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ABSTRACT-Light electric vehicles (LEVs) are usually used as neighborhood electric vehicles (NEVs) for the second
vehicle or car-sharing service. For LEVs, it is important to reduce energy consumption to have greater mileage at the same
battery capacity. One of the direct ways to decrease energy consumption is the efficiency improvement of the traction motor,
which is the main propulsion system. Also, the weight reduction of the traction motor can be a solution to energy usage
mitigation. This paper suggested the design process of a traction motor for LEV considering material properties to minimizing
the energy consumption of the vehicle. During the design process, vehicle simulation was adopted to calculate energy
consumption. In addition, traction motor and battery which are the key components of LEV were mathematically modeled and
used in the simulation. Using them, energy consumption was estimated within the change of stack length of the traction motor
for some drive cycles. Finally, from these simulations, optimum power density is determined which minimizes energy
consumption.
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vehicle (LEV), mechanical stress, power density

1. INTRODUCTION

These days, plug-in hybrid electric vehicle (PHEV) and
electric vehicles (EVs) are registered more than 1.5 million
worldwide (Rahman and Hiti, 2017). In addition, the
number of research papers on EV in 2019 is more than 14
times than in 2008 (Search Term: Electric Vehicle, 2019).
Recently, the light electric vehicle (LEV) is getting
attention according to the trend of transportation
electrification. The purpose of LEV is diverse from the
used for neighborhood electric vehicle (NEV) as the
second vehicle to the used for car-sharing service.
Especially in LEVs, it is important to reduce energy
consumption to have greater mileage at the same battery
capacity. The reason for this is that in the case of LEV, the
battery capacity is usually to be small (12 ~ 30 kWh) so
that the battery can be frequently exposed to charge/
discharge situation (Grunditz and Thiringer, 2016). And if
the energy efficiency is increased, the number of times of
charging/discharging can be reduced, and battery life can
be expected to increase. Particularly, the car-sharing
service with LEV can be applied in the vehicle to grid
(V2G) environment (Liu et al., 2018; Jafari et al., 2018;
Kalathil ef al., 2019). In this situation, the slight energy
consumption reduction of each LEV can be a big effect on
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the whole grid aspect.

To increase the energy efficiency of the EV, the overall
weight of the vehicle should be reduced, and the power
efficiency for the operating region should be improved.
Moreover, reduction of the energy loss should be achieved
such as drag coefficient reduction. Especially, what can be
done to achieve a reduction of the energy loss in the design
aspect of the traction motor, is the improvement of power
efficiency and enhancement of the power density of the
main propulsion system. There are many studies on the
improving efficiency, and power density of traction motor
for EV have been carried out.

Momen et al. (2019) designed electric motor using hair-
pin winding which can secure more slot fill factor. Wu et
al. (2018) conducted efficiency optimization of interior
permanent magnet synchronous motor (IPMSM)
considering controller circuit. Hwang ef al. (2018) studied
power density improvement of rare earth free wound field
synchronous motor (WFSM) by the permanent magnet
(PM) assisting. There are also existed research on the
efficiency improvement for the flux modulation machines,
not a conventional permanent magnet synchronous motor
(PMSM) (Zhao et al., 2019; Xiang et al., 2019). In
addition, papers exist, focusing the efficiency enhancement
through the control aspects. Huang et al. (2019) studied the
torque distribution technique, improving the overall
efficiency of the vehicle. Heydari et al. (2019) suggested
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control strategy which is maximizing recovery energy from
the regenerative braking.

2. MULTIPHYSICS IMPROVE DESIGN

In this chapter, an improved design is conducted for LEV
traction motor considering not only electromagnetic
characteristics but also mechanical stresses. The target of
improved design is raising efficiency and power density to
reduce the energy consumption of LEV. Firstly, a base
model is introduced. Subsequently, the loss investigation is
performed considering magnetic materials used in traction
motor. Moreover, in the manner of reluctance torque
enhancement, the number of inserted magnet layer is
determined, considering mechanical stress.

2.1. Base model

The base model of the traction motor for LEV is depicted
in Figure 1. This is interior permanent magnet synchronous
motor (IPMSM) with a U-type inserted magnet. It has 8-
poles 48-slots combination with a distribution winding
(five-coil pitch). The maximum power is 30 kW with a
maximum torque of 72 Nm. The corresponding base speed
is 4,000 rpm, and the maximum speed is 10,000 rpm. The
detailed specifications are organized in Table 1. This shows
that the iron loss should be considered which is

Electrical steel sheet Winding

Permanent magnet

Figure 1. Traction motor construction for LEV.

