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Abstract: The efficiency of permanent magnet synchronous hub motors (PMSHM) used in light
electric vehicles (EVs) is lower than that used in commercial EVs. Therefore, in this study a high-
efficiency radial-flux outer-rotor PMSHM was designed for light EVs. The high-efficiency motor will
contribute to the reduction of the power consumption demand from the batteries of EVs, the longer
life of the batteries and the longer uninterrupted operation of the system. The optimization objectives,
such as motor sizing, number of slots and poles, air gap length, material selection, stator winding
structure, stator slot shape, magnet thickness, and cutting method for stator sheets were considered
to ensure high efficiency and low cogging torque. In this study, three validation stages were followed;
electromagnetic analyzes with FEM, analytical calculations, and finally experimental validation. First,
the design parameters of the motor were determined based on the analyses results obtained using
ANSYS Maxwell software, and then validated both with the analytical calculations and experimental
results. The comparison results show that the design data of the motor at the rated speed agree well
with the analytical calculations and test results. After obtaining the optimized motor design, the
motor was installed on a prototype electric car for the road test. During the test drive, the motor
performed successfully and operated compatibly with the rest of the electric vehicle systems such as
the motor driver and the battery.

Keywords: design optimization; efficiency; electric vehicles; electromagnetic analysis; permanent
magnet synchronous motor

1. Introduction

Low-power electric motors are used in light electric vehicles (EVs). According to
studies in the literature, the efficiency of low-power electric motors is lower than that
of high power motors [1], which is one of the major drawbacks of low-power motors.
Therefore, numerous studies focused on improving the efficiency of motors used in light
EVs, and several different motor designs have been presented in the literature [1,2].

Different types of motors are used in light EVs, such as brushed DC motors, induction
motors, and permanent magnet synchronous motors (PMSMs). Despite being preferred as
they are low cost and control-convenient motors, brushed DC motors and induction motors
have poorer efficiency and shorter lifespan compared to other motor types. On the other
hand, PMSMs are widely used in light EVs since they offer high-efficiency operation at
high torque and power densities and a wide speed range, but their efficiency is lower than
that used in commercial EVs [3,4]. Therefore, different design and production methods of
motors used in light EVs have been presented in the literature to reduce losses, such as
copper, core, and eddy current losses, and to increase their efficiency [5]. In one study, it was
observed that a coating type was chosen for magnets and the use of segmented magnets
reduced eddy current losses. In addition, core losses can be minimized by appropriate
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material selection and proper slot design [6]. In another study, the cross-sectional area of
copper increased to reduce copper losses [7]. In studies focusing on improving the efficiency
and performance of PMSMs, low cogging torque is another important study topic. This is
because a lower cogging torque enables the motor to operate by demanding less power at
start-up and during motion [8]. In addition, lower cogging torque reduces torque ripple
and increases motor performance. In the literature, numerous studies have been conducted,
such as reducing the air gap, optimizing the distance between magnets, and skewing to
reduce the cogging torque. The effects of these designs on motor performance have also
been examined [5–11]. Therefore, the motor design in this study incorporates a design
optimization in which the efficiency of the motor is improved and the cogging torque
is reduced.

In this study, a radial-flux surface-mounted PMSM with an outer rotor was designed
for applications as a hub motor in light EVs, such as electric scooters, rickshaws, bikes, golf
carts, and small EVs. First, different motor models were created for design optimization
using the ANSYS Maxwell software, and electromagnetic analyses of all motor models were
performed. As a result of the optimization, the final motor design with the best performance
was determined, and a prototype of the motor was manufactured. Efficiency tests of the
prototyped motor were performed under varying speed and torque conditions in the motor
test setup at Yildiz Technical University Alternative Energy Systems Society (AESK) R&D
Laboratory. Then, the test and simulation results were compared and validated. Finally,
the motor was tested on a prototype electric car, and driving tests were carried out.

