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Abstract—To improve electric vehicle (EV) mileage, mo-
tors must be designed for higher power density and effi-
ciency. Winding technology with a high fill factor decreases
the motor volume by reducing the unnecessary area of the
slot. A motor conductor with a large cross-sectional area
generates additional losses due to ac resistance, reducing
the efficiency of the motor. Traction motors designed under
these conditions can adversely affect EV fuel economy.
Therefore, a design method is proposed to reduce the ac
resistance of a traction motor by applying winding technol-
ogy with a high fill factor to increase the fuel economy of
the EVs. First, the characteristics and manufacturing pro-
cess of the maximum slot occupation (MSO) coil, which is
a winding technology with a high fill factor, are introduced.
An ac resistance reduction method for a motor using an
MSO coil is then proposed. Additionally, a motor designed
using the proposed method is presented, and its electrical
performance is compared with that of an initial motor. Next,
the effect of the fuel economy improvement of the presently
designed traction motor is verified through a vehicle sim-
ulation, and the validity of this article is experimentally
confirmed using this motor.

Index Terms—AC resistance, electric vehicle, fuel econ-
omy, high fill factor, maximum slot occupation (MSO) coil,
power density, traction motor, vehicle simulation.

I. INTRODUCTION

R ECENTLY, many studies on electric vehicles (EVs) have
been conducted owing to environmental pollution regula-

tions [1]. Moreover, some cities have restricted the movement
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of non-emission-free vehicles [2]. However, despite these regu-
lations, an obstacle to increased EV use is its low energy density
and long battery charging time. Therefore, research is required to
increase the mileage and fuel economy of EVs. The latest studies
to increase the fuel efficiency of EVs have been concerned with
energy management strategies and components [3], [4]. Among
the studies on improving the fuel economy of EVs, those on
traction motors are typically focused on high power density and
efficiency [5], [6].

Studies on the high power density of traction motors have been
approached from two perspectives: increasing output power with
constant volume and reducing volume with constant power.
Dhulipati et al. [7], [8] utilized a multiphase motor and [9]
installed a field coil and permanent magnet in the rotor of a
wound field synchronous motor. In addition, Fatemi et al. [10]
investigated the optimal design of a motor, increasing the power
density by reducing its volume.

In addition to the aforementioned methods, applying a wind-
ing technology with a high-fill-factor to the motor is effective in
improving the power density. A commonly used conventional
round wire winding for EV traction motors has a fill factor of
up to 35–45%; this implies that the cross-sectional area of the
dead space between the conductor and the core in the slot is
65–55% of the slot cross-sectional area [11], [12]. As dead
space does not contribute to the motor power, reducing the
cross-sectional area of the dead space by increasing the fill factor
can help to improve power density [11]. In this regard, various
winding technologies have been proposed to increase the fill
factor: rectangular, hairpin, I-pin, compressed, and Roebel-bar
windings [13]–[15]. Park and Lim [16] used a hairpin winding to
improve the power density, achieving a fill factor as high as 60%.

The maximum slot occupation (MSO) coil was also invented
to increase the fill factor, similar to the aforementioned winding
schemes proposed by researchers. The MSO coil was fabricated
based on the shape of the slot in the designed motor and can thus
have a fill factor of up to 80%. Therefore, the MSO coil with a
high fill factor can significantly improve the power density.

However, because winding technologies with high fill factors,
including MSO coils, have a large conductor cross-sectional
area, the resistance increases dramatically at high frequencies
owing to skin and proximity effects, which are commonly ex-
pressed as ac resistance. The ac resistance caused by operation
at high frequencies adversely affects the motor efficiency in
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the high-speed region. Thus, using a high-fill-factor winding
helps us to improve the power density, but makes it difficult to
achieve high efficiency in the high-speed region. Therefore, it is
necessary to reduce the ac resistance when applying a winding
technology with a high fill factor to EV traction motors, as the
goal is to achieve high motor efficiency.

Generally, in the industry, strands are transposed along the slot
to reduce ac resistance. Petrov et al. [17] reported a comparison
of ac resistance with and without the use of strands. Paradkar
and Böcker [18], [19] reported a reduction in ac resistance due to
winding transposition. However, a reduction in the ac resistance
of MSO coils is unachievable using these methods because MSO
coils are structurally incapable of using strands.

Recently, research on MSO coils is being actively conducted.
Chin et al. [20] investigated the effect of current density and the
number of parallel circuits on the ac resistance of MSO coils.
Park et al. [21] reported the occurrence of no-load losses in
an MSO coil. Lee et al. [22] reported the thermal and electrical
characteristics of a motor with an MSO coil. However, no studies
have proposed a design method for reducing the ac resistance
of MSO coils or confirmed the effect of the ac resistance design
method on the system.

The purpose of this article is to improve fuel economy by
improving the efficiency of the traction motor, which is a com-
ponent of an electric bus (eBus). The method to increase the
fuel economy of a vehicle can be described in two steps. First,
an ac resistance reduction design method for a motor applying
winding technology with a high fill factor is proposed. Second,
the effect on the fuel efficiency of the vehicle using a motor
designed with the proposed method is confirmed through a
vehicle simulation.