Table 1. Specification of base model.

Items Value Unit
Stator diameter 280 Mm
Rotor diameter 190 Mm
Stack length 42 Mm
Number of poles / slots 8/48 -
DC link voltage 180 v
Base speed 4000 RPM
Maximum speed 10000 RPM
Maximum torque 72 Nm
Maximum power 30 kW

proportional to the square of the operating frequency
because of its high speed (10,000 rpm) condition. Figure 2
(a) shows the loss analysis result which describes this
condition. In addition, reluctance torque should be
considered. Figure 2 (b) shows that the ratio between the
magnetic torque and the reluctance torque from the 2D
FEA at the rated power and maximum speed situations.
The amount of reluctance torque is similar or more.

From the analysis results of the base model, copper loss
in a high torque operating condition and iron loss in a high
speed operating condition should be reduced. In addition, if
the saliency ratio can be raised, we could increase the
reluctance torque. This allows the motor to increase the
torque per current. Therefore, the power density can be
increased while simultaneously reducing copper loss and
iron loss.

2.2. Electromagnetic design

Electric motors have several losses such as mechanical
loss, iron loss and copper loss. The mechanical loss is
mainly caused by windage loss and bearing loss. Iron
losses from electrical steel sheets are caused by changes in
the exposed magnetic field and can be separated into
hysteresis losses, eddy current losses, and anomalous loss
components. Finally, copper loss is caused by the current
flowing through the copper windings. The following
paragraphs describe how to reduce iron loss and copper
loss.

For the first, the iron loss reduction is explained. The
iron losses can be expressed as (1), following Steinmetz’s
equation, where B is the peak value of the magnetic flux
density, a and £ are the Steinmetz coefficients, and f'is the
operating frequency. The coefficients &, k., and k, are
coefficients of the hysteresis, eddy current, and anomalous
losses, respectively (Kim ef al., 2019a).

W, =k, fB*+k f’B>+k f°B° (1

To reduce iron loss, it can be achieved by lowering the
peak value of the magnetic flux density or operating
frequency. However, high power density and high
operating speed are essential for automotive applications.
Thus, in this paper, the magnetic core material was
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Figure 2. Analysis result of base model (a) losses and (b)
portion of magnetic torque and reluctance torque.
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Figure 3. Electrical steel sheets comparison (a) iron loss
and (b) effect on iron loss of electric motor.

Table 2. Properties of electrical steel sheets.
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Figure 4. Permanent magnets comparison (a) B-H curve
and (b) effect on copper loss of electric motor.

Table 3. Properties of permanent magnet.

Items Value
S0PN470  30PNF1600

W15/50 4.70 2.16 Wikg
Thickness 0.50 0.30 mm
Density 7700 7600 kg/m’
Yield strength 275 410 MPa
Tensile strength 415 535 MPa
Young’s modulus 180 175 GPa

Poisson’s ratio 0.30 0.30 -

changed to, which has a lower iron loss, as shown in Figure
3 (a). It means that coefficients k, k., and &, are reduced,
mentioned above expression as (1). The iron loss per kg of
newly adopted electrical steel sheet has 53.3 % lower at
100 Hz where the flux density is 2.0T. Figure 3 (b) shows
the effect of the iron loss reduction of the motor due to the
change of the electrical steel sheet. The material properties
of electrical steel sheets are organized in Table 2.

Next is the explanation for the reduction of copper loss.
The copper loss reduction is achieved in many ways. From
the well-known equation of output torque of the electric
motor is shown in (2), we can guess which parameter
increases the output torque. P, is the number of pole pairs,
¥, is the armature linkage flux, /, is the armature current,
is an armature phase angle, L, is a g-axis inductance, and L,
is a d-axis inductance. This equation can be thought of as a
magnetic torque (3) by the rotor permanent magnet and a
reluctance torque (4) by the rotor saliency (Lee et al.,
2012).