2. Design Optimization of a PM Synchronous Hub Motor

In this study, a radial-flux surface-mounted PM synchronous hub motor (PMSHM)
with an outer rotor was designed for light EVs. Hub motors must be lightweight because
the mass of the hub motor affects the unsprung mass and, thus, the ride comfort of EVs [12].
When considering features such as low-speed stability, high torque density, and low torque
ripple, as well as limited hub space, a PMSM is a suitable option for hub motors with an
outer rotor. Because the rotor is located on the outside of the stator, the motor rotates around
a higher radius and generates a higher torque compared to designs with an inner rotor. In
this manner, the torque constant of the motor increases, and copper losses are reduced. In
the motor design in this study, design objectives of the rotor and stator structures, such
as selecting the number of poles, winding arrangement, determining the air gap length,
designing the slot and magnet shape, and selecting the electrical sheet material, were
considered and optimized to both improve the efficiency and reduce the cogging torque.
All design optimization steps are given in Figure 1.

Figure 1. PMSHM design optimization flowchart

2.1. Determining the Motor Sizing and Power

When designing the PMSHM with an outer rotor, the power, torque, and speed
required by the motor were first determined, and then the motor was dimensioned based
on these values. From studies covering this topic in the literature, it is seen that a nominal
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power of 1.5 kW is sufficient for light EVs such as electric scooters, golf carts, bikes,
and rickshaws; moreover, the speed of the light EVs is considered to be in the range of
55–60 km/h [12–14]. Thus, in this study, the power of the motor was determined to be
1.5 kW, and the average speed was considered as 550 r/min (57 km/h or 57.59 rad/s)
based on a wheel diameter of 550 mm. The motor was then dimensioned for these values.
After determining the required power and speed range, the motor torque was calculated
using (1) and found to be approximately 26 Nm. Where P represents the mechanical power,
T represents the mechanical torque, and ω represents the angular velocity.

P = T ×ω (1)

Table 1 lists the sizing data for the proposed motor. The design parameters of the motor
were determined based on the analysis carried out using the ANSYS Maxwell software.
The electromagnetic torque was then calculated using (2) to observe the agreement between
the analysis and analytical results [10]. Equation (2) is given in [10] for an inner rotor
PMSM. For this reason, this equation was revised for the outer rotor PMSM in this study
and the stator outer diameter (Dout) was used instead of the stator inner diameter (Din) in
the equation in [10].

Td =
Selm × cosϕ

2× π × ns
=

π

4
× kw1 × D2

out × Li × Bmg × Am × cos ϕ (2)

Table 1. Motor Design Parameters.

Motor Characteristics Unit Values

Current (RMS) A 14.14
Nominal voltage V 96
Nominal speed r/min 550

Maximum speed r/min 950
Nominal torque N m 26

Maximum torque N m 50
Nominal power kW 1.5

Maximum power kW 3.5
Phase Resistance Ohm 0.079
Phase Inductance Henry 0.00085

Cosφ - 0.97

Geometrical Spec.

Stator outer diameter mm 242
Rotor outer diameter mm 260

Stack length mm 20
Air gap length mm 1

Slot teeth width mm 17.6
Magnet radial length mm 23.9

Magnet thickness mm 3

Winding Spec.

Number of slots - 36
Number of poles - 32
Number of turn - 16

Number of phases - 3
Stator winding factor (kw1) - 0.945



Energies 2022, 15, 7953 4 of 23

Table 1. Cont.

Motor Characteristics Unit Values

Magnet Data

Remanent magnetic flux
density (Br) T 1.45

Coersive force (Hc) kA/m 836
Magnet grade - NdFeB N52

Steel Spec.

Electrical steel (stator) - 20JNEH1200
Steelback (rotor) - C1050

Other Spec.

Total weight kg 6

In Equation (2) where Selm is the apparent electromagnetic power crossing the air gap,
kw1 is the stator winding factor, Dout is the outer diameter of the stator,cosφ is the the power
factor between the stator current Ia and input voltage V1, Li is the axial length of the motor,
Am is the peak value of the stator line current density according to (3), and Bmg is the peak
value of the magnetic flux density in the air gap according to (4). Am was calculated to be
30.315 A/m using (3), where N1 is the number of turns per phase,

√
2 × Ia is the peak

stator current, and m is the number of phases.

Am =
2 × m×

√
2 × Ia × N1

π × Dout
(3)

For PMs with a linear demagnetization curve, i.e., NdFeB magnets, the magnetic flux
density produced in the air gap can be calculated based on the remanent magnetic flux
density Br and the relative recoil magnetic permeability µrrec given in (5) as follows.