This article presents a method of improving fuel economy by
reducing the ac resistance of EV traction motors using MSO
coils. First, the features of the MSO coil and the manufacturing
process of the motor with the MSO coil are introduced. Second,
a stator design method for reducing the ac resistance of the motor
with MSO coils is proposed. The proposed method changes the
slot width by changing the tooth width under the condition of a
constant slot and conductor cross-sectional area. The slot width
is a significant design variable for reducing the ac resistance,
as it affects the magnetic leakage flux in the slot, which in turn
affects the ac resistance. Here, an initial and improved motor
are presented and compared. The improved motor is redesigned
using the proposed method to reduce the ac resistance. Further-
more, a vehicle simulation was performed for the same driving
cycle and EV, based on the efficiency map of each motor, to
compare the fuel economy according to the motor. Finally, an
improved motor was fabricated and tested to validate this article.

II. MSO COIL

The MSO coilTM was developed by the Korea Institute of
Industrial Technology (KITECH) [20]–[23]. Fig. 1 presents the
structure and an application example of the MSO coil. The MSO
coil can achieve a fill factor of up to 80%. The fill factor of
conventional round wire winding can extend up to 40%; thus, the
fill factor of the MSO coil is twice that of the round wire winding.

Fig. 1. Structure and application example of MSO Coil.

Fig. 2. Dead space between conductor and core in slot according to
winding technology.

Fig. 3. Manufacturing process of motor with MSO coil.

As shown in Fig. 2, compared to the round wire winding, the
MSO coil can reduce the dead space between the conductor and
core in the slot.

The manufacturing process of a motor with an MSO coil is
depicted in Fig. 3. The process can be divided into four steps:
machining, insulating, assembling, and welding [23]. In the
machining step, a copper block is machined considering the
shape of the slot and the number of turns. Because the shape
of the slot is taken into account when fabricating the MSO
coil, it can achieve a higher fill factor than the other winding
technologies. In the insulating step, the MSO coil is insulated
using Teflon and polyimide to prevent short-circuits between the
turns. In the assembling step, the MSO coil is assembled with a
stator. The stator core is manufactured by dividing it into yoke
and tooth parts for assembly with the MSO coil. Finally, in the
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welding step, the MSO coil and end coil are welded to make the
connection between the MSO coils of the same phase.

The MSO coil has several advantages and disadvantages. The
advantages of the MSO coils are as follows:

1) As the fill factor of the MSO coil is up to 80%, various mo-
tor design methods can be proposed. If the cross-sectional
area of the conductor is increased, the dc resistance and
current density can be reduced, thereby improving the
efficiency and thermal performance. Alternatively, if the
cross-sectional area of the conductor is maintained and
the cross-sectional area of the dead space is reduced, the
stator size can be reduced, thereby improving the power
density and torque density.

2) MSO coils have better heat dissipation performance than
other winding technologies, owing to the large contact
area between the conductor and core. The power of
the motor can be improved by applying a large current
density, owing to the good heat dissipation performance
of MSO coils compared to other winding technologies.
Alternatively, the motor cooling system can be simplified
by applying the same current density.

The disadvantages of MSO coils are as follows:
1) The armature winding method is limited to tooth concen-

trated winding, as MSO coils are machined from a copper
block. Therefore, the number of pole–slot combinations
is limited.

2) The ac resistance of the conductor becomes extremely
high owing to the skin effect and proximity effect at high
speeds; this is due to the large cross-sectional area of the
conductor. As a result, the high ac resistance causes the
efficiency to decrease at high speeds.

Owing to the advantages and disadvantages of MSO coils
mentioned above, MSO coils can be said to be suitable for
motors with the following characteristics: high power density,
low speed, high torque. These motor types are used for traction
motors for hybrid electric vehicles and commercial vehicles,
in-wheel motors, etc. However, even if MSO coils are applied to
these applications, the issue of ac resistance at high speeds must
be resolved. In the industry, strands are used or are transposed
along the slot to reduce ac resistance. These methods cannot be
used owing to the structural limitations of MSO coils. Therefore,
it is necessary to study a method of ac resistance reduction that
is applicable to the MSO coil.

III. AC RESISTANCE REDUCTION DESIGN

OF MOTOR USING MSO COIL

This section presents the ac resistance reduction design
method and design results using the proposed method. First, the
major design factor for reducing the ac resistance of a motor
using MSO coils is presented through an analysis of the ac
resistance equation in the slot. The ac resistance reduction design
is performed based on the tendency of the motor output and ac
resistance according to the change in the major design factor,
and design results such as copper loss, iron loss, and efficiency
are compared and analyzed.

Fig. 4. Current density distribution in conductor within EI core.

Fig. 5. Reference model to analytically calculate the current density
distribution within slot.

A. Basic Principle of AC Resistance

Under the high-frequency condition, the current density dis-
tribution in the conductor is nonuniform. For example, Fig. 4
shows the current density distribution in a rectangular conductor
within E- and I-shaped cores. The figure indicates that the
current density distribution is not uniform and is concentrated
at a specific location. An uneven current density distribution
causes additional losses in conductors. In addition, a larger
conductor cross-sectional area results in a greater current density
concentration in a specific location, which causes additional
losses due to ac resistance.

