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H I G H L I G H T S

• A method is proposed to improve the
fuel economy of a neighborhood elec-
tric vehicle.

• A schematic of hybrid circuit and a
method to decide mode change speed
are proposed.

• The hybrid circuit increased the motor
efficiency by up to 14%.

• The hybrid circuit improved the fuel
economy of the vehicle by up to 3.8%.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Electric vehicle
Fuel economy
Hybrid circuit
Vehicle simulation
Wound field synchronous motor

A B S T R A C T

Increasing the low mileage associated with electric vehicles is a major requirement. Improving the efficiency of
the traction motor is one solution to solve the mileage problem. In this study, we propose a method to improve
the efficiency of a wound field synchronous motor (as the traction motor) in case of neighborhood electric
vehicles. The wound field synchronous motor is a salient pole machine that generates a negative reluctance
torque when operating in the second quadrant, reducing its efficiency. However, second quadrant operation is
inevitable due to voltage limitation in the high-speed range. Here, we propose a hybrid circuit comprising U, V,
W windings and X, Y, Z windings. The high-speed efficiency of the wound field synchronous motor is improved
by changing the connection between the windings. Further, a neighborhood electric vehicle with a wound field
synchronous motor was simulated using an advanced vehicle simulator (ADVISOR) to verify the proposal. The
hybrid circuit increased the fuel economy of the electric vehicle by up to 3.8%. Finally, a validation experiment
was conducted using a fabricated motor prototype.

1. Introduction

1.1. Motivation

The interest in eco-friendly vehicles, such as electric vehicles (EVs),
has recently increased owing to the sanctions against the internal
combustion engine (ICE) vehicles [1,2]. In EVs, the fuel tank and engine
of the ICE vehicle are replaced by a battery and motor. These changes

simplify the vehicle structure; additionally, the vibration and noise of
the vehicle are considerably reduced. However, the EV batteries take a
long time to fully recharge and exhibit low energy densities. Therefore,
researchers intend to increase the mileage capabilities of the EVs by
reducing the energy consumption and increasing their efficiency.
The reduction of the energy consumption of EVs has been ap-

proached from several perspectives, including energy management
strategy, topology suggestion, and components improvement. Energy
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management provides energy management strategies based on the
connection between the vehicle and the cloud [3,4], whereas topology-
based studies have combined multi-motor and multi-speed transmission
[5,6]. The component-based approaches attempt to reduce the energy
consumption by optimizing various design parameters, such as the gear
ratio [7,8], or by improving the powertrain efficiency [9,10]. In this
study, we propose a method that can reduce the energy consumption by
improving the efficiency of the traction motor, which powers the EV
powertrain.
The automotive industry requires high-efficiency, high-speed, and

high-power density motors to increase the mileage capabilities of the
EVs. Various motors, including surface-mounted permanent magnet
synchronous motors (SPMSMs), interior permanent magnet synchro-
nous motors (IPMSMs), induction motors, wound field synchronous
motors (WFSMs), and synchronous reluctance motors, are being studied
as traction motors for use in EVs. However, the most suitable type of
traction motor is IPMSM [11,12]. IPMSMs generally use rare earth
magnets; however, such magnets are susceptible to volatile changes in
market price [13]. Therefore, academia and industry continue to study
non-rare-earth magnet motors [14,15]. Hence, WFSMs are also being
researched [16]. The WFSM exhibits a high-power density because it
uses magnetic torque and reluctance torque like an IPMSM. Also, for
high-speed operations, IPMSMs only achieve flux-weakening control,
whereas WFSMs achieve flux-weakening control and field-weakening
control. Therefore, WFSMs have a higher degree of freedom (DOF) with
respect to the control method, enabling effective high-speed operations.
Hence, WFSMs are being researched as a traction motor for EVs.