Bg ≈
Br

1 + µrrec · g
hM

(4)

µrrec =
1

4 · π · 10−7 ·
∆B
∆H

(5)

In this study, an NdFeB N52 magnet with an energy product BHmax of 50–53 MGOe
(398–422 kJ/m3) was used in the rotor part of the proposed motor. The NdFeB N52 magnet
has an equitable distribution of magnetic flux density, which provides a high quality
outcome. For the NdFeB N52 magnet, the remanent magnetic flux density Br and magnetic
field strength Hc are 1.45 T and 836 kA/m, respectively [15,16]. Taking the height of the
magnet per pole (hM) as 3 mm and the air gap thickness (g) as 1 mm, µrrec and Bg were
calculated approximately as 1.38 and 1 T, respectively. Bmg can also be initially estimated
as Bmg ≈ (0.6. . . 0.8)Br for the sizing procedure of NdFeB PMSMs [10].

The electromagnetic torque was then calculated as 25.6 N·m using the parameters pre-
sented in Table 1 and taking stator winding factor kw1 as 0.945 [17]. This shows that the de-
sign data of the proposed motor at the rated speed agree well with the analytical calculations.

2.2. Selecting the Number of Poles and Slot

Another important design objective is to determine the number of poles and slots for
lightweight EV designs. Selecting the appropriate number of poles and slots results in
high-efficiency and high torque output, thereby saving motor space. Previous studies have
shown that PMSMs with a similar number of poles and slots are widely used in hub motor
studies [17–22].



Energies 2022, 15, 7953 5 of 23

Using a high number of poles allows the motor to generate a more sinusoidal back
electromotive force, thereby reducing losses when driving the motor. In this proposed
motor design, a 36-slot 32-pole design that is among the designs that provide the lowest
harmonic loss in the literature was chosen [19]. The number of poles also directly affects the
motor frequency, as shown in (6). As the number of poles of the motor increases, frequency
increases. Frequency also directly affects the driving performance of the motor. In (6),
fe is the frequency of the motor, Np is the number of poles, and n is the motor speed in
revolutions per minute. The frequency of the 32-pole motor that rotated at an average of
550 r/min was found to be approximately 147 Hz as follows:

f e =
Np

120
n (6)

In this PMSHM design, in addition to designing a high-efficiency motor, low cogging
torque was also considered because the cogging torque causes noise, vibration, jerking
motion, and uncomfortable driving in EVs. The cogging torque is directly related to the
number of stator slots and rotor poles, as shown in (7) and (8), since it results from the
electromagnetic interaction between PMs placed on the rotor and stator teeth [5,11,21,22].
Therefore, when determining the number of slots and poles, low cogging torques were also
considered in this study.

The cogging torque can be represented by the following [21,22]:

Tcog(θ) = −
1
2

Φ2
g

dR
dθn

(7)

where Φg is the PM flux that crosses the air gap, R is the reluctance of the air gap, and θ is
the angular position of the rotor. Since the reluctance of the air gap varies periodically, the
cogging torque is also periodic. Thus, cogging torques can be written as a Fourier series, as
in the following.

Tcog(θ) =
∞

∑
k=1

(Tmk(sinmkθ )) (8)

In Equation (8), k is an integer, Tmk is the Fourier coefficient, and m is both the least
common multiple of the number of slots and poles and the cogging torque period per
revolution of the rotor.

Considering these initial sizing design parameters, stator and rotor design optimiza-
tions are discussed further below.

3. Design Optimization of the PMSHM

The design optimization of the PMSHM has been studied in two parts: rotor and stator
optimization.

3.1. Design Optimization of the Rotor

In this study, different rotor design techniques such as rotor magnet skewing, rotor
thickness optimization, air gap length optimization, and magnet thickness optimization
were analyzed to investigate their effects on PMSM efficiency and cogging torque.

3.1.1. Skewing the Rotor Magnets

In this study, different optimization analyses were performed to reduce the cogging
torque. First, the skewing method, which is a well-known approach in the literature, was
used. In PMSMs, skewing can be applied to both stators and rotors [23–26]. In terms
of production and cost, skewing the stator has a more positive impact on the cogging
torque than skewing the rotor. However, skewing the stator lengthens each winding unit in
proportion to the skew angle. As this increases the resistance of the motor and the copper
loss, it reduces efficiency. In the case of skewed rotor magnets, the production cost of
the magnet increases slightly, but the copper loss is kept to a minimum by not increasing



Energies 2022, 15, 7953 6 of 23

the winding copper length of the motor. Thus, a reduction in the efficiency is prevented.
In addition, since the length of the copper winding is lower, the motor weight does not
increase, thereby contributing to the efficiency. Based on these analyses, a decision was
made to skew the rotor magnets in this study.