1 .
T=P {&”alﬂ cos 3 +5(Lq —L,)Isin2 ,3} 2)

T, =hR¥1 cosf &)

Value @ 100 °C

Items Unit
N39UH N42UH

Residual induction 1.15 1.22 T

Coercive force 1132 1190  kA/m

(intrinsic)
Recoil permeability 1.05 1.05 -
1 .
T :EP"(Lq —L)I’sin2p 4)

In a given fixed-radius condition, there are several ways
to improve power density while improving efficiency.
According to (2) ~ (4), suppose that armature is constant,
the maximum torque per ampere can be increased by
increasing P,, ¥,, or raising the difference between L, and
Ly. The P, is fixed because the maximum operating speed
(10,000 rpm) is high. If the P, increase, this can be a
burden to the inverter because switching frequency should
be increased to generate the sinusoidal current waveform.
The increment of the ¥, can be achieved by increasing the
residual induction B, of permanent magnets, as shown in
(5) where the ,, is the magnet width and L, is the stack
length (Matsui et al., 2001; Bianchi and Jahns, 2004).

y/a oc Br x Wm x Lstk (5)

Figure 4 (a) shows a comparison of magnetic properties
according to the permanent magnet grades of N39UH and
N42UH. The characteristic values are shown in Table 3.
Figure 4 (b) shows the effect of changing the permanent
magnet from N39UH to N42UH on copper loss reduction.
For the maximum speed condition, the effect is insufficient.
However, for the base speed condition, the effect on the
copper loss reduction due to the change of PM is
considerable.

To raise the difference between g-axis inductance and d-
axis inductance, the number of layers of the inserted
magnet is analyzed. Ideally, the difference between g-axis
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Figure 5. Conceptual models for analyze number of inserted layers (a) geometry, (b) magnetic flux density distribution, and

(c) stress distribution.
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inductance and d-axis inductance is increased as the
number of magnet layers increases. Because the
permeability of magnet is similar to the permeability of air,
the number of obstacles in the d-axis flux path is increased
as the number of magnet layers increases. To investigate
the effect of the number of inserted magnet layers on the
difference between inductances, 2D FEA is performed as
depicted in Figure 5 (a). The result shows that there exist
limits to increment of difference between inductances and
it is shown in Figure 6 (a). This result is from the magnetic
saturation effect on the g-axis magnetic flux path as
described in Figure 5 (b). In the case of 1-layer to 2-layer,
the change of inductance difference is the most significant.
The 3-layer to 4-layer variation shows a decrease in
inductance. Consequently, the candidates for the number of
the inserted magnet layers are two and three.

2.3. Mechanical design
In the mechanical design of the electric motor, there are
several issues with regard to mechanical stress, heat
radiation, and vibration. Especially, for the high speed
electric motor, the mechanical stress in the rotor owing to
the centrifugal force should be considered. In this chapter,
the mechanical stress is analyzed, and a design for
mechanical stress reduction is performed.

First, the number of layers of inserted permanent
magnets is determined. From the results of section 2.2, the

candidates for the number of inserted magnet layers were
two and three. Using this model, mechanical stresses are
analyzed as von Mises equivalent stresses utilizing
ANSYS. Figure 5 (c) shows the mechanical stress
simulation results and maximum stress at 10,000 rpm of
the maximum rotation speed. The maximum stress
increased significantly when the number of magnetic layers
was three. As a result, the number of magnetic layers is
determined by two.

Next, the inserted magnet division is performed to
reduce the maximum mechanical stress to increase the
safety factor. As the inserted magnet is segmented, the
number of bridges increased. This causes mechanical stress
to be distributed to the bridge. The effect of the inserted
magnetic segment on mechanical stress reduction is shown
in Figure 7. However, segmenting the inserted magnet
raised the leakage magnetic flux and decreased the amount
of the magnet. As a result, it occurred a decline in electrical
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Figure 7. Stress distribution of rotor and maximum stress
of rotor according to number of bridge increase.
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performance. For these reasons, V-shaped magnets are
used to supplement the insufficient amount of permanent
magnet. In addition, the difference between g- and d-axis
inductance are slightly increased compared to the non-
segmented model. Figure 7 shows the results of inserted V-
shaped magnets with bridges and mechanical stress
simulations.

2.4. Design result
Figure 8 (a) shows the shape of the base model and the
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Figure 8. Comparison of base model (left) and improved
model (right) (a) shape and (b) safety factor of rotor at 10
kRPM rotating condition.

Table 4. Comparison of base model and improved model.