1.2. Previous research

Recent studies of WFSMs have discussed design and control
methods. A previous study [17] proposed permanent magnet-assisted
WFSM (PMA–WFSM) to improve the efficiency. References [18,19]
changed the shape of the WFSM to improve efficiency, and references
[20,21] analyzed the effects of iron loss in the WFSM. Some studies
[22,23] proposed a control method that operates more efficiently than
the maximum torque per ampere control method. Furthermore, some
studies [24,25] proposed brushless WFSM (BLWFSM) without slip rings
and brushes, which are considered to be the disadvantages of WFSM.

1.3. Contribution

The objective of this study is to increase the fuel economy of EVs by
improving the efficiency in the high-speed operating region of the
WFSM. During high-speed operations, field-weakening control and flux-
weakening control are achieved owing to voltage limitations; therefore,
WFSM operates inefficiently in the second quadrant. Therefore, we
propose a hybrid circuit that reduces the induced voltage by changing
the number of series turns per phase for efficient high-speed operation.
Also, the schematic of a hybrid circuit and the decision process of the
mode change speed for a hybrid circuit are proposed. The efficiency
improvement after the application of the hybrid circuit to the WFSM is
confirmed via a two-dimensional (2D) finite element analysis (FEA). In
addition, the effectiveness of the applied method is investigated by
comparing the fuel economies of a WFSM-powered vehicle with and
without the hybrid circuit by a vehicle simulation study. The previously
obtained results of the 2D FEA of the hybrid circuit WFSM (HC WFSM)
is reflected in the vehicle simulation. Therefore, HC WFSM can effec-
tively improve the fuel efficiency. The originality of this study is shown
in Fig. 1. In summary, the originality is as follows:

• For better fuel economy of EV, the method to improve motor effi-
ciency is proposed.
• The schematic of the proposed method and the decision process of
mode change speed are suggested.
• Fuel economy improvement of EV is confirmed through the vehicle

simulation.

1.4. Structure

This study proposes a hybrid circuit to improve the efficiency of
WFSMs in high-speed operating regions and confirms the effect of the
proposed method on the vehicle fuel economy. First, we discuss the
behavior of WFSMs when they are exposed to high-speed operating
conditions; subsequently, we discuss how and why a hybrid circuit is
proposed to solve inefficient operation in high-speed condition. The
improvement in the efficiency of WFSM using a hybrid circuit was
confirmed via FEA, and the cause was analyzed. Next, a vehicle simu-
lation was performed for the same driving cycle and neighborhood
electric vehicle (NEV) based on the efficiency map of the HC WFSM
calculated via 2D FEA. The vehicle simulation was performed using an
advanced vehicle simulator (ADVISOR) developed by the National
Renewable Energy Laboratory (NREL) [26]. Finally, the validity of this
study is confirmed via experiments using HC WFSM.

2. WFSM for NEV

2.1. Reference model

In this section, information regarding the reference model that sa-
tisfies the target performance of a traction motor for an NEV is in-
troduced. WFSM is the motor type of the reference model for NEV
traction. A detailed description of the WFSM is provided in the next
section. The number of poles and slots of the reference model is 6 and
36, respectively. Distributed winding is the winding method of the re-
ference model. The coil pitch is 5 coil spans, indicating short-pitch
winding, and the air-gap length of the reference model is 0.5 mm. The
core material used for the rotor and stator is 35PN230, which exhibits a
thickness of 0.35 mm. The iron loss is 230 W/kg when exposed to the
1.0 T magnetic field with 50 Hz frequency. The number of series turns
per phase and parallel circuits of the armature winding is 48 and 1,
respectively, and the number of turns per pole of field winding is 300.
The maximum torque and power of the reference model are 20 Nm and
4.2 kW, respectively. Further, the base speed and maximum speed of
the reference model are 2000 and 9000 rpm, respectively. The in-
formation used within the reference model has been summarized in
Table 1. Fig. 2 shows the characteristic curve of the reference model. As
shown in Fig. 2, the reference model satisfies all the target performance
while simultaneously satisfying the given constraints.