Determining the appropriate skew angle is important for minimizing the cogging
torque. Therefore, an optimization study was conducted using ANSYS Maxwell software,
and the results were analyzed to determine the appropriate angle value. In the analyses, the
cogging torque and motor efficiency were evaluated for various skew percentages within
the range of 0–0.60. The results are shown in Figure 2.

(a) (b)

Figure 2. The influence of magnet skewing on (a) the efficiency and (b) the cogging torque.

As shown in Figure 2, the cogging torque exhibits minimal values at some points and
increases at other points depending on the skew percentage. When deciding on the most
suitable skew angle, it should be noted that increasing the skew angle makes production
difficult. Thus, in this study, the skew percentage was chosen as 0.12, considering the
influence of this value on the efficiency. Figure 3 shows the rotor magnets without skewing
and with a skew percentage of 0.12.

(a) (b)

Figure 3. 3D models of the (a) nonskewed and (b) skewed magnets.

Figure 4 shows the cogging torque obtained without skewing and with a skew percent-
age of 0.12. As shown in Figure 4, the cogging torque can reach up to 422 mN·m without
skewing, whereas it can decrease 40 times and drop to as low as 10.39 mN·m with 0.12
skewed magnets. Consequently, the cogging torque successfully decreased by 97.54% with
the skewing magnet. The skew angle was then calculated according to Equation (9). The
skew percentage was taken as 0.12 and the number of poles Np as 32 in the equation.

θskew=
360
Np
× skew percentage =

360
32

0.12 = 1.35◦ (9)

As observed from (9), the skew angle was found to be 1.35◦ based on Ansys Maxwell
analyses. The optimum skewing angle for a 32-pole 36-slot PMSHM can also be calculated
analytically using Equations (10) and (11) given below [22].

θskew =
360

Nperiod·Ns
=

360
8.36

= 1.25◦ (10)



Energies 2022, 15, 7953 7 of 23

Nperiod=
Np

HCF
{

Ns, Np
} = 32

HCF{36, 32} = 8 (11)

In Equation (10), Ns is the number of stator slots, and Nperiod is the number of cogging
torque waveforms during the rotor’s rotation. Nperiod can be calculated using Equation (11)
where HCF

{
Ns, Np

}
is the highest common factor of Ns and Np. Consequently, the skew

angle was found as 1.25◦ with respect to analytical calculations and 1.35◦ from the analysis’
results. As observed, there is slight difference between the analytical and analysis results.
In the prototyping process, the cogging torque angle was taken as 1.35◦, which is the same
as the analysis’ result.

(a) (b)

Figure 4. Cogging torque (a) for the motor without skewing and (b) for the motor with a skew
percentage of 0.12.

The hallbach array design, which is another effective method in reducing the cogging
torque, has also been simulated in this study. Since at least 2-dimensional (2D) complex
hallbach magnet designs are necessary to reduce cogging torque effectively, it will increase
the motor cost more than the skewing magnets due to the complex magnet magnetization
angles required by the hallbach array. Although the simulation results suggest that the
hallbach array increases the motor performance at a similar rate with the skewing method,
the skewing method was chosen to reduce the cogging torque considering the motor cost.

3.1.2. Reducing Eddy-Current Losses in Magnets

Among the losses in rotor magnets, the most important one is the eddy current loss,
which is called solid loss in ANSYS Maxwell software. In this study, both a segmented
magnet structure and epoxy coating in magnets were employed to reduce these losses.
The segmented form of the magnets reduces the eddy current loss in proportion to the
segmentation square. However, the disadvantage is that the production cost of the motor
increases with the number of segments. Considering the cost of the segmented magnet
structure and its impact on the efficiency, a two-segment magnet structure was chosen in
this study. Figure 5 shows segmented and nonsegmented magnet structures. Magnets are
arc shaped and radially magnetized.

(a) (b)

Figure 5. (a) Segmented skewed magnets. (b) Nonsegmented skewed magnets.

