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Abstract: The idea of electric-drive-reconstructed onboard charger (EDROC) systems, along with
the concept of dual-channel charging, offers a novel design, thought to enhance the integration and
fault tolerance of the charging system of electric vehicles (EVs). This article investigates a dual-
channel EDROC incorporating an asymmetrical six-phase permanent magnet synchronous machine
(ASPMSM). A unique operation mode, called the unbalanced charging voltage operation mode, exists
in this topology, in case the voltages of the two batteries are unequal. This unbalance results in
different winding currents following through two channels, leading to an undesired charging torque
in the machine. To ensure the safety of the system, an effective charging torque elimination method,
based on dual-channel winding current balance, is proposed, which achieves a dot-shaped current
path of torque generation-associated subspace (i.e., a—f subspace) by balancing the dual-channel
charging power. Eventually, a controller is designed for the system and a prototype is created, to
validate the effectiveness of the proposed method.

Keywords: electric-drive-reconstructed onboard charger (EDROC); dual-channel; electric vehicles
(EVs); asymmetrical six-phase permanent magnet synchronous machine (ASPMSM); unbalanced
charging voltage operation mode; effective charging torque elimination

1. Introduction

Recently, electric vehicles (EVs) have garnered significant attention, thanks to their
clean and pollution-free operation. However, the widespread adoption of EVs faces sev-
eral challenges, prominent among which is the charging issue [1]. The ability to charge
EVs conveniently and efficiently is crucial for their practicality and widespread accep-
tance by consumers. To prompt the popularization of EVs, the charging issue has been
widely researched [2—4]. Different from traditional geographically fixed charging piles
and additionally installed onboard chargers, electric-drive-reconstructed onboard chargers
(EDROCs) [5] feed EV batteries by reutilizing the drivetrain components, which offers a
unique advantage in terms of cost and power density, providing a novel design concept for
an EV charging system.

Multi-phase machines are featured with superior torque performance and outstanding
fault tolerance [6], making them well-suited for EVs. Moreover, the distinct characteristic
of multi-phase drives, namely the multiple control degrees of freedom [7], can be used to
remove the charging torque which is inevitable in a three-phase EDROC implementing
fast charging [8]. Currently, EDROC topologies based on multi-phase drive have been
extensively investigated [9-12]. A six-phase EDROC employing a three-phase fast charging
socket is proposed in [9], which removes the rotating field during charging by rearranging
the connection between the three-phase grid and the machine windings. However, the
obtained current trajectory of a—p subspace associated with torque generation is line-
shaped, which means there is a slight oscillation in this topology. A dot-shaped current
path of a—f subspace was achieved in [10] by exploiting the multiple control degrees of
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freedom of the six-phase drive, which indicates that the charging torque is always zero at
any moment. This significantly increases the reliability of EV charging systems.

At present, the concept of multi-channel charging has emerged in the field of EVs, drawing
inspiration from the multi-modular systems utilized in wind power generation [13,14]. The
multi-modular system consists of several independent wind turbine modules, wherein
each one is capable of operating independently or collectively. If one module fails, the
others can still continue to generate power, thus ensuring the reliability and stability of
the entire system [15]. Building on this idea, multi-channel charging has been introduced
to EVs to improve their reliability and fault tolerance [16,17]. Specifically, for a dual-
channel EDROC equipped with a six-phase machine, two batteries are employed on the DC
side [18]. One battery, in conjunction with a set of three-phase machine windings, forms
one channel, while the other battery, connected to the remaining windings, constitutes the
second channel. This dual-channel setup ensures redundancy and fault tolerance, allowing
the system to continue working in the event of a channel failure.

However, the difference in voltage levels between the two batteries [19] should be
taken into consideration in a dual-channel EDROC. When the voltages of the two batteries
are balanced, the system behaves similarly to a single-channel EDROC [20]. If they are
unbalanced, a unique operation mode, called the unbalanced charging voltage operation
mode, exists in this topology. This leads to different winding currents following through
two channels, and further results in a charging torque of the machine, which will be
discussed in detail in Section 2. To ensure safe charging, it is necessary to remove the
undesired charging torque.