2.2. Feature of WFSM

As mentioned previously, WFSM is the motor type of the reference
model, and the configuration of the reference model is presented in
Fig. 3. As shown in Fig. 3, the best feature of the WFSM is that the field
flux is generated by the field coil. Therefore, WFSM has a higher DOF of
controllability than that possessed by a permanent magnet synchronous
motor (PMSM) because field-weakening control can be achieved only
by controlling the field current. Another important feature of the WFSM
is that the d-axis inductance is larger than the q-axis inductance, unlike
that observed in the PMSMs; examples include IPMSMs and SPMSMs.
Generally, the torque of synchronous motors is represented by (1) using
d, q-axis equivalent circuit. As shown in (1), WFSM can generate a
positive reluctance torque (the second term in the square bracket on the
right side of (1)) only during first-quadrant operation in which a posi-
tive d-axis current is applied. In (1), TM is the motor torque, Pn is the
number of pole pair, Lf is the field inductance, Ld is the d-axis in-
ductance, Lq is the q-axis inductance, if is the field current, id is the d-
axis current, and iq is the q-axis current. The case in which a positive d-
axis current is applied can be referred to as the first-quadrant operation.
Conversely, in the second-quadrant operations, where a negative d-axis
current is applied, a negative reluctance torque is generated. Therefore,
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WFSMs should be operated in the first quadrant to ensure efficient
operation. Table 2 presents the torque characteristics of the WFSM
according to the operating region, and Fig. 4 shows the vector diagrams
of the first- and second-quadrant operations.

= +T P L i i L L i i[ ( ) ]M n f f q d q d q (1)

2.3. Disadvantage of WFSM

As previously mentioned, the magnitude of the field flux can be
altered by controlling the magnitude of the field current because the
field flux of the WFSM is produced by the field current, unlike the
PMSMs in which the magnitude of the field flux cannot be controlled.
Therefore, WFSMs can increase the operating range using field-weak-
ening control, which decreases the field flux by reducing the field
current in the high-speed region. However, in the reference model, the
field current does not significantly decrease even when the voltage is
saturated, as shown in Fig. 2. Instead, the current phase angle is re-
markably increased by applying flux-weakening control. Further, it has
to be ensured that the voltage limit is not exceeded. This means that a
negative d-axis current is applied and that the WFSM is operating in the
second quadrant. When the WFSM is operated in this manner, the
magnetic torque should be increased to satisfy the target torque because
of the production of negative reluctance torque. Therefore, the q-axis
current must be increased to increase the magnetic torque. Hence, the

Fig. 1. Originality of this study.

Table 1
Information of the reference model.

Unit Value

The number of poles – 6
The number of slots – 36
Coil pitch – 5
Air-gap length mm 0.5
The number of series turns per phase – 48
The number of parallel circuit – 1
The number of field turns per pole – 300
Core material – 35PN230
Maximum torque Nm 20
Maximum power kW 4.2
Base speed RPM 2000
Maximum speed RPM 9000

Fig. 2. Characteristic curve of reference model.

Fig. 3. Configuration of reference model.

Table 2
Torque characteristics of the WFSM according to the operation region.

Operation region Magnetic Torque Reluctance Torque

1st quadrant + +
2nd quadrant + −
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WFSM efficiency is decreased due to the increment of copper loss. Be-
cause this phenomenon worsens with an increase in the rotational
speed, this problem should be considered to be solved. In this study, the
operating method of HC WFSM is proposed to solve this problem [27].

3. Hybrid circuit wound field synchronous motor

3.1. Concept of HC WFSM

In this section, the HC WFSM concept is described, which is used to
solve the problem mentioned in Section 2.3. An HC WFSM has two
windings per phase, and the connection method between the two
windings is dependent upon the modes. The modes are divided into
three types: series, single, and parallel modes. The series mode connects
the two windings in series and is the winding connection method uti-
lized in the reference model presented in this study. In the single mode,
only one of the two windings is used, and the number of turns of the
two windings can be either identical or different. In the parallel mode,
both the windings are connected in parallel, and the number of turns of
the two windings must be identical to prevent the occurrence of cir-
culating current because of the resistance difference of two windings.
The HC WFSM winding connections are converted from the series