Fig. 5 shows a reference model for the analytical calculation
of ac resistance within the slot. The equation of the ac resistance
factor for the analytical calculation is referenced from [24]. The
ac resistance factor is calculated based on the dimensions of the
conductor and the slot.

To verify the equation of the ac resistance factor, the calcula-
tion results were compared to the results of a 2-D finite element
analysis (FEA). The nonlinearity of the core was ignored. In
addition, the tendency of the ac resistance factor with respect to
the shape change of the slot was examined to confirm whether
the tendency depends on the slot shape. In this case, the fill
factor and cross-sectional area of the slot were the same, but
the slot shape changed. Therefore, the shape of the slot changes
according to the tooth width. If the tooth width increases, the
yoke and slot become narrower. Conversely, if the tooth width
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Fig. 6. Example of the analytical model and results.

Fig. 7. Shape of initial motor.

decreases, the yoke and slot become wider; and the shape of the
conductor is almost the same as that of the slot, which is also a
feature of the MSO coil, as shown in Fig. 2. The electromagnetic
field was analyzed using the JMAG software package, which is
currently used by many companies and research institutes.

Fig. 6 shows the comparison between the calculated ac re-
sistance factor using the equation and 2-D FEA. As shown in
Fig. 6, the tendency of the ac resistance factor calculated using
the analytical method is similar to that calculated using 2-D
FEA. In addition, the narrower the tooth width, the smaller the
ac resistance factor; that is, the ac resistance factor increases as
the widths of the slot and conductor become narrower. This is be-
cause the slot leakage flux decreases as the slot width increases,
reducing the skin and proximity effects on the conductor within
the slot. Therefore, it can be inferred that the tooth width in the
stator is a major factor in designing a motor using an MSO coil.

B. Stator Design Considering AC Resistance

Fig. 7 depicts the shape of the initial motor, and Table I lists the
specification requirements for the eBus traction. The maximum
torque and power required for the eBus traction are 800 N�m and
130 kW, respectively. For the operation of the traction motor, the
nominal voltage of the battery and the maximum line current
magnitude are 360 VDC and 500 Arms, respectively, and the
current density of the traction motor is 11 Arms/mm2.

As mentioned in Section III-A, when designing a motor that
uses a conductor with a large cross-sectional area and operates
at high frequencies, the additional loss due to ac resistance must
be considered. Motors with a narrow tooth width have a small

TABLE I
SPECIFICATION REQUIRED FOR ELECTRIC BUS

TABLE II
EXPERIMENTAL POINTS FOR MULTI-OBJECTIVE OPTIMIZATION

ac resistance factor, which can reduce additional losses caused
by ac resistance, thereby contributing to the high efficiency of
the motor in the high-speed region. However, a narrow tooth
width may not achieve the maximum torque required by the
vehicle system at the base speed owing to the saturation of the
core. Therefore, the motor should be designed considering the
maximum torque required by the vehicle system at the base
speed and the ac resistance at high speed.

A multi-objective optimization with the kriging surrogate
model was conducted using in-house codes to find the optimal
design point under multiple operating conditions [25], [26]. The
optimization objectives can be defined as

min :

{
f1 (x) = Wc_base

f2 (x) = Wc_max
(1)

where fi is the objective function, x is the design parameter,
Wc_base is the copper loss at the base speed, and Wc_max is the
copper loss at the maximum speed.

In addition to the optimization objectives, considering that the
torque may be reduced owing to machine loss or manufacturing
tolerances, the constraints were determined as 105% of the
required torque of the vehicle system. The constraints can be
expressed as follows:

{
g1 (x) = 800 × 1.05 − Tbase ≤ 0
g2 (x) = 238.9 × 1.05 − Tmax ≤ 0

(2)

where gi is the constraint, Tbase is the maximum torque required
by the vehicle system at the base speed, and Tmax is the max-
imum torque required by the vehicle system at the maximum
speed.
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Fig. 8. Torque and copper loss according to tooth width at base speed.

Fig. 9. Torque and copper loss according to tooth width at maximum
speed.

Table II lists the experimental points for the multi-objective
optimization. The tooth width is a design variable, and the upper
and lower boundaries are 14 and 44 mm, respectively. As the
tooth width changes uniformly, the yoke width is determined by
the geometric relationship with the tooth width under the same
slot cross-sectional area. The applied current in each condition
is given by the current that generates the maximum torque of the
initial motor, according to the motor speed.

Fig. 8 shows the torque and copper loss according to the tooth
width at the base speed, and Fig. 9 shows those at the maximum
speed. The orange-shaded regions in Figs. 8 and 9 indicate the
tooth width range that satisfies the constraints. As shown in
Fig. 8, the copper loss is similar within this range, indicating that
the ac resistance is almost similar within this range. Conversely,
within the range indicated in orange in Fig. 9, the maximum
copper loss is approximately three times the minimum copper
loss. Only the resistance affects the copper loss as the current
remains the same in this analysis. As a result, the tooth width
affects the ac resistance at the maximum speed.

An improved motor was designed through multi-objective
optimization. Fig. 10 depicts the shape of the initial and im-
proved motors. As shown in Fig. 10, the tooth widths of the
initial and improved motors are 37 and 32 mm, respectively, and
the slot width of the improved motor is wider than that of the
initial motor. As a result, when the same current is applied at
the maximum speed, the copper loss of the improved motor is

Fig. 10. Shape of initial and improved motors.