Figure 6 shows the eddy current losses in the motor before and after magnet segmenta-
tion. The computed reduction in the eddy current losses was confirmed by electromagnetic
analyses, as shown in Figure 6. According to the analyses performed for a torque of 26 N·m
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and a speed of 550 r/min, the segmentation of the motor magnets resulted in a loss of
approximately 7 W instead of 24 W; thus, losses on the magnets reduced by 75%.

(a) (b)
Figure 6. Eddy current losses for (a) nonsegmented and (b) two-segment magnets.

The eddy current losses Pe can also be calculated analytically using Equation (12).
In (12), h is the height of the magnet and varies depending on the square of the eddy current
loss in the magnets [20], B is the flux density of the magnet, f is the frequency of the motor,
ke is the constant of the material, and ρ is the resistivity of the material.

Pe = ke ×
(B2 × f 2 × h2)

ρ
(12)

In the analytical calculation based on (12), when a two-segment magnet is used, the
value of h will be taken as h/2; thus, eddy current losses Pe will decrease to ¼Pe. This shows
that there is accuracy between analysis results and the analytical results. According to the
results of the eddy current losses, the efficiency of the proposed 1.5 kW motor increased
by 1.13%.

In this study, in addition to using a segmented magnet structure, an epoxy coating
was also used in the magnets to reduce eddy current losses in the magnets [27]. The epoxy
coating has a minimum resistance of 1011 Ω·m [28], whereas the NiCuNi coating, which is
widely used in magnets, has a maximum resistance of 10−7 Ω·m [29]. Eddy current losses
are reduced by using an epoxy coating on the magnets because eddy current losses are
known to be higher when the conductivity is high. As shown in (12), the resistivity of
the material affects eddy current losses. Therefore, by using epoxy-coated magnets in this
design, the eddy current losses in the magnet coating significantly reduced.

The cogging torque analysis was not considered in the segmented magnet motor.
This is because, in motor designs where the flux flows along the radial axis, the magnet
segmentation in the radial direction affects the cogging torque of the motor, but the seg-
mentation in the axial direction does not have any effect on the cogging torque because it is
perpendicular to the rotation of the motor [30].

3.1.3. Optimization of the Magnet Thickness

A magnet’s thickness is a design parameter that affects the cost of the motor, in
particular, and has a significant impact on motor performance. As the volume of the
magnet increases or its shape becomes more complex, the production cost of the magnet
and of the motor increases. Furthermore, the efficiency will decrease since the motor will
be heavy because the volume of the magnet is larger than required. Therefore, choosing an
appropriate magnet thickness is an important concern in the motor’s design.

In this study, magnet thickness optimization was carried out using ANSYS Electronics
Optimetrics software considering cost and motor performance together. The correlation
between the magnet thickness and efficiency was also investigated. In addition, the
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influence of magnet thickness on the cogging torque was taken into account. Figure 7
shows the results of this analysis.

(a) (b)
Figure 7. Effect of magnet thickness on (a) efficiency (b) cogging torque.

As shown in Figure 7, using magnets thicker than 3 mm reduces the efficiency in the
same operating range. Therefore, the magnet’s thickness was set to 3 mm. In addition,
instead of using unnecessarily large volumes of magnets, using magnets of a smaller
volume and lower cost allows the motor to weigh lighter and operate at a higher efficiency.

3.1.4. Optimization of the Air Gap Length

The air gap length and magnetic flux density distribution in the air gap are important
design considerations in electric motors because the magnetic flux density in the air gap
directly affects the characteristics and performance of the motor. As the air gap length
decreases, the magnetic flux density in the air gap increases. Thus, keeping the air gap as
small as possible will improve the motor’s performance. When the air gap is selected as a
minimum value, the torque constant of the motor increases. Therefore, the motor can rotate
at the desired speed and torque, thereby requiring lower power. For this purpose, the air
gap flux density in this study varied from 0.5 to 2 mm, and the effects of this variation
of the air gap flux density on cogging torque and efficiency were analyzed, as shown in
Figures 8–10.

Figure 8 shows the magnetic flux densities for different air gap lengths. As shown
in Figure 8, improved magnetic flux density results were obtained for air-gap lengths of
0.5 and 1 mm. On the other hand, because the distance between the magnets and stator
reduced as the air gap decreases, the cogging torque consequently increases, as shown in
Figure 9 [15], and efficiency will decrease, as shown in Figure 10. For this reason, both the
cogging torque and efficiency were evaluated together in determining the optimum air gap.
However, as can be seen in Figure 4b, the cogging torque was considerably reduced by
skewing magnets, and the increase in the cogging torque due to the reduction in the air
gap reached a value so low that it was negligible.

