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Abstract: The fuel economy of electric vehicles (EVs) is an important factor in determining the
competitiveness of EVs. Since the fuel economy is affected by the efficiency of an e-powertrain
composed of a motor and inverter, it is necessary to select a high-efficiency topology for the e-
powertrain. In this paper, a novel topology of e-powertrains to improve the fuel economy of EVs is
proposed. The proposed topology aims to improve the system efficiency by integrating open-end
winding (OEW) and winding changeover (WC). The proposed OEW-PMSM with WC enables to
drive a permanent magnet synchronous motor (PMSM) in four different modes. Each mode can
increase inverter efficiency and motor efficiency by changing motor parameters and maximum
modulation index. In this paper, the system efficiency of the proposed topology was evaluated using
electromagnetic finite element analysis and a loss model of power semiconductors. In addition, the
vehicle simulations were performed to evaluate the fuel economy of the proposed topology, thereby
proving the superiority of the proposed topology compared with the conventional PMSM.

Keywords: electric vehicles; fuel economy; open-end winding; permanent magnet synchronous
motors; winding changeover

MSC: 65M80

1. Introduction

As the era of electric vehicles (EVs) progresses beyond hybrid electric vehicles (HEVs),
the demand for high-performance powertrains is increasing [1,2]. In the 2020s, the EV
market is expanding not only in Europe but also in the Americas and Asia. Consequently,
the demand for traction motors, a key component of EVs, is rising rapidly. Various types
of traction motors exist, including induction motors, switched reluctance motors, and
wound-field synchronous motors. Among these, permanent magnet synchronous motors
(PMSMs) are the most commonly used for traction applications.

PMSMs offer the advantage of operating across a wide speed range with high ef-
ficiency, thanks to the use of high-energy-density rare earth permanent magnets (PMs).
Since the performance of PMs is affected by temperature variations, the efficiency and
heat dissipation characteristics are crucial for traction motors [3]. Additionally, energy
losses occur in power semiconductors, such as insulated gate bipolar transistors (IGBTs),
during the power conversion process, as the traction motor consumes energy stored in the
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battery [4]. Therefore, both the efficiency of the inverter and the traction motor influence
the overall mileage of EVs.

In order to improve the efficiency of the system consisting of traction motor and
inverter, research has been conducted in various aspects in point view of traction motors
and inverters. To increase the efficiency of traction motors, various winding technologies
and design techniques have been proposed. Hairpin winding, which is widely used in
traction motors with distributed winding, is a technology that maximizes current capacity
and heat dissipation characteristics by improving the slot fill factor [5–7]. But the hairpin
winding can only be adopted in distributed winding, so additive manufacturing-based
winding technology for high fill factor concentrated winding is widely studied [8–11].
Additive manufacturing is effective in maximizing the fill factor of the coil but has a
limitation in reducing DC resistance because the copper alloy used for laser forming has a
higher resistivity than pure copper.

Although the increased conductor area has enhanced the efficiency of traction motors,
further improvements in EV mileage can be achieved by optimizing the traction motor
considering the vehicle’s driving cycle [12–15]. Hwang et al. proposed an analysis method
to predict fuel economy based on the driving cycle by coupling electromagnetic and thermal
analysis, accounting for temperature variations in traction motors [12]. Sun et al. intro-
duced a design optimization process for four-wheel-drive in-wheel motors, considering
the driving cycle. As in-wheel motors operate close to direct-drive, they proposed a design
approach for outer rotor PMSMs, focusing on low-speed, high-torque characteristics [13].

Flux-weakening (FW) control is essential for driving traction motors at high speeds
within the constraints of limited battery voltage. When d-axis current is injected for FW
control, the increased armature current leads to additional electromagnetic losses. In order
to overcome the limited battery voltage, various overmodulation strategies have been
studied to maximize the power density of the motor [16–18]. Overmodulation allows
the traction motor to operate at higher voltages but does not provide a dramatic voltage
increase because the voltage increase effect is less than 5%.