Fig. 11. Copper loss and iron loss of the characteristic curve according
to motors.

reduced by approximately 34% compared to that of the initial
motor.

C. Comparison of Motor Electrical Characteristics

In this section, the electrical characteristics of the initial and
improved motors are compared. The effect of the proposed
design method on the characteristics of the motor using the MSO
coil was simulated and verified by analyzing the efficiency as
well as the characteristic curves with respect to torque, speed,
and current of the improved motor via nonlinear 2-D FEA.

All potential losses, such as copper, iron, and mechanical
losses, were considered to derive accurate simulation results. To
calculate the copper loss, the resistance of the coil was separately
calculated by dividing the coil into two parts: the coil side and
end [27]. For the iron loss, the test result of the core material
used in manufacturing the motor was used in the FEA [28]. In
addition, the mechanical losses of the motor were considered
through a no-load test of the manufactured motor [29].

Fig. 11 shows the copper loss and iron loss of the characteristic
curve when the initial and improved motors are controlled using
the maximum torque per ampere (MTPA) algorithm [30]. In
Fig. 11, the straight lines with circle symbols indicate copper
losses, and the dashed lines with square symbols indicate iron
losses. As shown in Fig. 11, the copper loss is considerably larger
than the iron loss, and it can be expected to significantly affect
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Fig. 12. Phase resistance and current magnitude of the characteristic
curve according to motors.

the motor efficiency. In addition, the copper loss of the improved
motor increased compared to that of the initial motor at speeds of
less than ∼1600 r/min, and the iron loss of the improved motor
increased compared to that of the initial motor across the entire
speed range. Therefore, the electrical loss of the improved motor
increased in the low-speed region. However, the decrease in the
copper loss in the high-speed region was larger than the increase
in the iron loss. In particular, the iron loss of the improved motor
increased by 0.2 kW, but the copper loss decreased by 2.7 kW,
and the total electrical loss decreased by 2.5 kW at 5200 r/min.

The copper loss was investigated in detail to analyze why the
electrical loss improvement effect of the improved motor was
different in the low- and high-speed regions. The copper loss is
related to the phase resistance and current magnitude. Therefore,
the phase resistance and current magnitude of the characteristic
curve were investigated. Fig. 12 shows the phase resistance and
current magnitude of the characteristic curve when the initial and
improved motors are controlled using the MTPA algorithm. In
the figure, the phase resistance is indicated by a straight line with
circle symbols, and the line current magnitude is represented by
a dashed line with square symbols. At low speeds, the phase
resistances of the initial and improved motors are almost the
same; however, the phase resistance of the initial motor increases
sharply as the speed increases owing to the skin and proximity
effects. As a result, the phase resistance of the improved motor
is up to 7.4 mΩ smaller than that of the initial motor. On the
contrary, the tendency of the current magnitude is different from
that of the phase resistance. As shown in Fig. 8, because the
reluctance of the improved motor is large, the current required
for the improved motor to generate the same output power at
low speed is 12 Arms more than that for the initial motor. For
these reasons, the copper loss of the improved motor is larger
at low speeds and smaller at high speeds than that of the initial
motor.

Fig. 13 shows efficiency maps of the initial and improved
motors calculated via FEA. As shown in Figs. 13(a) and (b),
the efficiency of the two motors is similar at low speeds;
however, the efficiency of the improved motor at high speeds
is remarkably superior to that of the initial motor. Fig. 13(c)
shows a map of the difference in efficiency between the two
motors, allowing a direct comparison. As shown in Fig. 13(c),

at speeds less than 2800 r/min, the efficiency of the improved
motor increases or decreases compared to that of the initial motor
but remains similar. However, at speeds higher than 2800 r/min,
the efficiency of the improved motor increases remarkably as
the speed increases by up to 4.01%p. Thus, it was confirmed
that the efficiency was improved by reducing the ac resistance
at high speeds while maintaining almost the same efficiency at
low speeds owing to the proposed design method. In the next
section, a vehicle simulation based on the analysis results in this
section is presented to compare the fuel economy.

IV. VEHICLE SIMULATION

This section presents the vehicle simulations conducted to
calculate the fuel economy when a target vehicle has completed
a given driving cycle. In addition, the effect of ac resistance
reduction design on fuel economy improvement according to
the bus type is analyzed through the simulation. The simulation
was performed using the advanced vehicle simulator (ADVI-
SOR), developed by the National Renewable Energy Laboratory
[31]–[33]. Fig. 14 shows a schematic of the vehicle simulation.
Vehicle simulations require the specifications of the target ve-
hicle, efficiency maps of the traction motor, and specifications
regarding the battery and selected driving cycle. In this section,
the vehicle simulation is described in detail, and the results of
a simulation performed to compare the fuel economy according
to the motor are presented.

A. Theoretical Basis of Vehicle Simulation

The vehicle simulation is performed based on the dynamic
equation of the vehicle. Resistive and traction forces affect
the motion of the vehicle. Fig. 15 presents the dynamic force
diagram of a vehicle. There are three resistive forces: rolling
resistance, aerodynamic drag, and grade resistance. These are
calculated using data from the driving cycle and vehicle model.