mode to the single mode or parallel mode and vice versa at a certain
rotational speed. In this study, when the HC WFSM is converted from
the series mode to the single mode, it is called a “series–single mode HC
WFSM,” whereas when the HC WFSM is converted from the series mode
to the parallel mode, it is called a “series–parallel mode HC WFSM”. By
assuming that the three phases of the first and second windings com-
prise U, V, W and X, Y, Z, respectively, the circuits for the series–single
mode HC WFSM and the series–parallel mode HC WFSM are presented
in Fig. 5. The converting circuit, shown in Fig. 5, is the simplest circuit
without considering the additional safety circuits required to prevent
drastic change of the voltage and current in the transient state during
mode conversion. As shown in Fig. 5, the number of switching elements
in the converting circuit from the series mode to the single mode is less
than that in the converting circuit from the series mode to the parallel
mode.
When the winding connection is converted from the series mode to

the single mode or parallel mode, all the electrical parameters and
characteristics change because of the decrease in the number of series
turns per phase. The magnitudes of electrical parameters, including the
phase resistance of the armature winding, the field flux linkage, and the
d- and q-axis inductances, are related with the number of series turns
per phase and are given by (2)–(4), respectively. Here, Ra is the ar-
mature phase resistance, Ns is the number of series turns per phase, lc is
the coil length, a is the number of parallel circuits, σ is the conductivity,
and Ac is the cross-sectional area of the conductor. ψa is the linkage flux
of the field, Nf is the number of field turns, and Rm,d and Rm,q are the

magnetic reluctances along the d-axis and q-axis, respectively.

=R N l
a Aa

s c

c (2)

=
N N i

Ra
s f f

m d, (3)

= =L N
R

L N
R

,d
s

m d
q

s

m q

2

,

2

, (4)

Therefore, the magnitude of the electrical parameters after mode
change is less than that before mode change. Because the input voltage
of a WFSM is expressed as (5), the input voltage is reduced owing to the
decrease in magnitude of the electrical parameters after mode change.
In (5), vo is line-to-line induced voltage and ωe is the electrical angular
velocity.

= + +v L i L i L i( ) ( )o e f f d d q q
2 2 (5)

Therefore, the negative d-axis current can be decreased for flux-
weakening control and efficient operation. However, the q-axis current
is increased to satisfy the target torque because of the reduction in flux
linkage by field. Therefore, copper loss decreases or increases de-
pending on the armature current despite the reduction in the phase
resistance of the armature winding after mode change.

3.2. Decision of mode change speed

As mentioned in Section 3.1, HC WFSM changes the mode at a
certain rotational speed termed as the mode change speed. The mode
change speed is determined based on the armature current, torque, and
efficiency. First, the armature current should be less than the current
limit for mode change to meet the target torque. Next, the mode change
speed is determined at the point at which the efficiency begins in-
creasing after mode change. The decision process of the mode change
speed is presented in Fig. 6. In case of a series–single mode HC WFSM,
the mode change speed is dependent on the number of series turns per
phase of the single mode.

3.3. Characteristics change of HC WFSM after mode change

In this section, the characteristic differences between the HC WFSM
and the reference model are described. The characteristic curve, d- and
q-axis current, copper loss, efficiency, and input voltage of the HC
WFSM and the reference model are compared. In this section, the ser-
ies–parallel mode HC WFSM is compared with the reference model
because the trend of changes in characteristics remains unchanged
despite various combinations of the HC WFSM being used according to
the mode. To obtain various characteristics, a non-linear