In this article, a dual-channel EDROC incorporating an asymmetrical six-phase per-
manent magnet synchronous machine (ASPMSM) is studied. The novelty of this paper can
be summarized as follows:

1.  The operational principles under both the balanced and unbalanced operation modes
are analyzed in detail, which indicates that a charging torque is inevitable under the
unbalanced charging voltage operation mode, and the following particular conclusion
can be reached: balanced winding currents of dual channels are favorable for charging
torque elimination.

2. An effective charging torque elimination method based on dual-channel winding current
balance is presented, which can ensure a dot-shaped current path in a—f subspace.

3. The controller of the dual-channel EDROC, for both the balanced and unbalanced
charging voltage operation modes, is designed. Meanwhile, a prototype of the dual-
channel EDROC is built, to verify the effectiveness of the proposed method.

2. Dual-Channel Electric-Drive-Reconstructed Onboard Charger Based on
Asymmetrical Six-Phase Permanent Magnet Synchronous Machine

2.1. Topology

A dual-channel EDROC incorporating an ASPMSM is presented in Figure 1. The
machine windings A and V are connected to phase a of the grid, winding B, in conjunction
with winding W, is with phase b, and windings C and U correspond to phase c. Meanwhile,
windings A, B, and C connected to a three-phase voltage source inverter (VSI), to constitute
charging channel I, through which the AC input supplies a set of batteries. The remaining
windings are connected to the other VSI, forming charging channel II, through which the
AC input feeds the other set of batteries.

It should be noted that the ASPMSM is featured with multiple control degrees of
freedom. Through vector space decomposition (VSD), the strongly coupled variables in the
natural coordinate frame can be injected into three mutually independent subspaces. The
specific VSD transformation for the ASPMSM is as follows:
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where ¢ is equal to /6.

Grid ASPMSM Dual three-phase VSIs Dual batteries

Figure 1. Topology of dual-channel EDROC.

The components of a—f subspace are associated with electromechanical energy con-
version, and the components of the x- and 0;-0, subspaces are both irrelated to electrome-
chanical energy conversion, which plays a crucial role in the charging torque elimination.

2.2. Balanced Charging Voltage Operation Mode

The balanced charging voltage operation mode can be implemented by injecting
currents into the x—y subspace, while the current components of the a—f and 0;-0, subspaces
are controlled to zero. In order to satisfy zero charging torque, the currents of three
subspaces can be expressed as follows:

i, =20
ig = 0
iy = kcos (g — 15°)

iy = kcos(fg +75°) @
ion =0

where i, and ig are the currents of the a—p subspace, iy and i, correspond to the x—y subspace,
ip1 and iy relate to the 0;-0; subspace, k is the amplitude of iy and iy, and 0y is the phase of
the grid.

Using the inverse VSD transformation deduced by Equation (1), the six winding
currents of the ASPMSM can be obtained as follows:

ig = kcos(0y —15°)

ip = kcos(fy —135°)

ic = kcos(f; +105°) 3)
iy = kcos(fy +135°)

iy = kcos(6g + 15°)

iw = kcos(6y —105°)
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Based on the topology shown in Figure 1, the grid-side currents can be acquired
as follows:
iga = ia + iy = 2kcos15° cos O,
igp = ip + iw = 2k cos 15° cos (B — 120°) (4)
ige = ic + iy = 2k cos 15° cos (6 — 240°)

It is clear that the requirement of grid current balance can be satisfied. Therefore,
it is easy to achieve safe charging, in case the winding currents of the dual channels
are balanced.

2.3. Unbalanced Charging Voltage Operation Mode

If the charging voltages of the two batteries are unbalanced, the charging power
demands of the two channels will be unequal. Further, the winding currents following
through the two channels will be unbalanced as well, which can be expressed as follows:

ig = ki cos(6, —15°)
ig = kq cos(wgt —135°)
ic = ky cos(wgt +105°) 5)
iy = ky cos(wgt +135°)

iy = kp cos(wgt + 15°)

iw = ky cos(wqt —105°)

where k; and k; are the winding current amplitudes of two channels, which are determined
by the charging voltages.