Therefore, it is effective to increase the battery voltage by adding battery cells to effec-
tive improve the efficiency of the drive motor. However, this approach is not recommended,
as it increases the weight and cost of EVs. To address this, a topology of open-end winding
PMSMs (OEW-PMSMs) has been proposed to boost the line-to-line voltage while main-
taining the limited battery voltage [19–21]. OEW-PMSMs can operate with reduced d-axis
current at high speeds due to the higher voltage limits. However, OEW-PMSMs require an
additional power module, as the three-phase winding ends are fed by dual inverters that
share the same battery source. A method utilizing wide-bandgap switches to mitigate the
additional inverter losses from added power modules has been proposed [22,23]. However,
this approach increases costs due to the use of wide-bandgap switches, limiting its adoption
in the industry.

In cases where wide-bandgap switches cannot be used, effective control of the power
module becomes crucial to reducing inverter losses. Several control techniques for OEW-
PMSMs have been proposed to help reduce inverter losses. A key challenge in applying
OEW-PMSMs is managing the zero-sequence current, which arises from the potential
difference between inverters and the 3n-th flux linkage of the traction motor [24]. Various
PWM techniques have been investigated to minimize common-mode voltage and suppress
zero-sequence current. Park et al. proposed an effective solution for minimizing the
common-mode voltage [25–27].

Winding changeover (WC) is a method that can drive the traction motor in two modes
by changing the wiring of the armature winding [28,29]. By using the WC, high efficiency
drive in a wide speed range can be achieved only by wiring the armature winding without
any physical change of the traction motor. However, the large surge voltage generated
during winding switching can damage the winding, necessitating the development of an
appropriate switching technique to mitigate this surge voltage [30,31].
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Therefore, this paper proposes a novel powertrain topology integrating OEW-PMSMs
and WC for high-efficiency operation in the entire speed range. The proposed topology
drives the traction motor in four modes, combining three-phase OEW conversion of the
inverter and series-parallel conversion of the armature winding [32]. As a result of using
the proposed topology, the fuel economy of EVs can be improved compared with the
conventional three-phase topology.

Winding changeover (WC) is a method that enables traction motors to operate in
two modes by reconfiguring the armature winding connections [28,29]. By utilizing WC,
high-efficiency operation across a wide speed range can be achieved through simple wiring
changes to the armature winding without any physical modifications to the traction motor.
This paper proposes a novel powertrain topology that integrates OEW-PMSM and WC to
achieve high efficiency across the entire speed range. The proposed topology allows the
traction motor to operate in four modes by combining three-phase to OEW conversion with
series-parallel conversion of the armature winding [32]. By employing this topology, the
fuel economy of EVs can be improved compared with conventional three-phase systems.

2. Mathematical Model of OEW-PMSM
2.1. Characteristics of OEW-PMSMs

Figure 1a,b show the schematic of the OEW-PMSMs and their corresponding space
vector voltage. In this topology, the armature windings of the PMSMs are not intercon-
nected, which is why it is referred to as an open-end winding. Each end of the winding is
powered by a separate inverter. The voltages of the PMSMs are determined by the space
vector voltage of each inverter, as shown in Figure 1b. The three-phase voltages can be
expressed as the difference between the voltages supplied by each inverter, as follows:

vu = vu1 − vu2

vv = vv1 − vv2

vw = vw1 − vw2

(1)

Inverter 1 Inverter 2

Open-end winding

PMSM

Vdc /2

Vdc /2

u1 u2

v1 v2

w1 w2

(a)

A

BC

D

E F

A’

B’C’

D’

E’ F’

α

β

α

β

O

O

O

H

J IK

L

M

SN

G

Q RP

AD

BC

E F

α

β

1

23

4

65

1’

2’3’

4’

6’5’

11’,33’

87’,78’

22’,44’

55’,66’

77’

88’

18’

74’

74’

65’

17’

23’

24’

14’41’

46’

31’ 21’

45’

76’

86’

37’

38’

34’

85’

75’

16’

27’

28’

26’35’36’ 25’

15’

71’

48’

81’

56’

47’

32’

72’

57’

43’

61’

82’

58’

67’

68’

54’

12’

73’

83’

64’

