
Table I. Therefore, the transformation ratio, defined here as the
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Fig. 14. Added circuitry for T2A functionality. (a) Transformer and rectifier.
(b) Compensation capacitor Cr . (c) CL filter with electrolytic capacitor and
aircore inductor.

TABLE II
EXPERIMENTALLY MEASURED TRANSFORMER PARAMETERS, AS SEEN ON THE

HV SIDE

ratio between the turns on the HV side and on the LV side

α =
4
√
2

3π

Vbat

VLV
≈ 20. (25)

In practical applications, a lower turns ratio value might be
desired to accommodate different HV and LV batteries’ state
of charge.

The transformer is designed to have 40 turns on the HV side
and two turns on each half winding of the LV side, as shown in
Fig. 14(a). The transformer parameters are measured and shown
in Table II.

B. Compensation Capacitor

Once the transformer parameters are determined, the leakage
inductance can be used to design the compensation capacitor, as
described in (5). Given the transformer parameters, a capacitance
of approximately 280 nF is required. The capacitor is imple-
mented using a matrix of surface mount ceramic capacitors to
observe the current and voltage stress on the component. The
capacitor is shown in Fig. 14(b).

C. Power Electronics, Machine, and Power Supplies

The control algorithm is implemented in an F28379D digital
signal processor (DSP), by Texas Instruments. Two HP1 three-
phase insulated-gate bipolar transistor modules, by Infineon,

Fig. 15. Experimentally measured waveforms during T2A output current step
from 0 to 50A at standstill. (a) T2A voltage and current output. (b) Phase-shift
imposed by the controller, outputted via DAC. (c) Current at the primary winding
of the T2A transformer. (d) Speed read by DSP outputted via DAC.

are used to implement the drivetrain prototype, as shown in
Fig. 13(a). A 110 kW PMSM HSM-60 machine, by TM4, is
driven, as shown in Fig. 13(b). The motor is operated with a
conventional speed controller, comprising an outer-loop speed
control and an inner-loop current control system. Two EA-PSB
power supplies are used to emulate the 400V batteries. A dc
e-load model 63207, by Chroma, is used to emulate the 12V
battery as a constant voltage load. The parasitic capacitances
Cy and Cw are measured using an impedance analyzer and
determined to be, respectively, 6 and 2.4 nF.

D. Results

The prototype shown in Fig. 14 is used to conduct three
experiments.



12522 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022

Fig. 16. Voltage between negative terminal of both batteries vbt during steady-
state operation. T2A output current at 50A.

1) The system is subject to a step in T2A current output
reference from 0 to 50A to demonstrate T2A control
transient performance. This experiment also demonstrates
that T2A transient does not affect the motor drive system.

2) The T2A system is operated at 100A, demonstrating high
power transfer capability and providing a visual examina-
tion of component stress.

3) With T2A system outputting 50A, a step-in motor speed
reference is applied to the drive controller, from 0 to
1500 r/min. This experiment demonstrates that drive con-
trol operates normally under T2A power transfer and that
practical drive transient does not appreciably affect T2A
operation.

For the first experiment, the system is initially conducting
0A at the output of the T2A system. Around time t = 0 s, the
reference output current is set to i∗LV = 50A.The control system
shown conceptually in Fig. 10 enforces the reference tracking
and the output current rises to iLV = 50A, as shown in Fig. 15(a).

To increase the T2a output current iLV, the controller increases
the magnitude of the zero-axis voltage by imposing a carrier
phase-shift δ between inverters. The δ requested by the controller
is extracted from the DSP using a digital-to-analog converter
(DAC) and is shown in Fig. 15(b). As a result, the transformer’s
HV winding switching frequency current component magnitude
increases. This effect can be observed in Fig. 15(c). The voltage
VLV is controlled by the e-load, which maintains the voltage
approximately at 12V.

The speed, read by the DSP from the machine’s built-in
resolver, is also outputted via DAC. The resulting experimental
speed measurement is shown in Fig. 15(d). No appreciable
disturbance is seen in the speed measurement, and no movement
is observed in the physical motor during the test, despite no load
on the rotor, as shown in Fig. 13(b). This result suggests that the
T2A step does not impose any torque disturbance on the drive
system.

When the current settles around 50A, the voltages between
the negative terminal of bottom and top batteries vbt is measured.
This is the voltage applied to the series combination of Cr

and primary side of the transformer. The resulting waveform
is shown in Fig. 16 and has a dominant sinusoidal component at
the switching frequency. Higher order harmonics of this voltage
are filtered by the transformer inductance and do not cause
significant current.