Assuming that kq is 0.5 times as much as ky, based on Equation (1), the three subspace
currents can be deduced as follows:

ix = 0.25k; cos (6 + 165°)
ig = 0.25k; cos (6 + 75°)

ix = 0.75k; cos (6, — 15°)
(

iy = 0.75k; cos (04 + 75°) ©)
ipy =0
igp =0

The current trajectory of the a—f subspace associated with torque generation is shown
in Figure 2. It can be seen that the current path is an ellipse, indicating a charging
torque generation.

0.5k,

—0.5k,
0.5k, 0 0.5k,

la

Figure 2. Current trajectories with unbalanced charging voltages.

Moreover, the grid current can be deduced as Equation (7). It is difficult to obtain
balanced grid currents.

iga = ia + iy = 0.5kp cos (0 — 15°) + ky cos (6 4 15°)
igp = ip +iw = 0.5k cos (g — 135°) + ky cos (6 — 105°) 7)
ige = ic + iy = 0.5kp cos (6 + 105°) + ky cos (g + 135°)



World Electr. Veh. ]. 2024, 15, 205

50f 14

It can be easily concluded that the charging requirements are hard to satisfy due to
the unbalanced dual-channel winding currents under the unbalanced charging voltage
operation mode. With reference to the balanced case, if the dual-channel winding currents
are balanced, the undesired charging torque is eliminated and the balanced grid currents
are obtained.

3. Proposed Effective Charging Torque Elimination Method

In order to simultaneously satisfy the two requirements under the unbalanced charging
voltage operation mode, namely the zero charging torque and the balanced grid currents,
an effective charging torque elimination method, based on dual-channel winding current
balance, is proposed and will be discussed shortly.

To acquire the balanced dual-channel winding currents, the input power requirements
of the two channels under the unbalanced charging voltage operation mode should be
controlled consistently. The power calculations of one channel are generally expressed
as follows:

Py= )} ujijcosg;

j=AB,C

. u2 8
P2:udc1dc:R7‘Z,CC ®)
Ppyss = P — P,

where Py, Py, and Py, denote the input, output, and loss power of one channel, respectively;
u; and i; denote the input voltage and current for phase j in one channel, separately; ¢;
denotes the input power factor of phase j; 14, and iy, denote the charging voltage and
current of the output side, respectively; and Ry, is the load resistance.

Assuming that dual channels have the same lost powers, according to Equation (8), to
acquire consistent input powers, the output powers must be controlled to the same values.

For simplification, the resistors R; and R are used as the dual-channel loads in this
paper. In a case where R; and R; are not equal, the charging voltages should be adjusted
correspondingly for the purpose of consistent output powers. The relationship between
the dual-channel desired charging voltages is given as follows:

Uref1 _ & )

Uref2 Ry

It should be added that, for a practical system in which two batteries are used as the
dual-channel loads, a combination of different charging modes is required. For constant
current charging mode, the charging currents are tuned according to actual charging
voltages, and the relationship between dual-channel desired charging currents is expressed
as follows: )

refl _ e (10)

Lref2 Udcl
where 141 and w4, are the actual terminal voltages of two batteries, respectively. The
constant voltage charging mode is analogous to the resistant load case, where Equation (9)
is replaced by the following;:

Uref1 )

4 11
Uref2 Tde1 )

where iz and iy, are the actual charging currents of two channels.

4. Controller Design and Simulations
4.1. Controller Design

The control diagram, which is shared for the balanced and unbalanced charging
voltage operation modes, is shown in Figure 3, which consists of a dual-channel winding
current balance controller, a voltage outer loop, a phase-locked loop (PLL), a current
calculator, a current inner loop, and a pulse width modulation (PWM) generator. The
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dual-channel winding current balance controller is responsible for regulating the desired
dual-channel charging voltages to balance the winding currents of two channels, so that
the generated charging torque can be eliminated under the unbalanced charging voltage
operation mode. R; and R; in Equation (9) are adjustable, according to the actual values.
Under the balanced charging voltage operation mode, the ratio Ry /R, is set to one.

" Dual-channel winding current | %" P Voltage
o balance controller equation (9) J outer loop
Udc 1,2 ki o
. . .

Current calculator

equation (5)
.k
Lapcuyw Hg

H PWM
generator

Current
inner loop

"1

Figure 3. Control diagram (a letter with “*” denotes the reference value).