The total resistive force can be expressed as

FTotal = FR + FG + FD

= fRMvg cos θ +Mvg sin θ +
1
2ρAFCD(Vv + VW )2

(3)
where FTotal is the total resistive force, FR is the rolling resistive
force, FG is the grading resistive force, FD is the aerodynamic
drag force, fR is the rolling resistance coefficient, Mv is the
vehicle mass, g is gravitational acceleration, θ is the longitudinal
slope angle, ρ is the air density, AF is the frontal area, CD is the
aerodynamic drag coefficient, Vv is the vehicle speed, and Vw is
the wind speed.

The traction force is calculated using the total resistive force
and the required vehicle acceleration. The vehicle acceleration
is determined by the target driving cycle. The traction force is

FT = FTotal +MV a (4)

where FT is the traction force and a is the required vehicle
acceleration.

The required torque of the motor is

TM =
rwFT

nGηG
(5)
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Fig. 13. Efficiency map: (a) initial motor, (b) improved motor, and (c) difference between initial and improved motors.

Fig. 14. Schematic of vehicle simulation.

Fig. 15. Dynamic force diagram of vehicle.

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

The required speed of the motor in rpm is given by

NM =
60

2πrW
nGVV . (6)

B. Vehicle Simulation Condition

The target vehicle was an eBus. Table III lists the specifica-
tions of the target vehicle, and Table IV lists the drive conditions.
The efficiency of the gear and inverter is assumed to be 95%.

TABLE III
SPECIFICATION OF TARGET VEHICLE

TABLE IV
DRIVE CONDITION
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Fig. 16. Target driving cycle.

The efficiency map of the traction motor was obtained based on
the FEA, as shown in Figs. 13(a) and (b).

Fig. 16 shows the target driving cycle used for the vehicle
simulation. There are three driving cycles: the Manhattan bus
cycle (Manhattan), highway fuel economy driving schedule
(HWFET), and heavy-duty urban dynamometer driving sched-
ule (HDUDDS). The Manhattan cycle was developed based on
actual observed driving patterns of transit buses in the Manhattan
district of New York City, and the HWFET cycle is a chassis
dynamometer driving schedule developed by the US EPA for
determining the fuel economy of vehicles on the highway. The
HDUDDS cycle was developed for testing chassis dynamome-
ters for heavy-duty vehicles. As shown in Fig. 16, the HDUDDS
cycle seems to have both the characteristics of the low-speed
operation of the Manhattan cycle and the high-speed operation
of the HWFET cycle. Therefore, each driving cycle for the EV
was chosen to consider typical driving patterns of different bus
types. The bus types are as follows:

1) transit bus: drives between short stops in the downtown
area;

2) express bus: drives long distances between cities;
3) suburban bus: drives medium-length distances within the

metropolitan area.

C. Results of Vehicle Simulation

Vehicle simulations were performed to verify the effective-
ness of the proposed design method under the same conditions;
the results were analyzed to confirm whether the proposed
method increases the fuel economy as only the motor character-
istics differ in the vehicle simulations.

Fig. 17 presents the fuel economy of the vehicle using each
motor. In the Manhattan cycle, the fuel economy of the vehicle
using the improved motor slightly increased compared to that
of the vehicle using the initial motor but it was almost the same.
However, in the HWFET cycle, the fuel economy of the vehicle
using the improved motor improved by 1.28%, from 1.19 to
1.21 km/kWh. In addition, the fuel economy of the vehicle using

Fig. 17. Fuel economy according to motors. (a) Manhattan. (b)
HWFET. (c) HDUDDS.

the improved motor in the HDUDDS cycle increased by 0.91%
from 1.22 to 1.23 km/kWh.

Fig. 18 shows the motor operating proportion map of the
motor for each driving cycle. The motor operating proportion
map is effective for analyzing the motor operating points. The
heat map in the middle of the map represents the motor operating
proportion. The darker the color on the heat map, the more often
the motor is operating. In addition, the bar graphs at the top
and right of the motor proportion map show the motor operating
proportion according to the speed and torque. Therefore, through
the motor proportion map, the features for the distribution of
operating points under different driving cycles are compared.
First, the main operating point of the motor is confirmed through
a heat map. In the Manhattan cycle, the speed of the main
operating point is 1000 r/min, but in the HWFET and HDUDDS
cycles, the speed of the main operating point is 4600 r/min.
Next, the motor operating proportion according to the speed
is concentrated in the high-speed and low-speed regions in the
HWFET and Manhattan cycles, respectively. On the contrary, in
the HDUDDS cycle, the operating points are evenly distributed
over the entire speed region. Finally, the motor operating propor-
tions of motoring and regenerative braking were analyzed. In the
HWFET and HDUDDS cycles, the motor performs more motor-
ing operations than regenerative braking operations. However,
in the Manhattan cycle, the motor performs more regenerative
braking operations compared to the other cycles. For this reason,
the fuel economy of the vehicle is higher in the Manhattan cycle
than in the other cycles, as shown in Fig. 17.