Fig. 4. Vector diagrams of the 1st and 2nd quadrant operation (a) 1st quadrant operation (b) 2nd quadrant operation.
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electromagnetic field analysis was conducted using an in-house pro-
gram similar to JMAG or MAXWELL in its functionality.
The characteristic curves of the HC WFSM and the reference model

are presented in Fig. 7. As shown in Fig. 7(a), the current phase angle is
increased to a value not exceeding the input voltage instead of the field
current being reduced. Therefore, the reference model operates in the
second quadrant and generates a negative reluctance torque. Accord-
ingly, the q-axis current is increased to increase the magnetic torque for
achieving the target torque. The increase in input current decreases the
efficiency of the reference model. In case of the HC WFSM, the input
voltage remarkably decreases after the mode change, and the current
phase angle is reduced to almost 0°. The q-axis current is increased to
achieve the target torque because the linkage flux by the field current is
reduced; however, the efficiency is increased due to the reduction of the
phase resistance of the armature winding. In addition, the field current
is considerably reduced, improving the efficiency.
The d and q-axis currents of the HC WFSM and the reference model

were also compared. As shown in Fig. 8, the negative d-axis current of
the reference model increases as the rotational speed increases. In the
HC WFSM, the d-axis current is almost 0 or is remarkably less when
compared to that of the reference model. However, as mentioned ear-
lier, the q-axis current of the HC WFSM is increased to achieve the
target performance. These changes in current change the torque. As
expected, after the mode change in the HC WFSM, the reluctance torque
is almost 0, and the demanded magnetic torque is less when compared
with that of the reference model. Therefore, it can be concluded that the
HC WFSM exhibits efficient operation.
The armature copper loss in case of the HC WFSM and the reference

Fig. 5. Circuits for HC WFSM (a) series-single mode (b) series-parallel mode.

Fig. 6. Decision process of mode change speed.

Fig. 7. Characteristic curves (a) reference model (b) HC WFSM.
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model was also compared. The armature copper loss was considered for
all the stator windings. As shown in Fig. 9, the HC WFSM reduces the
armature copper loss when compared with the reference model because
the armature resistance is reduced to 1/4 in the parallel mode. In the
high-speed region, the armature copper loss is further reduced because
the armature current is almost similar in both the models.
Fig. 10 shows the field copper loss of both the models. The field

copper loss was investigated with respect to the HC WFSM and the
reference model, and it was observed that the field copper loss

decreased due to the decrease in field current after the mode change.
The reduced field copper loss after mode change can be attributed to
the reduction of the phase angle, ensuring that less field current was
required to generate the same torque.

= =
+ + +

P
P

P
P P P PM

out

in

out

out C field C armature W, , (6)

Finally, the efficiencies of the HC WFSM and the reference model
were compared. The efficiency is calculated using (6). In (6), ηM is the

Fig. 8. d-q axis current (a) d-axis current (b) q-axis current.

Fig. 9. Armature copper loss (a) reference model (b) HC WFSM.

Fig. 10. Field copper loss (a) reference model (b) HC WFSM.
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motor efficiency, Pin is the instantaneous input power of the motor, Pout
is the instantaneous output power of the motor, PC,field is the field
copper loss, PC,armature is the armature copper loss, and PW is the iron
loss. Fig. 11 shows the efficiency of the HC WFSM and the reference
model. After the mode change, the overall efficiency was considerably
improved by up to 14%. Furthermore, the higher the speed, the more
noticeable will be the improvement in efficiency. Therefore, applying
the HC to the WFSM for EV traction is expected to improve the fuel
economy.

3.4. Efficiency comparison of HC WFSM according to the mode

Before comparing the efficiencies of each mode, more detail is re-
quired with respect to the single mode. HC changes the connection
between the armature coils. In single mode, there are many combina-
tions of coil 1, which is used after the mode change, and coil 2, which is
unused after the mode change. Thus, the single mode indicates the
relation (number of coil 1: number of coil 2). Because the number of
coils in the reference model is 4, the possible combinations in single
mode are (3:1), (2:2), and (1:3). In addition, the maximum torque
varies depending on the number of coils; therefore, the three combi-
nations exhibit different mode conversion speeds.
The efficiency of the HC WFSM was investigated in each mode.

Fig. 12 shows the efficiency of the motor according to each mode. After
mode change, the efficiency of the motor was improved as shown in
Fig. 13. When compared with the efficiency of the reference model, the
series–parallel mode exhibited a notable improvement in efficiency by
up to 14%. For the series–single mode, (2:2) improved by up to 10%.
However, in single mode, the efficiency partially reduced. Next, vehicle
simulations were performed, analyzed, and compared using the

reference model and the HC WFSM for the EV traction to investigate the
fuel economy.