Next, a proportional integral (PI) controller is employed to regulate the charging
voltages, and the amplitudes of the winding currents can be obtained. The values, in
conjunction with the grid phase detected by the PLL, are fed into the current calcula-
tor. Then, the winding current references which can satisfy the grid current balance and
simultaneously achieve unity power factor are obtained.

Subsequently, six proportional resonant (PR) controllers are used in the current inner
loop, which make the actual winding currents follow the expected ones. For simplicity, all
the machine windings of ASPMSM are assumed to be the same; thus, the parameters of the
six PR controllers can be set identically. Even though there are slight differences between
windings in the actual system, the desired performance is achieved by only fine-tuning the
parameters. Finally, the gating signals of switches are obtained from the PWM generator.

4.2. Simulations

In order to verify the proposed method, simulations are conducted in MATLAB/Simulink.
In the simulations, the resistors Ry and R; are used as the dual-channel loads. The switching
frequency is set to 10 kHz. The grid voltage is set to 40 V (root mean square value, RMS),
and the charging voltage of channel I is determined to be 120 V.

Firstly, the simulation is conducted with Ry =25 () and R; = 25 (), and the results are
shown in Figure 4. It can be observed that the balanced grid currents can be obtained under
the unity power factor operation, shown in Figure 4a. The winding current iy leads i4 by
approximately 30 degrees in phase, and i4 has the same amplitude as iy, consistent with
Equation (3). The decoupled currents of three subspaces are depicted in Figure 4b. It can be
seen that the current path of the a—f subspace is a dot in shape, which indicates there is
no charging torque generation. Moreover, the dual-channel charging voltages are shown
in Figure 4c. It is clear that the charging voltages are both 120 V, which align with their
respective desired values in the steady state, as expected. Also, the dual-channel charging
powers maintain balanced, as presented in Figure 4d.

Following this, in order to verify the effectiveness of the proposed method, R; and
R, are adjusted to 25 () and 20 (), respectively. It should be mentioned that the desired
charging voltage of channel Il is calculated by Equation (9) for the purpose of charging
torque elimination. The simulation results are shown in Figure 5. As presented in Figure 5a,
the balanced grid currents and unity power factor operation are achieved; at the same time,
iy is about 30 degrees ahead of i4 in phase with equal amplitude, which is consistent with
the case that R = 25 () and R; = 25 (). Additionally, the current trajectories are depicted in
Figure 5b, where the excitation of the a— subspace is shaped like the original, indicating
no charging torque generation. Concurrently, dual-channel charging voltage and power
values are shown in Figures 5c and 5d, respectively. Notably, the actual charging voltages
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accurately follow their setpoints while maintaining balanced dual-channel power values,
which exhibit the same steady performance as the case where Ry =25 () and R, =25 Q).
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Figure 4. Ry =25 O and R, = 25 Q). (a) Grid voltage of phase a, grid currents of phase a and b,
and winding currents of phase A and V; (b) current trajectories of three subspaces; (c) dual-channel

charging voltages; (d) dual-channel charging power values.
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Figure 5. Ry =25 O and R, = 20 Q). (a) Grid voltage of phase a, grid currents of phase a and b,
and winding currents of phase A and V; (b) current trajectories of three subspaces; (c) dual-channel
charging voltages; (d) dual-channel charging power values.
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Finally, R; and R, are determined as 25 () and 30 (), and the results are displayed
in Figure 6. It is evident that balanced grid currents are obtained under the unity power
factor operation from Figure 6a. Also, iy and iy show similar characteristics as those in the
aforementioned cases. Meanwhile, the current trajectory of the a—f subspace is dot-shaped,
as presented in Figure 6b, indicating no charging torque generation. Figure 6¢,d provide
dual-channel charging voltage and power values, respectively, which are similar to the
two cases above.

— 60 10
N
g 40 5
20 -
S <
~ 0 L0
< S
;’720 =
g -5
= 40
S
-60
0.9 0.95 1 -10
Time (s) -10 -5 o 0 5 10
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> Ugel 575 <~
119 130 200 Py
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Time (s) Time (s)

() (d)

Figure 6. Ry =25 () and R, = 30 Q). (a) Grid voltage of phase a, grid currents of phase a and b,
and winding currents of phase A and V; (b) current trajectories of three subspaces; (¢) dual-channel
charging voltages; (d) dual-channel charging power values.