13’

63’53’62’52’

42’

51’

Inverter 1

Inverter 2

OEW-PMSMs

Conventional

PMSMs

(b)

Figure 1. Schematic of (a) dual inverter fed OEW-PMSM and (b) hexagonal modulation diagram.
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The voltage vectors from each inverter have a phase difference of 120◦ to supply
the maximum voltage to the armature winding of PMSM. As a result, the maximum
modulation index of the OEW-PMSMs can be increased compared with conventional three-
phase PMSMs, as shown in Figure 1b. This feature allows the OEW-PMSMs to supply
a higher line-to-line voltage to the conventional PMSMs, even with the limited battery
voltage available in EVs.

To achieve high power density in a PMSM within a limited voltage, FW control, ac-
complished by injecting negative d-axis current, is required. Figure 2 illustrates the current
vector for FW control in both conventional PMSMs and OEW-PMSMs. In conventional
PMSMs, driving with FW control increases electromagnetic losses due to the higher arma-
ture current. However, by adopting the OEW topology, it is possible to achieve the same
power density with a smaller d-axis current, thanks to the increased voltage capacity. As
a result, the power density of the PMSMs can be enhanced, and the efficiency improved,
compared with conventional PMSMs, due to the increased modulation index offered by
the OEW topology.

Conventional

PMSM

d-axis

q-axis

OEW-PMSM

Constant torque curve

Current vector

Induced voltage

Decreased

current vector

Figure 2. Comparison of current vector for flux-weakening control between conventional three-phase
PMSMs and OEW-PMSMs.

When OEW is applied to PMSMs, the power density increases in proportion to the
increased modulation index. However, since the load required for EV traction remains
constant, the increased power density of OEW-PMSM is not necessary. Therefore, the
number of series turns per phase for the OEW-PMSM should be increased by the same
ratio as the increased modulation index to maintain the desired power density, as shown in
Figure 3. By increasing the series turns per phase while maintaining the current density
and slot fill factor, the peak current of the OEW-PMSM is reduced compared with that of a
conventional PMSM as

ipk =
Aslot · n f · Jc,max

Nc
(2)

As a result, the specifications of the OEW-PMSM and conventional PMSM are summa-
rized in Table 1. Both the conventional PMSM and the OEW-PMSM are designed to drive
14.5 kW for personal mobility applications. Detailed specifications for personal mobility
will be discussed in Section 5.
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Table 1. The specifications of conventional PMSM and OEW-PMSM.

Item Unit Conventional OEW-PMSM

Motor type - IPMSM IPMSM
Number of poles/slots - 16/24 16/24

Max. power kW 14.5 14.5
Peak torque Nm 50.0 50.0

DC link voltage VDC 72 72
Max. line-to-line voltage - VDC/

√
3 VDC

Series turns per phase - 26 45
Number of parallel circuits - 8 8

Temperature ◦C 60 60

Employing

OEW

Increasing series

turns per phase

T
o
rq

u
e

Speed

Conventional 

PMSM (Ns)

T
o
rq

u
e

Speed

Conventional

PMSM (Ns)

OEW-PMSM (Ns)

T
o
rq

u
e

Speed

OEW-PMSM (  3Ns)

OEW-PMSM (Ns)

Figure 3. Comparison of torque-speed curve between OEW-PMSM and conventional PMSM for
maintaining power density.

2.2. System Efficiency of OEW-PMSM

Since the motor system comprises both an inverter and a motor, the overall system
efficiency is influenced by the efficiencies of both components. Unlike conventional PMSMs,
OEW-PMSMs are driven by dual inverters, so the system efficiency of the OEW-PMSM
must be calculated with consideration for the dual inverter drive.