4. Vehicle simulation

Vehicle simulations were conducted to verify the fuel economy
when the target vehicle had completed a given driving cycle [26,28].
Vehicle simulations were performed on the advanced vehicle simulator
(ADVISOR) developed by the National Renewable Energy Laboratory
(NREL). ADVISOR is a credible tool used by the researchers in many
laboratories, institutes, and companies. Fig. 14 shows a schematic of the
vehicle simulations. EV simulations require specifications of the target
vehicle, efficiency maps of the traction motor, and specifications re-
garding the battery and selected driving cycle. Therefore, in this sec-
tion, the vehicle simulation is explained in detail. Vehicle simulations
were performed using the HC WFSM to verify the fuel efficiency ac-
cording to the HC WFSM mode.

4.1. Operating point of traction motor

Fig. 15 presents a dynamic force diagram of the vehicle. The dy-
namic force is divided into the traction force and the resistance force.
The total resistance force Ftotal_resistance combines the rolling and grading
resistance forces (FR and FG, respectively) and the aerodynamic drag
force FD. It can be calculated as

= + +
= + + +

F F F F
f M g M g A C V Vcos sin ( )

total resistance R G D

R v v F D v w

_
1
2

2
(7)

where Ftotal_resistance is the total resistance force, FR is the rolling

Fig. 11. Efficiency of motor (a) reference model (b) HC WFSM (c) efficiency difference of both model.
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resistance force, FG is the grading resistance force, FD is the aero-
dynamic drag force, fR is the rolling resistance coefficient, Mv is the
vehicle mass, g is the gravitational acceleration, θ is the longitudinal
slope angle, and ρ is the air density. AF is the frontal area of the vehicle,
CD is the aerodynamic drag coefficient, Vv is the vehicle speed, and Vw is
the wind speed on the moving direction of the vehicle, which has a
positive sign when this component is opposite to the vehicle speed and
negative sign when it is in the same direction as the vehicle speed [29].
The traction and resistance forces determine the dynamic behavior

of vehicle. The equation of motion can be given as follows:

=M a F Fv t total resistance_ (8)

Here, a is the acceleration of the vehicle and Ft is the traction force.
Because the vehicle simulation completes the target driving cycle,

the operating point of the motor can be known based on the speed of
the vehicle and the required traction. The required traction force for the
driving target cycle can be given as follows:

= +F M a Ft v total resistance_ (9)

The required torque of the motor is

=T r F
nM

w t

G G (10)

where TM is the required motor torque, rw is the wheel radius, nG is the
gear ratio, and ηG is the gear efficiency.
The required speed of the motor is

=N
r

n V60
2M

w
G v (11)

where NM is the required speed of the motor in revolution per minute
(RPM).

4.2. Energy consumption model

The energy consumption is calculated based on the operating point
of the motor by considering the efficiency of the motor and the inverter.
In an EV, the motor performs acceleration and regenerative braking.
Therefore, energy consumption must be calculated differently ac-
cording to the motor operation. The instantaneous output power of the
motor can be given as follows:

= =P T T N2
60out M M M

M
(12)

Here, Pout is the instantaneous motor output power and ωM is the motor
angular velocity.
The instantaneous input power of the motor according to the op-

eration can be given as follows:

=
<

P
T

P T

, 0

, 0
in

P
M

out M Inv M

out
M Inv

(13)

Here, Pin is the instantaneous input power of the motor, ηM is the motor
efficiency, and ηInv is the inverter efficiency.
The instantaneous input of the power of motor is integrated over

time to obtain the total amount of energy consumption. The total
amount of energy consumption can be given as follows:

=E P dtC in (14)

Here, EC denotes the total amount of energy consumption.