For the second test, the T2A system is kept in steady-state
with output current reference i∗LV = 100A, while the drive is
at a standstill. The T2A output voltage and current are shown

Fig. 17. Experimentally measured waveforms during steady-state T2A oper-
ation with i∗LV = 100A. (a) T2A voltage and current output. (b) Current at the
primary winding of the T2A transformer.

in Fig. 17(a). The current through the HV windings of the
transformer is shown in Fig. 17(b) and can be seen to be
approximately sinusoidal and have a frequency of 10 kHz, i.e.,
the switching frequency fsw, as predicted by the theory laid out
in Section II. The peak amplitude of the current is approximately
8A. The measured rms current imposed onto the machine phase
windings is 2.84A, which is less than 1.5% of the machine rated
current 200A.

For the third and last experiment, the T2A system is at steady-
state, with i∗LV = 50A. The current into the HV winding of the
transformer can be observed in Fig. 18(d), and it has a similar
magnitude as shown in Fig. 15(c), after the current reference
step.

Starting approximately at time t = 0 s, the speed reference
of the drive system is ramped up, from 0 to 1500 r/min. The
speed controller raises the speed throughout approximately 15 s,
as shown in Fig. 18(a). To accelerate, sinusoidal currents are
imposed onto the machine stator windings, with phase “a” shown
in Fig. 18(b). In this test, the rotor has no load, and, as a result,
the stator current required for acceleration is relatively small
compared to the machine’s rated current. The drive system op-
erates regularly, regardless of the simultaneous T2A operation,
which imposes zero-sequence current through the machine.

The T2A operation is undisturbed by the acceleration. In
Fig. 18(c), VLV and iLV are shown to be constant. The current
through the HV side of the T2A transformer is also undisturbed,
as shown in Fig. 18(d). This rejection is achieved by designing
the T2A controller with enough bandwidth to reject the mod-
ulation index variations imposed by the speed controller, as it
raises the machine current magnitude in response to a change in
speed reference.

As the speed increases, the modulation index M increases,
decreasing the value of A′(M), as per (17). To compensate for
this effect, even a simple PI controller changes δ to maintain the
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Fig. 18. Experimentally measured waveforms during steady-state T2A oper-
ation with output current reference i∗LV = 50A and speed reference step from
0 to 1500 r/min. (a) Motor speed read by the DSP and outputted via DAC.
(b) Machine winding current through phase “a.” (c) T2A voltage and current
output. (d) Current at the primary winding of the T2A transformer. (e) Phase-shift
imposed by the controller, outputted via DAC. Signal filtered by a moving
average of 19 scope samples to enhance signal-to-noise ratio.

reference current output. The phase-shift is outputted via DAC,
filtered using a moving average filter, and shown in Fig. 18(e).
The moving average filter enhances the visualization since the
change in δ is fairly small compared to the DAC quantization
and measurement noises. The measured δ, after filtering, can be
seen to increase slightly as the speed increases.

VI. CONCLUSION

A T2A converter is proposed to feed the LV auxiliary battery
charging in dual inverter EVs. The system uses multifrequency
power transfer, reserving low frequencies for the drive operation
and leveraging zero-sequence current at the switching frequency
for T2A operation. No additional active switches are necessary
to control the power transfer between the main traction and LV
auxiliary batteries. Instead, a carrier phase shift is established be-
tween the top and bottom inverters of the drivetrain. As a result,
at the switching frequency, zero-axis current is established and
controlled through the open winding machine stator and is used
for power transfer. Moreover, during simultaneous driving and
charging operation, no additional switching takes place, as the
switching action of the driving operation is leveraged, while the
additional current imposed on the machine windings is less than
1.5% of the rated value. Therefore, the proposed scheme signif-
icantly reduces additional loss during driving mode compared
to comparable APMs, which invariably require some dedicated
PEIs.

An experimental 1.2 kW prototype is designed to demonstrate
the proposed functionality. The converter is shown to operate
undisturbed during variations in driving conditions, including
acceleration transients. Similarly, transients in auxiliary current
output are demonstrated not to affect the drive system.

The proposed auxiliary power supply additional circuitry
consists of capacitors, an isolation transformer, and a rectifier.
The reduced number of components and conversion stages make
this circuit superior to previously proposed solutions both in cost
and weight.
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