The efficiency of the PMSM is determined by several factors, including the copper
loss of the armature winding, the iron loss of the core material, the eddy current loss of the
permanent magnets (PMs), mechanical losses from the bearings, and the mechanical power
output. In this paper, the eddy current loss of the PMs is considered negligible. Additionally,
the zero-sequence current, which poses a practical challenge in OEW applications, is not
addressed in this study. Consequently, the total power loss of the motor, Pmt, can be
calculated as follows:

Pmt = Pc + Pi + Pmech (3)

The copper loss is determined by the electrical resistance of the armature winding and
armature current, and the armature current can be modeled as

Ra = ρc
Ns

Np

(Lstk + lend)N2
c

Aslot · n f
(4)
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Then, the copper loss can be calculated using (2) and (4) as

Pc = 3ρc
Ns(Lstk + lend)Aslot · n f · Jc

Np
(5)

Thus, the copper loss is influenced by the size of the motor and the magnetomotive force
(MMF) of the armature winding. Since the MMF for both conventional PMSM and OEW-
PMSM is the same at the same torque and speed, the copper losses for each motor are
also identical. Additionally, the iron loss of the PMSM is determined by the MMF of the
armature winding and the frequency of the magnetic flux density; therefore, the iron losses
of both conventional PMSMs and OEW-PMSMs are the same under the same operating
conditions. Consequently, the efficiencies of the conventional PMSM and OEW-PMSM
are equivalent.

The efficiency of inverters is determined by the power loss of IGBTs and diodes. The
power loss of IGBTs and diodes can be divided into conduction loss and switching loss.
Each loss can be modeled as follows [33].

Pc,T =

(
1

2π
+

M cos(ϕ)
8

)
Vce0 I1 +

(
1
8
+

M cos(ϕ)
3π

)
rce I2

1 (6)

Psw,T = fsw
Eon(I1) + Eo f f (I1)

π
(7)

Pc,D =

(
1

2π
+

M cos(ϕ)
8

)
VF0 I1 +

(
1
8
−

M cos(ϕ)
3π

)
rF I2

1 (8)

Psw,D = fsw
Err(I1)

π
(9)

The characteristics of IGBT and diode for calculating the power loss can be derived from
the datasheet, as shown in Figure 4a–d [34].
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Figure 4. Characteristics and switching loss of power semiconductors: (a) Characteristics of IGBT,
(b) diode and switching loss of (c) IGBT, (d) diode.
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The conduction loss of the inverter is influenced by power factor, induced voltage,
and phase current. For the OEW-PMSM, the conduction loss of a single IGBT and diode
is lower than that of the conventional PMSM. The switching loss for a single IGBT and
diode in both topologies is equivalent, as the switching frequencies are the same for each.
Therefore, the total power loss of the conventional three-phase inverter can be calculated
as follows:

Pinv = 6(Pc,T + Psw,T + Pc,D + Psw,T) (10)

However, the dual inverter topology of the OEW-PMSM utilizes twice as many IGBTs and
diodes compared with the conventional three-phase inverter. This difference must be taken
into account when calculating the efficiency of the inverter. Additionally, the conduction
loss for each inverter should be calculated while considering their respective power factors,
as illustrated in Figure 5. Finally, the system efficiency of the OEW-PMSM can be calculated
as follows:

ηsys,OEW = ηinv,OEW · ηmt,OEW (11)

where

ηinv,OEW =
Pout + Pmt

Pout + Pmt + Pinv1 + Pinv2
(12)

ηmt,OEW =
Pout

Pout + Pmt
(13)

By using the system efficiency of OEW-PMSM, the system efficiency of proposed topology
can be calculated.

Inverter 1 Inverter 2

vu = vu1 – vu2
Vdc /2

Vdc /2

u1 u2

v1 v2

w1 w2

iu

vu iu vu2

vu1

Φ1 Φ2

time

Power factor for each inverter

Figure 5. Power factor between armature current and reference voltage from each inverter.

3. Characteristics of OEW-PMSM with Winding Changeover
3.1. Operation in Series-Parallel Mode

The electromagnetic performance of PMSMs is highly dependent on the number of
series turns per phase. If the slot fill factor and current density remain constant, the peak
current and power density of the PMSMs decrease as the number of series turns per phase
increases, while they increase when the number of series turns per phase decreases. Wind-
ing changeover (WC) allows for the adjustment of the series turns per phase by converting
the armature winding between series and parallel configurations [28,29]. Figure 6a presents
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an example circuit for implementing the WC. The coil is divided into two parts for con-
verting the armature winding, and switches for series and parallel modes are installed for
each phase. In series mode, the middle switch is closed while the switches on both sides
are open, connecting the two windings in series. In parallel mode, the switches operate in
the opposite manner, connecting the two windings in parallel. Consequently, the armature
current flows differently in each mode, as illustrated in Figure 6b.