4.3. Battery model

The main power source of an EV is its battery. The battery used for

Fig. 12. Efficiency of HC WFSM (a) series-parallel (b) series-single (3:1) (c) series-single (2:2) (d) series-single (1:3).
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the simulations is a lithium ion battery, which is commonly used in EVs.
The used battery model was a second RC equivalent model and is shown
in Fig. 16. Fig. 17 depicts the battery model parameter. This parameter
was experimentally obtained [30–32]. The state-space model of the

battery can be given as follows:

=d t
dt

i t
C

SOC( ) ( )
bat (15)

= +dv t
dt

v t
R C

i t
C

( ) ( ) ( )1 1

1 1 1 (16)

Fig. 13. Efficiency difference of HC WFSM and reference model (a) series-parallel (b) series-single (3:1) (c) series-single (2:2) (d) series-single (1:3).

Fig. 14. Schematic of vehicle simulation.

Fig. 15. Dynamic force diagram of the vehicle.

Fig. 16. Battery equivalent circuit.
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= +dv t
dt

v t
R C

i t
C

( ) ( ) ( )2 2

2 2 2 (17)

= + + +v t v v t v t R i t( ) (SOC) ( ) ( ) ( )t oc 1 2 0 (18)

Here, SOC denotes the state of charge, i is the current (positive for
charging), Cbat is the nominal capacity of the battery, and R and C
denote the resistance and capacitance, respectively. v1 and v2 are the
voltages across the first and second capacitor, respectively, R0 is the
ohmic resistance, and vt is the terminal voltage. R1 and C1 correspond to

the first RC pair, whereas R2 and C2 correspond to the second RC pair.

4.4. Vehicle simulation condition

NEV is the target vehicle. Table 3 presents the vehicle specifications,
and Table 4 presents the drive conditions. The aerodynamic drag
coefficient and the vehicle specification are determined by referring
Renault Twizy, and the rolling resistance coefficient was set by refer-
ring to previously conducted studies [33,34]. The inverter and gear
were assumed to exhibit efficiencies of 95%. The efficiency map used by
the traction motor model was obtained based on the modes in Figs. 11
and 12.
Fig. 18 shows the target driving cycle and the driving course shown

on the map. The target driving cycle was created by referring to the
existing ARP02. The driving cycle was modified to ensure that the

Fig. 17. Battery model parameter according to SOC (a) open circuit voltage (b) resistance (c) capacitance.

Table 3
Vehicle specification.

Items Unit Value

Curb weight kg 474
Frontal area m2 1.8
Wheelbase m 1.686
Wheel mm 330
Gear ratio – 9.23
Gear efficiency % 95
Inverter efficiency % 95
Battery capacity kWh 6.1
Maximum speed km/h 50

Table 4
Drive condition.

Items Unit Value

Air density kg/m3 1.2
Gravitational acceleration m/s2 9.81
Aerodynamic Drag Coefficient – 0.64
Rolling Resistance Coefficient – 0.01

Fig. 18. Target driving cycle (a) target driving cycle (b) driving course shown on the map.

Fig. 19. Fuel economy of NEV.

K.-S. Cha, et al. Applied Energy 263 (2020) 114618

10



maximum speeds of the ARP02 and the target vehicle were identical. It
also considered altitude by referring to the roads in Udo, South Korea.
Udo was designated as an ecofriendly island, and NEVs were mostly
used as rental cars.

4.5. Vehicle simulation result

Vehicle simulations were performed under the specifications and
drive conditions of a real vehicle to confirm the effectiveness of the
proposed method. Because only the characteristics of the motors dif-
fered in the vehicle simulations, we can confirm whether the proposed
method increases the fuel efficiency by analyzing the vehicle simulation
results.