Fig. 19 presents a map denoting the influence of the oper-
ation points on the fuel economy. The operation points in the
Manhattan cycle are evenly distributed in the areas where the
efficiency of the improved motor is good and poor. For this
reason, there is little difference between the fuel economy of
vehicles according to the motors in the Manhattan cycle. Unlike
the Manhattan cycle, the operation points of the motor in the
HWFET cycle are concentrated in the high-speed region. The
improved motor has excellent efficiency improvement effects
in the high-speed region, and thus vehicles using the improved
motor demonstrate a remarkable improvement in fuel economy
compared to vehicles using the initial motor. In addition, even
in the HDUDDS cycle, the high-speed operation of the motor
contributed to improving the fuel economy of vehicles using the
improved motor. Therefore, the two motors exhibit almost the
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Fig. 18. Motor operating proportion map according to driving cycles.
(a) Manhattan. (b) HWFET. (c) HDUDDS.

same performance when used in a vehicle that stops frequently,
such as a transit bus; however, for a vehicle running at high
speed, such as an express or suburban bus, the fuel economy of
the improved motor is better.

V. EXPERIMENTAL VERIFICATION

The validity of the proposed method was experimentally
verified using a motor with an MSO coil. Fig. 20 shows the
configuration of the experiment and the fabricated sample of the
motor with the MSO coil. The equipment for the experiment
consisted of inverters, dynamometers, power sources, power
analyzers, and torque and speed sensors. The motor was driven
with the load conditions obtained from the simulation results
through FEA. The input power of the motor was calculated
using a power analyzer, and the output power of the motor
was calculated using the data measured by the torque and speed
sensors. The input and output powers were used to estimate the

Fig. 19. Motor operation point on efficiency difference map. (a) Man-
hattan. (b) HWFET. (c) HDUDDS.

Fig. 20. Configuration of experiment and fabricated sample motor.
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Fig. 21. Efficiency map measured through experiment.

Fig. 22. Efficiency error between 2-D FEA and experiment.

efficiency of the motor. In this experiment, the power and torque
were only measured up to approximately 50% of the maximum
power and torque owing to the limitations of the dynamometer
and sensor.

VI. CONCLUSION

In this article, a motor design method using MSO coils was
proposed to improve the fuel economy of EVs. The MSO coil
with a high fill factor can help improve the power density.
However, the large cross-sectional area of the MSO coil can
reduce efficiency in high-speed regions owing to the skin and
proximity effects. For this reason, a design method for a motor
with an MSO coil was proposed to satisfy the output and reduce
the ac resistance.

The motor improved using the proposed method demonstrated
almost the same efficiency as the initial motor in the low-speed
region. However, the efficiency of the improved motor was
better than that of the initial motor in the high-speed region
by up to 4.01%p. Based on this result, a vehicle simulation
was performed to calculate the fuel economy of the vehicle
according to the motor. When the improved motor was used
as the traction motor, the fuel economy remained unchanged
in the Manhattan cycle but improved by 1.28% and 0.91% in
the HWFET and HDUDDS cycles, respectively. Finally, the
validity of the proposed method was confirmed through an
experiment using a sample motor fabricated with the MSO coil.
The measured efficiency of the motor was almost the same as

the simulation results; therefore, the simulation results were
considered reliable. It can be concluded that the proposed design
method is effective for improving the fuel economy of an EV
powered using a motor with an MSO coil.

REFERENCES

[1] W. Tu et al., “Acceptability, energy consumption, and costs of elec-
tric vehicle for ride-hailing drivers in Beijing,” Appl. Energy, vol. 250,
pp. 147–160, 2019.

[2] L. Garfield, “13 cities that are starting to ban cars,” Bus. Insider,
Jun. 2018. [Online]. Available: https://www.businessinsider.com/cities-
going-car-free-ban-2017-8

[3] X. Tang, T. Jia, X. Hu, Y. Huang, Z. Deng, and H. Pu, “Naturalistic
data-driven predictive energy management for plug-in hybrid electric
vehicles,” IEEE Trans. Transp. Electrific., early access, Sep. 21, 2020,
doi: 10.1109/TTE.2020.3025352.

[4] T. Liu, X. Tang, H. Wang, H. Yu, and X. Hu, “Adaptive hierarchical energy
management design for a plug-in hybrid electric vehicle,” IEEE Trans. Veh.
Technol., vol. 68, no. 12, pp. 11513–11522, Dec. 2019.

[5] D. Kim, K. Cha, M. Lim, and J. Hong, “Rare-Earth-Free electric motor
design for EV traction comparing overall vehicle efficiency considering
driving cycle,” in Proc. IEEE 84th Veh. Technol. Conf., 2016, pp. 1–5.

[6] M. Park, D. Kim, Y. Jung, M. Lim, and J. Hong, “Modeling, design and
control of wound-field synchronous motor for high energy efficiency of
electric vehicle,” in Proc. IEEE Energy Convers. Congr. Expo., 2019,
pp. 3960–3967.

[7] H. Dhulipati, E. Ghosh, S. Mukundan, P. Korta, J. Tjong, and N. C.
Kar, “Advanced design optimization technique for torque profile improve-
ment in six-phase PMSM using supervised machine learning for direct-
drive eV,” IEEE Trans. Energy Convers., vol. 34, no. 4, pp. 2041–2051,
Dec. 2019.