When the armature winding of the PMSM operates in series and parallel modes, the
number of series turns per phase is doubled in series mode compared with parallel mode.
Since the resistance and d, q-axis inductance are proportional to the square of the number
of series turns per phase, while the flux linkage is directly proportional to the number of
series turns per phase, the motor parameters can be expressed as follows, depending on
the operation mode.

Ra,s = (1 + Swc)
2Ra,p (14)

Ldq,s = (1 + Swc)
2Ldq,p (15)

ψa,s = (1 + Swc)ψa,p (16)

Therefore, the motor parameters change according to the WC operation mode.

U

X

V

Y

W

Z

Switches for parallel mode

Switches for series mode

(a)

Series mode, SW = (0, 1, 0)

Parallel mode, SW = (1, 0, 1)

OFF

ON

OFF

ON

OFF

ON

(b)

Figure 6. Principle of the winding changeover. (a) Example circuit for winding changeover and
(b) current flow in series and parallel mode.

Figure 7a,b illustrates the electromagnetic performance of the conventional PMSM
when it is operated in each mode. Assuming that the peak current of the inverter remains
constant, the torque density in series mode is improved in the low-speed region compared
with parallel mode due to the increased flux-linkage. Conversely, high power density can
be achieved in parallel mode, thanks to the reduced impedance of the motor. Additionally,
since the d-axis current for FW control is lower in parallel mode than in series mode,
efficiency can be enhanced by minimizing copper and iron losses.
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Figure 7. Electromagnetic characteristics of conventional PMSM with (a) series mode and (b) parallel
mode.

3.2. Proposed OEW-PMSM with WC

By leveraging the advantages of OEW and WC, we propose a novel topology that
facilitates high-efficiency operation across the entire speed range for EV traction. Figure 8
presents the schematic of the proposed topology. To implement WC, the windings of the
PMSM are separated, and the ends of each phase are left unconnected for dual inverter
drive. This proposed topology enables the PMSM to operate in four modes by integrating
series and parallel configurations with three-phase and dual inverter drives, as illustrated
in Figure 9.

OEW-PMSM with WC
Inverter 1 Inverter 2

Figure 8. Schematic of proposed OEW-PMSM with WC.
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Figure 9. Operation range of proposed topology.

Since the maximum modulation index and motor parameters vary with the operating
mode, the system efficiency for each speed region also changes accordingly. When the
proposed topology operates in three-phase mode with WC, the system efficiency in the
low-speed region can be enhanced because the motor runs on a single inverter with a low
armature current. However, in the high-speed region, system efficiency may decrease due
to the FW control, which is limited by the lower modulation index. Conversely, when the
proposed topology operates in OEW mode with WC, the system efficiency in the high-speed
region can be improved, as a lower d-axis current is needed to drive the motor effectively
due to the higher modulation index.

4. Mode Selection Strategy for High System Efficiency

As the proposed topology provides four modes, which are series mode with three-
phase, parallel mode with three-phase, series mode with OEW, and parallel mode with
OEW, an effective strategy for selecting the operating mode should be required. In this
paper, the strategy illustrated in Figure 10 is adopted to maximize the system efficiency of
the proposed topology. When the torque and speed are specified, the system efficiency for
each operating mode is derived by calculating the motor parameters based on the series-
parallel configuration. The system efficiency is determined by considering the maximum
modulation index for either the three-phase or OEW drive. Consequently, the OEW-PMSM
operates in the mode that yields the highest system efficiency.