Fig. 19 shows the fuel economy of the EV according to the HC
WFSM mode. The fuel economy was the highest in the series–parallel
mode of the HC WFSM and increased by 3.8% when compared with that
of the original model. The series–single (3:1) mode increased the fuel
economy by 1.7% when compared with the original model; however,
the fuel economy increase rate was 2.1% lower than that in the ser-
ies–parallel mode. The fuel efficiency was higher in the HC WFSM than
that in the reference model, confirming that the proposed method ef-
fectively improves the fuel efficiency.
Fig. 20 denotes the operating points of the motor. The operating

points of the motor are evenly distributed. The area in which the op-
erating points are concentrated is approximately 4000 RPM or more
and 7000 RPM or less. Therefore, increasing the motor efficiency in this
area can reduce energy consumption.
Fig. 21 demonstrates a map denoting the influence of the operation

point on efficiency. The series–parallel mode of the HC WFSM sig-
nificantly improved the efficiency in all the areas after mode change.
However, the series–single mode of HC WFSM exhibits an area in which
the efficiency is reduced after mode change. The efficiency-improved
area of the series–single mode is concentrated in case of high-speed
operation and high torque. The efficiency is reduced in other areas. The
efficiency-decreased area affects the decrease in fuel economy of the
NEV. Therefore, the maximum increment in efficiency for (2:2) was
10%; however, the fuel economy was lower than (3:1). This is because
many operating points were in the efficiency-decreased area for (2:2).

5. Experimental verification

The validity of the proposed method was confirmed via HC WFSM
experiments. The turn ratio of the fabricated HC WFSM is (2:2) and can
be tested in three modes: reference (4:0), series–parallel (2:2), and

Fig. 20. Operation point of motor.

Fig. 21. Operation point on efficiency difference map (a) series-parallel (b) series-single (3:1) (c) series-single (2:2) (d) series-single (1:3).
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series–single (2:2). The winding connection change during the experi-
ment is not achieved automatically. Experiments were performed using
the manual connections according to each mode.
Fig. 22 denotes the experimental configurations and the fabricated

HC WFSM. The experiments required an inverter, a brake, a torque
sensor, a speed sensor, and a power analyzer. The motor was driven
using the current points obtained via d,q equivalent circuit based on 2D
FEA results. The input power of the motor was calculated using the
power analyzer, whereas the output power of the motor was calculated
based on the measured torque and rotational speed. The calculated
input and output powers were used to calculate the motor efficiency.
The temperature of the motor was maintained at 40 °C because it af-
fected the measurement of efficiency during the experiment.
Fig. 23 shows the efficiency map of the HC WFSM obtained via

experiments, and Fig. 24 shows the efficiency error when comparing
the simulations and experiments. The error between the two results was
small, and the maximum error was approximately 2.0%. The enhanced

motor efficiency after the application of the proposed method was va-
lidated based on the experimental results. In addition, the vehicle si-
mulation results can be considered to be reliable based on the experi-
mental results from the HC WFSM. Therefore, it can be indirectly
demonstrated that the proposed method improves the NEV fuel effi-
ciency without even conducting the vehicle test.

6. Conclusion

This study proposes a new method that can improve the fuel effi-
ciency of an electric vehicle by changing the winding connection in a
wound field synchronous motor. There are three winding connection
modes: series, single, and parallel. The mode refers to the connection
between windings 1 and 2 of the stator. The rotational speed at which
the mode is changed is determined by the decision process of the mode
speed change. The proposed method improved the efficiency of the
electric motor by up to 14% in the series–parallel mode and by up to

Fig. 22. Configuration of experiment and fabricated HC WFSM.

Fig. 23. Measured efficiency map (a) reference model (b) series-parallel (c) series-single (2:2).

Fig. 24. Efficiency error between 2D-FEA and experiment (a) reference model (b) series-parallel (c) series-single (2:2).
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10% in the series–single mode. In addition, when a wound field syn-
chronous motor with a hybrid circuit was used as the traction motor,
the fuel economy was improved by 3.8% and 1.7% in the series–parallel
mode and the series–single mode, respectively. Finally, the proposed
method and its simulated results were verified using an experiment.
The experimental results only slightly differed from the simulation re-
sults; therefore, the results were considered to be reliable. Overall, the
hybrid circuit improved the fuel efficiency of an electric vehicle pow-
ered using a wound field synchronous motor as the traction motor. In
real vehicle applications, we must design a safety circuit that can avoid
the danger caused by sudden parameter changes.
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