5. Experiments

In order to verify the proposed charging torque elimination method, a dual-channel
EDROC prototype is built. As shown in Figure 7, the experimental rig consists of a three-
phase power source, an ASPMSM, dual three-phase VSIs, and two loads. It should be
mentioned that the three-phase power source is used to emulate the three-phase grid.
The primary parameters of the tested ASPMSM are displayed in Table 1. Meanwhile,
the dual three-phase VSIs comprise six Infineon FF300R12ME4 modules. Due to the
limitations of the experimental equipment and for the purpose of safety, an adjustable
resistor bank and a programmable electronic load are employed as the dual-channel loads,
respectively. The different loads make no difference to the experimental results, because the
resistor values are both adjustable. In addition, the system necessitates six WHB25LSP351
current sensors for capturing the winding currents, along with four WHV05AS356 voltage
sensors for sampling the two-phase grid voltages and dual-channel charging voltages. A
TI TMS320F28335 digital signal processor, programmed with control code written in C, is
used to process all the sensed signals and execute real-time control tasks.
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Programmable
electronic load

Figure 7. Experimental rig.

Table 1. Main parameters of the tested ASPMSM.

Parameters Values
Rated power 2kW
Rated voltage 220V
Rated current 12A
Number of pole pairs 5
Direct axis inductance 6.18 mH
Quadrature axis inductance 6.13 mH
Stator resistance 0.7 Q)
Stator leakage inductance 1.82 mH

Experiments are conducted under three different dual-channel load resistance ratio
(R1/R3) conditions, and the grid voltage is always set to 40 V (RMS). In addition, the
sampling frequency is set as 10 kHz.

Firstly, the dual-channel EDROC is tested under the balanced charging voltage oper-
ation mode with R; = 25 ) and Ry = 25 (). The dual-channel charging voltages are both
set to 120 V, and the results are shown in Figure 8. As shown in Figure 8a, the balanced
grid currents are achieved. The grid voltage and current of phase a are in phase, indicating
that the unity power factor operation is realized. It can be seen from Figure 8b that the
winding current, iy, is about 30 degrees ahead of i4 in phase and i4 has the same amplitude
as iy, which is in accordance with Equation (3). In addition, the total harmonic distortion
(THD) of grid current ig, is about 1.05%, as shown in Figure 8c. The current trajectories
of three subspaces are depicted in Figure 8d, where the current path in the a—f subspace
is approximated to an origin, indicating no charging torque generation. Meanwhile, the
active power values (P; and P;) and the charging voltages (14.1 and u,.2) of two channels
are presented in Figure 8e,f. From Figure 8e, it is clear that the dual-channel power values
are balanced, and the charging voltages are expected to track their individual desired
values in the steady state. Figure 8f shows the dynamic performance. During the charging
voltage changing from 120 V to 130 V, a smooth curve is obtained, and the response process,
roughly, lasts for 100 ms. The actual dual-channel charging voltages can both accurately
follow their setpoints, and the dual-channel power values always maintain balanced.
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Figure 8. Balanced charging voltage operation mode, with Ry =25 Q) and R; = 25 Q). (a) Grid voltage
of phase 2 and grid currents; (b) grid voltage and current of phase a and winding currents of phase
A and V; (c) grid current THD of phase a; (d) current trajectories of three subspaces; (e) steady
performance; (f) dynamic performance.