Figure 11a–d presents the efficiency map of the motor for each mode. In this analy-
sis, the specifications of PMSM from Table 1 were used to verify the performance of the
proposed topology. When the PMSM operates in OEW mode, power density increases
compared with three-phase mode due to the higher modulation index. In contrast, while
operating in series mode, power density decreases because of increased impedance, al-
though the peak torque increases. In the low-speed region, there is no significant difference
in motor efficiency between three-phase and OEW modes, as the required modulation
index is small. However, in the high-speed region, the motor efficiency in three-phase
mode decreases due to FW control. Additionally, when the PMSM operates in series mode,
high-speed efficiency is also reduced because of the increased impedance associated with
FW control.
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Figure 11. Motor efficiency map for (a) three-phase parallel mode, (b) OEW parallel mode, (c) three-
phase series mode, and (d) OEW series mode.

Figure 12a–d presents the inverter efficiency maps for each mode. When the PMSM
operates in OEW mode, the inverter efficiency is lower than that of three-phase mode due
to the increased number of IGBTs and diodes. Furthermore, the inverter efficiency in series
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mode is higher than in parallel mode because the conduction losses of the IGBT and diode
decrease as the armature current reduces in the low-speed region.

The system efficiency map of the PMSM based on the operating mode is shown
in Figure 13a–d. By considering both the efficiency of the motor and the inverter, the
system efficiency varies according to the speed and torque ranges. Utilizing the algorithm
illustrated in Figure 10, the proposed topology can operate with high system efficiency, as
depicted in Figure 14.

In Section 1, which represents the low-speed, high-torque region, the system operates
in three-phase series mode to maximize efficiency by reducing the armature current with a
single inverter. Section 2 operates in OEW series mode to maintain base speed with high
torque. Finally, Section 3 operates in OEW parallel mode to enhance system efficiency
during high-speed operation.

Figure 15 illustrates the system efficiency map of the proposed topology. By operating
in series mode in the low-speed region and in parallel mode in the high-speed region, the
PMSM can achieve high system efficiency across the entire speed range. Generally, the
main operating points of EVs are located in the low-speed, high-torque, and high-speed,
low-torque regions, making the proposed topology advantageous for improving vehicle
mileage. Figure 16 highlights the difference in system efficiency between the conventional
PMSM and the proposed topology. In the low-speed region, the use of series mode with a
single inverter significantly enhances system efficiency. However, in the high-speed region,
the system efficiency of the proposed topology is lower than that of the conventional PMSM
due to its reliance on dual inverters.
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Figure 12. Inverter efficiency map for (a) three-phase parallel mode, (b) OEW parallel mode, (c) three-
phase series mode, and (d) OEW series mode.
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Figure 13. System efficiency map for (a) three-phase parallel mode, (b) OEW parallel mode, (c) three-
phase series mode, and (d) OEW series mode.
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Figure 16. Difference of system efficiency map between conventional PMSM and proposed topology.

5. Fuel Economy of Electric Vehicle Using OEW-PMSM with WC

To calculate the fuel economy of the EV, vehicle simulations were conducted in this
section using the advanced vehicle simulator (ADVISOR) developed by the National
Renewable Energy Laboratory [35]. The target vehicle is a 10.2 kW personal mobility unit,
and the driving cycle was set to the New York City Cycle (NYCC), as shown in Figure 17a,
which is well-suited for personal mobility applications. Since the NYCC mimics urban
driving conditions, it emphasizes low-speed driving rather than high-speed performance.
The schematic of the vehicle simulations is illustrated in Figure 18. These simulations
aim to assess the fuel economy of the vehicle based on two e-powertrain systems: the
conventional three-phase PMSM and the proposed topology. The total resistance force
acting on the vehicle comprises rolling resistance, grading resistance, and aerodynamic
drag, as follows:

Fr,total = FR + FG + FD

= fR Mvg cos θ + Mvg sin θ +
1
2

ρair A f CD(Vv + Vw)
2 (17)

Then, the motion of the vehicle is determined by the traction force of the e-powertrain and
resistance force as

Mvav = Ft − Fr,total (18)

Finally, the traction torque of the e-powertrain can be calculated when the vehicle is driven
along the driving cycle as

T∗
m =

rwFt

nGηG
(19)

Since the NYCC includes numerous stop-and-go situations, as shown in Figure 17b, the
e-powertrain is frequently operated in low-speed and high-torque. The detailed specifica-
tions of the vehicle and driving conditions are listed in Table 2. In this paper, temperature
variations of the PMSM and inverter during the driving cycle are not considered. A compar-
ison of fuel economy was conducted under the assumption that the average temperature
during driving conditions aligns with the temperature values presented in Table 1.
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Table 2. The specifications of vehicle and driving conditions.