[8] S. S. R. Bonthu, S. Choi, and J. Baek, “Design optimization with
multiphysics analysis on external rotor permanent magnet-assisted syn-
chronous reluctance motors,” IEEE Trans. Energy Convers., vol. 33, no. 1,
pp. 290–298, Mar. 2018.

[9] S. Hwang, J. Sim, J. Hong, and J. Lee, “Torque improvement of wound
field synchronous motor for electric vehicle by PM-assist,” IEEE Trans.
Ind. Appl., vol. 54, no. 4, pp. 3252–3259, Jul./Aug. 2018.

[10] A. Fatemi, D. M. Ionel, M. Popescu, Y. Chong, and N. A. O. Demerdash,
“Design optimization of a high torque density spoke-type PM motor
for a formula race drive cycle,” IEEE Trans. Ind. Appl., vol. 54, no. 5,
pp. 4343–4354, Sep/.Oct. 2018.

[11] M. Popescu, J. Goss, D. A. Staton, D. Hawkins, Y. Chong, and A.
Boglietti, “Electrical vehicles—Practical solutions for power traction
motor systems,” IEEE Trans. Ind. Appl., vol. 54, no. 3, pp. 2751–2762,
May/Jun. 2018.

[12] M. C. Kulan, N. J. Baker, and J. D. Widmer, “Design of a high fill factor
permanent magnet integrated starter generator with compressed stator
windings,” in Proc. 22nd Int. Conf. Elect. Mach., 2016, pp. 1–7.

[13] J. D. Widmer, C. M. Spargo, G. J. Atkinson, and B. C. Mecrow, “Solar
plane propulsion motors with precompressed aluminum stator windings,”
IEEE Trans. Energy Convers., vol. 29, no. 3, pp. 681–688, Sep. 2014.

[14] D. Jung, Y. Kim, U. Lee, and H. Lee, “Optimum design of the electric
vehicle traction motor using the hairpin winding,” in Proc. IEEE 75th Veh.
Technol. Conf., 2012, pp. 5–8.

[15] Y. Zhao, D. Li, T. Pei, and R. Qu, “Overview of the rectangular wire
windings AC electrical machine,” CES Trans. Elect. Mach. Syst., vol. 3,
no. 2, pp. 160–169, 2019.

[16] H. Park and M. Lim, “Design of high power density and high efficiency
wound-field synchronous motor for electric vehicle traction,” IEEE Access,
vol. 7, pp. 46677–46685, 2019.

[17] I. Petrov, M. Polikarpova, P. Ponomarev, P. Lindh, and J. Pyrhonen,
“Investigation of additional AC losses in tooth-coil winding PMSM with
high electrical frequency,” in Proc. 22nd Int. Conf. Elect. Mach., 2016,
pp. 1841–1846.

[18] M. Paradkar and J. Böcker, “Analysis of eddy current losses in the
stator windings of IPM machines in electric and hybrid electric vehicle
applications,” in Proc. 8th IET Int. Conf. Power Electron., Mach. Drives,
2016, pp. 1–5.

[19] N. Bianchi and G. Berardi, “Analytical approach to design hairpin wind-
ings in high performance electric vehicle motors,” in Proc. IEEE Energy
Convers. Congr. Expo., 2018, pp. 4398–4405.

Authorized licensed use limited to: Hanyang University. Downloaded on July 22,2021 at 00:32:39 UTC from IEEE Xplore.  Restrictions apply. 

https://www.businessinsider.com/cities-going-car-free-ban-2017-8
https://dx.doi.org/10.1109/TTE.2020.3025352


1270 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 26, NO. 3, JUNE 2021

[20] J. Chin, K. Cha, M. Park, S. Park, E. Lee, and M. Lim, “High efficiency
PMSM with high slot fill factor coil for heavy-duty EV traction considering
AC resistance,” IEEE Trans. Energy Conv., early access, Nov. 2, 2020, doi:
10.1109/TEC.2020.3035165.

[21] S. Park, E. Lee, J. Park, S. Hwang, and M. Lim, “Prediction of mechanical
loss for high power density PMSM considering eddy current loss of
PMs and conductors,” IEEE Trans. Magn., vol. 57, no. 2, Feb. 2021,
Art. no. 6300205.

[22] E. Lee, S. Kwon, and J. Hong, “Thermal and electrical characteristics of
EV traction motor considering AC resistance of MSO coil,” in Proc. IEEE
Transp. Electrific. Conf. Expo., 2018, pp. 84–89.

[23] E. Lee, S. Kwon, H. Lee, S. Lee, and K. Lee, “Method for manufacturing
MSO coil and device for manufacturing same,” US Patent: 20200099279,
2020.

[24] J. Pyrhonen, T. Jokinen, and V. Hrabovcova, Design of Rotating Electrical
Machines, 2nd ed. Hoboken, NJ, USA: Wiley, 2013.

[25] K. Diao, X. Sun, G. Lei, G. Bramerdorfer, Y. Guo, and J. Zhu, “System-
level robust design optimization of a switched reluctance motor drive
system considering multiple driving cycles,” IEEE Trans Energy Conv,
early access, Jul. 15, 2020, doi: 10.1109/TEC.2020.3009408.

[26] X. Sun, Z. Shi, G. Lei, Y. Guo, and J. Zhu, “Multi-objective design
optimization of an IPMSM based on multilevel strategy,” IEEE Trans.
Ind. Electron., vol. 68, no. 1, pp. 139–148, Jan. 2021.