Value )
Items Unit
Base Improved
Maximum power 30 kW
Maximum torque 72 Nm
Maximum input current 179.6 168.4 A
Stator diameter 280 mm
Stack length 42 mm
Weight (include housing) 15.75 15.42 kg
Power density 1.90 195  kW/kg
Maximum efficiency 932 96.5 %
Maximum
Mechanical Stress 263.9  296.8 MPa
property of __@10kRPM
rotor Yield strength  275.0  410.0 GPa
Safety factor 1.04 1.38 -
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Figure 9. Irreversible demagnetization analysis.

improved model. The maximum efficiency of the improved
model is improved from 93.2 % to 96.5 % while
maintaining the maximum output power. In addition, the
maximum input current is reduced from 179.6 A, to 168.4
A Figure 10 (a) and (b) show the changes in copper loss
and iron loss. The hatched area represents the loss increase,
and the other area represents the loss reduction. Figure 10
(c) shows that efficiency is improved for all operating
region. In addition, as shown in Figure 8 (b), the safety
factor (yield strength divided by maximum stress)
increases because the yield strength of changed electrical
steel sheets is higher than electrical steel sheets of the base
model. The comparison between the base model and the
improved model is displayed in Table 4. For the improved
model, the demagnetization analysis is conducted as shown
in Figure 9. The load condition is determined from the
maximum input current with a 20 % margin. The direction
is -d axis, which is the worst condition (Park ef al., 2016,
Jung et al., 2019). There is no difference in linkage flux, it
can be assumed that the demagnetization does not occur.

3. LIGHT ELECTRIC VEHICLE MODEL

This chapter introduces vehicle models for vehicle
simulation to investigate how the improved model
improves energy efficiency. The following descriptions are
the LEV specifications, electric motor model and energy
storage model.

3.1. Specification

The target vehicle type is EV. The energy storage unit
supplies energy to the electric motor, and the power of the
electric motor is transferred to the drive system via the
reduction gear. The glider mass (curb weight except for
drivetrain and energy storage) is assumed as 340 kg, width
as 1.19 m, height as 1.46 m, wheelbase as 1.69 m and
wheel diameter including tire as 0.53 m. The coefficients
related to resistivity are assumed as follows: air density is
1.2 kg/m’, the drag coefficient is 0.30, and the rolling
resistance coefficient is 0.01. Moreover, the gear ratio of
reduction gear attached to the traction motor is assumed as
8:1 and its weight is supposed as 20 kg. Detailed
specification is organized as Table 5.
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Figure 10. Improved design result (a) copper loss
reduction, (b) iron loss reduction and (c) efficiency
improvement.

3.2. Traction motor model

To reflect the characteristics of the electric motor, an
electric motor model is developed. From Chapter 2, a 2D
FEA model was created for each model. One is the base
model, and the other is the improved model. Using the 2D
FEA, d-q axis inductances, linkage flux, and iron losses
were obtained for each model according to the operating
condition. Especially, iron losses are estimated from FEA
result of each element for each step according to Figure 11
(Kim et al., 2019b). Moreover, the phase resistance is
calculated from the geometry information, and the copper
loss is calculated simultaneously. Subsequently, using the
d-q axis equivalent circuit, the efficiency map is generated
for the whole operating region where the minimum loss
control is applied. Figure 12 describes the overall process

Table 5. Specification of target light electric vehicle.

Items Value Unit
Glider weight (except powertrain, 340 ke
battery)
Width 1.19 m
Height 1.46 m
Wheelbase 1.69 m
Wheel diameter (include tire) 0.53 m
Rolling resistance coefficient 0.01 -
Air drag coefficient 0.30 -
Air density 1.20 kg/m’
) Gear ratio 8:1 -
Reduction gear .
Weight 20 kg
Chemistry LiFePO, -
Nominal voltage 189 v
Battery . .
Nominal capacity 17 kWh
Weight 136 kg

Transient analysis Harmonic analysis Iron loss data
g1 -
g =
Z pAl \ L.
g0 < 22
< \ - =
B-19 gL
= 0.00 Time(s) 001 | S
2 1.2 E ’
Zos Zo
F04 il
00 0
1 Harmonic order 30| Flux density (T)

Sum element iron loss €— Sum harmonic iron loss
for all elements for each element

Figure 11. Iron loss calculation process using 2D FEA
results.
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Figure 12. Overall process of electric motor model
generation.

of developing the electric motor model.