Item Unit Value

Curb weight kg 474
Frontal area m2 1.8
Wheel size in 13

Tire size - 125/80R13
Gear ratio - 15.0

Gear efficiency % 95
Battery capacity kWh 6.1

ρair kg/m2 1.2
CD - 0.64
fr - 0.01
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Figure 17. Target driving cycle that is suitable for personal mobility: (a) waveform of vehicle speed
and (b) vehicle speed distribution of NYCC cycle.
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Figure 18. Target driving cycle that is suitable for personal mobility.
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Figure 19a,b show the operating points of the traction motor over the torque-speed curve
for each topology. The operating points required to overcome the total resistance force while
driving under the NYCC are located on the torque-speed curve of the traction motor. These
operating points are positioned near the low-speed, high-torque region, which is characteristic
of urban driving cycles that involve frequent acceleration and deceleration. Therefore, the
proposed topology, which significantly enhances system efficiency in the low-speed, high-
torque region, offers advantages in fuel economy compared with the conventional PMSM.
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Figure 19. Operation points of traction motor and TN-curve for (a) conventional PMSM and (b) pro-
posed topology.

Figure 20a–d presents a comparison of the simulation results for power consumption
during the driving cycle for each e-powertrain topology. The rotational speed and con-
trolled torque of the motor are shown in Figure 20a,b. As the motor is frequently operated
in low-speed regions, the system loss of the proposed topology is much lower than that
of the conventional PMSM throughout the entire driving cycle, as shown in Figure 20c.
Because of the difference in system loss between each topology, the consumed energy of
the proposed topology is much higher than that of the conventional topology throughout
the driving cycle, as shown in Figure 20d. Consequently, the total consumed energy of
the proposed topology is 3.9% lower than that of the conventional PMSM, as shown in
Figure 21a, and the fuel economy of the proposed topology is 4.1% higher than that of the
conventional PMSM, as shown in Figure 21b.
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Figure 20. Comparison of energy consumption for driving cycle according to the e-powertrain
topology: (a) rotational speed of the motor, (b) controlled torque of motor, (c) comparison of system
loss for each topology, and (d) comparison of consumed energy for each topology.
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6. Conclusions and Future Works

This paper proposes a novel topology for e-powertrains to improve the fuel economy
of electric vehicles. The proposed topology enables to drive the PMSM in four different
modes by integrating OEW-PMSM and WC. By using the WC to change the impedance of
PMSM and applying OEW to increase the maximum modulation index, a wide speed and
torque range can be achieved. In order to analyze the system efficiency of the proposed
topology, inverter losses due to phase current change during series and parallel mode
conversion were evaluated, and a system efficiency evaluation method was proposed
considering the dual inverter-fed OEW operation. In addition, an algorithm for selecting
the operation mode for a high system efficiency drive was proposed, and the comparison
of system efficiency between conventional 3-phase PMSM and the proposed topology was
conducted. In addition, the vehicle simulations were performed for fuel economy analysis.
As a result, the validity of the proposed topology was verified through simulations to
improve fuel economy.

This research is about the feasibility validation of the proposed topology for improving
the fuel economy of EVs. Therefore, the energy loss occurring in the switching circuit for
OEW and WC and the cost increase effect for implementing the topology are not addressed
in this paper. In addition, the effect of the zero-sequence current flowing through the
dual inverter when applying OEW is not considered. Thus, we will conduct research
to contribute to the commercialization of the proposed topology. In the future, we will
build a prototype for experimental verifications, and switching circuits will be studied for
implementing the OEW and WC topologies. Additionally, control techniques to suppress
surge voltage for implementing OEW and WC will be studied together.
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