[27] J. Chin, K. Cha, J. Park, D. Kim, J. Hong, and M. Lim, “Investigation of AC
resistance on winding conductors in slot according to strands configura-
tion,” IEEE Trans. Ind. Appl., vol. 57, no. 1, pp. 316–326, Jan./Feb. 2021.

[28] M. Lim, S. Chai, J. Yang, and J. Hong, “Design and verification of 150-
krpm PMSM based on experiment results of prototype,” IEEE Trans. Ind.
Electron., vol. 62, no. 12, pp. 7827–7836, Dec. 2015.

[29] D. Kim, J. Chin, J. Hong, and M. Lim, “Performance prediction of surface-
mounted permanent magnet synchronous motor based on ring specimen
test result,” IET Elect. Power Appl., vol. 13, no. 9, pp. 1280–1286, 2019.

[30] Y. Jung, M. Lim, M. Yoon, J. Jeong, and J. Hong, “Torque ripple reduction
of IPMSM applying asymmetric rotor shape under certain load condition,”
IEEE Trans. Energy Convers., vol. 33, no. 1, pp. 333–340, Mar. 2018.

[31] D. Kim, P. Benoliel, D. Kim, T. Lee, J. Park, and J. Hong, “Framework
development of series hybrid powertrain design for heavy-duty vehicle
considering driving conditions,” IEEE Trans. Veh. Technol., vol. 68, no. 7,
pp. 6468–6480, Jul. 2019.

[32] T. Markel et al., “ADVISOR: A systems analysis tool for advanced vehicle
modeling,” J. Power Sources, vol. 110, no. 2, pp. 255–266, 2002.

[33] K. Cha, D. Kim, Y. Jung, and M. Lim, “Wound field synchronous motor
with hybrid circuit for neighborhood electric vehicle traction improving
fuel economy,” Appl. Energy, vol. 263, 2020, Art. no. 114618.

Kyoung-Soo Cha received the bachelor’s de-
gree in electrical engineering from Chungbuk
University, Cheongju, South Korea, in 2015. He
is currently working toward the Ph.D. degree in
automotive engineering with Hanyang Univer-
sity, Seoul, South Korea.

His research interests include electric ma-
chine design for automotive, home appliance,
rare-earth free machine, and system-based de-
sign.

Jun-Woo Chin received the bachelor’s de-
gree in mechanical engineering, in 2014, from
Hanyang University, Seoul, South Korea, where
he is currently working toward the Ph.D. degree
in automotive engineering.

His research interests include the design,
losses and multiphysics analysis of electric ma-
chines for mechatronics systems such as auto-
motive application.

Soo-Hwan Park received the bachelor’s de-
gree in mechanical engineering, in 2014, from
Hanyang University, Seoul, South Korea, where
he is currently working toward the Ph.D. degree
in automotive engineering.

From 2019 to 2020, he was with the Korea
Institute of Industrial Technology, South Korea.
His main research interests include electromag-
netic field analysis, design and optimization of
electric machines for automotive and robotics
applications, and electric machine drive for
industrial applications.

Young-Hoon Jung received the bachelor’s de-
gree in mechanical engineering in 2013 and the
integrated master’s and Ph.D. degrees in au-
tomotive engineering from Hanyang University,
Seoul, South Korea, in 2020.

Since 2020, he has been with the R&D Di-
vision of Hyundai Motor Company, Hwaseong,
South Korea, where he is currently a Senior
Research Engineer. His research interests in-
clude electric machine design for automotive
and robot applications, and ultra-high speed
motors.

Eui-Chun Lee received the bachelor’s degree
from Kumoh National Institue of Technology,
Gumi, South Korea, in 2014, and the master’s
degree from Kyung-Pook National University,
Daegu, South Korea, in 2016, both in mechani-
cal engineering. He is currently working toward
the Ph.D degree in automotive engineering from
Hanyang University, Seoul, South Korea.

Since 2019, he has been with the Korea
Institue of Industrial Technology, where he is
currently a Researcher at Safety System R&D

Group. His main research interests include HEV, EV, robot, drone drive
motor design and productive electric machine manufacturing process.

Myung-Seop Lim (Member, IEEE) received the
bachelor’s degree in mechanical engineering
and the master’s and Ph.D. degrees in auto-
motive engineering from Hanyang University,
Seoul, South Korea, in 2012, 2014, and 2017,
respectively.

From 2017 to 2018, he was a Research En-
gineer in Hyundai Mobis, Yongin, South Korea.
From 2018 to 2019, he was an Assistance Pro-
fessor with Yeungnam University, Daegu, South
Korea. Since 2019, he has been with Hanyang

University, Seoul, South Korea, where he is currently an Assistant Pro-
fessor. His research interests include electromagnetic field analysis and
multiphysics analysis of electric machinery for mechatronics systems
such as automotive and robot applications.

Authorized licensed use limited to: Hanyang University. Downloaded on July 22,2021 at 00:32:39 UTC from IEEE Xplore.  Restrictions apply. 

https://dx.doi.org/10.1109/TEC.2020.3035165
https://dx.doi.org/10.1109/TEC.2020.3009408


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