(a) (b)

Figure 8. Magnetic flux density for air gap lengths of (a) 0.5 mm, (b) 1mm, (c) 1.5 mm, and (d) 2 mm.
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(c) (d)
Figure 8. Magnetic flux density for air gap lengths of (a) 0.5 mm, (b) 1mm, (c) 1.5 mm, and (d) 2 mm.

Figure 9. Cogging torque for different air gap values of 0.5, 0.1, 1, 1.5, and 2 mm for the 0.12 skewed
magnet design.

When these cogging torque and efficiency analyses for different air gap lengths were
analyzed together, the air gap was chosen at 1 mm in terms of efficiency and magnetic flux
density distribution, although the cogging torque was lower at higher air gap values. The
air gap of 0.5 mm was not considered because it increases the production cost, even if the
efficiency is higher at this value. As shown in Figure 8, the magnetic flux density in air
gap Bg is approximately 1 T for a 1 mm air-gap length. Bg was previously calculated to be
approximately 1 T using (4). Considering that the analytical results are in good agreement
with the analysis results obtained using ANSYS Maxwell software, it is apparent that the
approaches employed in the motor model produce accurate results.

Figure 10. Motor efficiency for the different air gap lengths.
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3.1.5. Optimization of the Rotor’s Thickness

A rotor steel structure ensures the flow of magnetic flux between the magnet poles
and completion of the magnetic circuit. Therefore, the thickness of the rotor electrical steel
affects the motor’s performance. If the selected steel thickness is thin, the flux cannot flow
at the desired level; however, the large thickness of the sheet causes an increase in the
rotational inertia due to its high mass and decreases the system’s performance.

In addition, since electrical steel is a ferromagnetic material, the electromagnetic
interaction between the rotor and stator through this material affects the cogging torque.
For this reason, changes in the motor efficiency and cogging torque depending on the
rotor’s thickness were studied together. The results are shown in Figure 11.

(a) (b)
Figure 11. (a) Efficiency and (b) Cogging torque depending on the rotor steel sheet’s thickness.

First, a rotor thickness of 4 mm was used in the manufacturing process, yielding the
best efficiency, as shown in Figure 11; however, a durability problem was encountered
when opening the fixing hole in the rotor sheet. When this production difficulty and the
magnetic analysis’s results shown in Figure 12 were evaluated together, it was concluded
that a rotor thickness of 5 mm is the optimum thickness.

(a) (b)
Figure 12. Results from the electromagnetic analyses for a rotor steel sheet thickness of 5 mm:
(a) magnetic flux lines and (b) magnetic flux density.

3.2. Design Optimization of the Stator

The stator structure significantly affects the PMSM performance. For this reason,
this study thoroughly investigates some of the important stator parameters that affect
motor performance, such as the stator winding structure, stator material, stator lamination
thickness, stator slot structure, and methods of stator steel cutting. While conducting
analyses on these parameters, optimization studies were carried out by considering the
influence of each parameter on efficiency.

3.2.1. Selecting the Stator Winding Structure

The stator winding structure is another important objective in the motor’s design. It is
in the inner part of the PMSHM with an outer rotor. Thus, the winding arrangement was
considered to ensure that the designed motor met the requirements of light EVs such as
high-efficiency and high torque output [17,30]. Two different winding types were adapted
and compared in this motor design by considering the skin effect: single flat windings
and two parallel windings. Although single flat windings have a larger surface area and
less resistance, they cause problems when placed into slots due to their wire thickness.
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Therefore, two parallel round windings were used in this study. Thus, compared to a single
flat winding, the same conductor cross-sectional area can be provided, and because of
its thinness, the round winding can be shaped more easily and placed in stator slots. An
enamel-coated copper winding with a diameter of 1.5 mm was used in this motor design.
With two parallel windings, the number of windings in the motor was doubled to ensure
the necessary inductance. Figure 13 shows single flat windings and two parallel round
windings. The stator was then constructed with double-wound concentrated windings
producing a sinusoidal back emf waveform due to the 36-slot 32-pole configuration.