3.3. Energy storage model
The lithium-ion (Li-ion) battery is adopted for the energy
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according to state of charge.

storage of target EV. Even though the energy density is
lower than other chemistry, LiFePO, chemistry is chosen
because of the economic aspect. In this study, a second-
order dynamic equivalent model is adopted as shown in
Figure 13 (a) (Klein III and Park, 2017; Hu et al., 2011).
This model is adequate for EV application which is usually
exposed to dynamic power requirement (charge/discharge).
The matched parameters for this equivalent model are
organized in Figure 13 (b) ~ (d). The used SOC calculation
method is Coulomb counting. This method is not suitable
for long term investigation, considering the state of health
(SOH). However, because this research focuses on the
relative comparison of energy consumption between the
base model and the improved model, there is no problem
with using that method accordingly (Xiong et al., 2017).
The nominal voltage is considered as 189 VDC, and the
nominal capacity is assumed as 17 kWh. The mass of a
single cell is treated as 70 g, and the package is not
considered. As a result, the overall weight is assumed as
136 kg. The information of the energy storage is described
in Table 5.

4. VEHICLE SIMULATION RESULT

Using the Advanced Vehicle Simulator (ADVISOR),
vehicle simulation is performed. Except for the electric
motor and energy storage model, other parts are simulated
by utilizing existed models of ADVISOR. In this
simulation, the efficiency of reduction gear is assumed as
90 % in constant. Moreover, Artemis drive cycle is adopted
for vehicle simulation condition. From the Artemis drive
cycles, urban and rural drive cycles are chosen. Figure 14
(a) shows these drive cycles. Their corresponding

0
-20
-40
-60

Torque (Nm)

Operating points]
Rural

Urban

) 1 1
U0 2000 4000 6000 8000 10000
Speed (RPM)

(b)

Figure 14. (a) Artemis drive cycles for vehicle simulation
and, (b) its corresponding operating points for given
conditions.

operating points and efficiency improvement map in % p is
depicted in Figure 14 (b). The operating points come from
simulation result with the weight of the base model of the
traction motor. According to Figure 14 (b), it can be
noticed that the urban cycle usually operates the motor at
low-speed and high-torque compared to the rural cycle.
Using the vehicle simulation described above, the stack
length of the improved model is determined. The aim of
this determination is to find out the optimum power density
that minimizes energy consumption. Figure 15 (a) shows
the weight and corresponding power density along the
stack length of the improved model. Obviously, the shorter
the stack length, the lighter the weight and the higher the
power density. Figure 15 (b) shows that the trend of energy
consumption according to each drive cycle as the stack
length of the traction motor is change. The weight and
efficiency map according to the stack length is considered.
The orange line with square symbol depicts the energy
consumption of the urban cycle, green line with triangular
symbol depicts the energy consumption of the rural cycle,
and the gray line with circular symbol depicts energy
consumption of total cycle (urban + rural). For the urban
drive cycle, the energy consumption is lowest with 42 mm
stack length. On the other hands, the energy consumption is
lowest with 36 mm stack length. For the total drive cycle,
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energy consumption is lowest with 39 mm stack length. In
this paper, in order to reduce energy consumption equally
for rural and urban cycles, the stack length of the optimum
power density (OPD) model is determined as 39 mm. This
is illustrated in Figure 15 (b) and comparison with the
improved model is shown in Figure 15.

Consequently, Figure 16 describes the overall result of
this study. The comparison of power density and energy
consumption for the base model, improved model, and
OPD model is displayed. When comparing the base model
and the OPD model, the power density is improved from
1.90 kW/kg to 2.08 kW/kg (9.5 %), and the energy
consumption for total (urban + rural) cycle is reduced from
6414 kJ to 6108 kJ (— 306 kJ), for the urban cycle is
reduced from 1501 kJ to 1451 kJ (- 50 kJ), and for the rural
cycle is reduced from 4913 kJ to 4657 kJ (— 256 kJ).

5. CONCLUSION

This study presented the design process of traction motor
for energy consumption mitigation of LEV. To perform the
design, an IPMSM was adopted for the base model. Firstly,
for the same size condition of the base model, the improved
design was conducted. This was conducted from the
investigation of the material properties and the relationship
of the output torque equation. Then, vehicle simulation was
prepared and conducted to compare energy consumption.
For the vehicle simulation, Artemis drive cycle was
adopted. Among the Artemis cycles, the urban and the
rural cycle was chosen as the target cycle. Finally, using the
improved model in the same size condition, vehicle
simulations were conducted along change the stack length
of the improved model. As a result, there existed the
optimum stack length for each drive cycle. In this paper,
the optimum stack length for OPD model was determined
as the minimizing the energy consumption of the total
(urban + rural) cycle. However, if there are applications
using only a certain cycle, the optimum power density can
be determined for each application. If we follow the design
flow of this paper according to the situation, we can
determine the optimal power density for a specific purpose.
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