Subsequently, the experiment is conducted under the unbalanced charging voltage
operation mode, with Ry =25 () and R; = 20 ). The charging voltage of channel I is set
to 125 V. In order to eliminate the charging torque discussed in Section 2.3, the charging
voltage of channel I is calculated using Equation (9). The results are shown in Figure 9.
The balanced grid currents and the unity power factor operation are realized as in Figure 9a.
Similar to the balanced charging voltage operation mode, iy is about 30 degrees ahead of
iy in phase and iy has the same amplitude as iy, as presented in Figure 9b. Additionally,
the grid current iy, follows a THD of about 1.02%, as shown in Figure 9¢c. The decoupled
current trajectories are drawn in Figure 9d. It can be seen that the current trajectory in
the a—p subspace is a proximate origin in shape, which means there is no charging torque
generation. At the same time, Figure 9e,f present the active power values (P and P,) and
the charging voltages (11,1 and u,.5) of two channels. Notably, the dual-channel power
values remain balanced, and the charging voltages precisely track their respective desired
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values during the steady-state operation mode, as shown in Figure 9e. Figure 9f depicts
the dynamic performance, where the transition from a 120 V to a 130 V charging voltage
exhibits a smooth curve, with a response time of approximately 100 ms. Throughout the
process, the actual dual-channel charging voltages accurately follow their setpoints, while
maintaining balanced dual-channel power values.
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Figure 9. Unbalanced charging voltage operation mode, with R; =25 () and R; = 20 Q). (a) Grid
voltage of phase a and grid currents; (b) grid voltage and current of phase 4 and winding currents of
phase A and V; (c) grid current THD of phase 4; (d) current trajectories of three subspaces; (e) steady
performance; (f) dynamic performance.

Ultimately, Ry and R, are adjusted to 25 ) and 30 (), separately. The results are shown
in Figure 10. It is clear that balanced grid currents are obtained under the unity power factor
operation, as shown in Figure 10a. The currents ig,, i4, and iy are provided in Figure 10b. It
can be seen that iy is about 30 degrees ahead of i4 in phase and i4 has the same amplitude
as iy, which is the same as the aforementioned two cases. Also, i¢s has a THD of about
1.15%, as shown in Figure 10c. Meanwhile, the current trajectories of three subspaces are
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presented in Figure 10d. The excitation of the a—f subspace is a dot, indicating there is no
charging torque generation. Figure 10e provides the steady performance and Figure 10f
gives the dynamic performance when the charging voltage of channel I is changed from
120 V to 130 V, which are similar to the two cases above and will be not repeated here.

Ug, (20 V/div) i (20 A/div)

\ /
/

e Q0A/IV) g (20 A/diV) 10 ms/divy, i (10 A/div) iy (10 A/div) 10ms/divy,
(a) (b)
10
’_g iX'iy
g _
E Fundamental (50Hz) = 16.12 < o« iqiy
E THD= 1.15% = 0
N 0 & lo1-ip2
e 0 2 4 6 8 1012 1416 18 20 -5
= A
|
2 4 6 8 10 12 14 16 18 20 -10
Harmonic order -10 -5 0 5 10
iy ix io1 (A)
(c) (d)
4.00 Pl (500 W/dlv) 4.00 Pl (500 W/dlv)
al AT T fl i F T T N TR W AT f ‘WTWI—"‘?
(o s an et L L e b e I e | rxv1m d = y
B Uger (50 V/div) P, (500 W/div) B g2 (50 V/iv) P, (500 W/div)
" Uger (50 V/div) " ger (50 V/div)
e 20 ms/div, i 1 s/div
(e) (f)

Figure 10. Unbalanced charging voltage operation mode, with R; = 25 ) and R; =30 Q. (a) Grid
voltage of phase a and grid currents; (b) grid voltage and current of phase a and winding currents of
phase A and V; (c) grid current THD of phase a; (d) current trajectories of three subspaces; (e) steady
performance; (f) dynamic performance.

In summary, zero charging torque generation can always be realized by using the
proposed charging torque elimination method, regardless of whether the dual-channel
charging voltages are balanced or unbalanced.

6. Conclusions

This paper studied a dual-channel EDROC topology integrated with an ASPMSM.
The balanced and unbalanced charging voltage operation modes of the dual-channel
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EDROC are both analyzed. Based on VSD, the current trajectory of the a—f subspace is
depicted under the unbalanced charging voltage operation mode, revealing the presence
of a charging torque in the ASPMSM. It is proven that unbalanced dual-channel winding
currents result in an inevitable charging torque. Subsequently, an effective charging torque
elimination method, based on dual-channel winding current balance, is proposed. It can
realize balanced winding currents under the unbalanced charging voltage operation mode
by making the charging power requirement of two channels consistent, so that zero charging
torque is achieved. Finally, experiments are conducted under three different dual-channel
load resistance ratio conditions and all of them feature dot-shaped current trajectories on the
a—P subspace, which demonstrate that zero charging torque is achieved. The effectiveness
of the proposed method in terms of charging torque elimination is further verified.
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