The selected winding type was then examined for its skin effect. The motor with a
nominal operating speed of 550 r/min was checked to determine whether its frequency
created any skin effect on the motor itself. The frequency of the motor was 147 Hz, as
previously calculated from (6), and the skin effect value given in (13) was then calculated
accordingly. Pcu is the resistivity of copper, f is the frequency of the motor, and µ0 is the
permeability of space in (13).

δskin =

√
ρcu

µ0π f
=

√
1.72× 10−8

4× π × 10−7 × π × 147
= 5.7 mm (13)

According to the result from (13), it is seen that, in cases where the radius of the copper
winding used in the motor is less than 5.7 mm, there will be no problems encountered due
to the skin effect. Because the copper winding used in the proposed motor has a radius of
0.75 mm and is formed by two parallel windings, it is mathematically verified that the skin
effect value of the selected winding is acceptable.

(a) (b)

Figure 13. Stator windings. (a) Single flat winding (b) Two parallel round winding.

3.2.2. Selection of the Stator Sheet Material

The selection of the sheet material of the stator core has a significant influence on
the motor performance and core losses. Core losses can be reduced by choosing both the
appropriate sheet material and the thinness of the sheets, thus increasing motor efficiency.
According to research on the thickness of the sheet, the use of very thin sheets, such as
silicone-coat sheets as thin as 0.05 mm, significantly reduces the eddy current loss [31].
However, when very thin sheet plates are used, the cost increases extremely due to the
difficulty of production. Therefore, simulation studies were conducted by considering both
the production cost of the thin sheet plate and its benefits in terms of core losses [32].

A 20JNEH1200 steel material was used for the stator laminations of the proposed
motor. Figure 14 shows the core losses of the 20JNEH1200 material for different sheet
thicknesses, where the amount of iron loss per unit weight in the 0.2 mm lamination sheet is
lower than that in the lamination sheets with 0.25, 0.30, and 0.35 mm thicknesses [33]. This
will certainly contribute to an increase in motor efficiency. A decision was consequently
made to use a sheet plate of 0.2 mm in thickness for manufacturing the stator.
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Figure 14. Core losses of the 20JNEH1200 steel material used in the stator [33].

3.2.3. Stator Slot Design

Stator slot design is an important consideration in motor design to ensure the proper
completion of the magnetic circuit in the motor. The slot structure is effective for the
magnetic interaction of the rotating magnetic field that occurs in the stator with rotor
magnets. For the electromagnetic interaction to be high, the slot’s design must be specific
to the motor. Therefore, three different stator slot types were investigated in this study.

As shown in Figure 15, the heights of these three slots are the same; only the designs
of the tooth shoe shapes of the stator are different. In the analyses, these design-related
differences were examined separately to determine their impact on core losses. Figure 16
shows the results. As observed from the loss analysis, the stator slot type providing the
lowest stator loss is Slot−3, as shown in Figure 16c.

Figure 15. Stator slot types used in the design: (a) Slot−1; (b) Slot−2; (c) Slot−3.
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(a) (b)

(c)

Figure 16. Stator core losses for (a) Slot−1, (b) Slot−2, and (c) for Slot−3.

Since the different slot types used in the motor directly affect the electromagnetic
interaction between the rotor and stator, it also affects the cogging torque. For this reason,
three different slot structures were also studied for cogging torque. The results for cogging
torque analyses are shown in Figure 17. As observed from the loss analysis, the lowest
stator loss was obtained from Slot−3. Likewise, the cogging torque is lower for Slot−3, as
shown in Figure 17. For this reason, Slot−3 type was chosen in the motor design. In the
analyses, the motor design using the skewed magnet structure was considered.

(a) (b)

(c)

Figure 17. Effect of the stator slot types on cogging torque for (a) Slot−1, (b) Slot−3, and (c) Slot−3.

3.2.4. Improving the Production Accuracy by Wire-Erosion Cutting

When it comes to the final motor design, deciding on it based simply on successful
simulation results is not the best approach. It is also vital that the motor has a design
that is suitable for mass production. Because of the impact of air gap variation on motor
performance, the stator sheets were cut using a high-precision cutting technique called
EDM (Electro Discharge Machining) to ensure air-gap consistency, resulting in a product
with a precision of 1 µm. Thus, production errors were minimized. In addition to wire
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erosion, laser cutting was also attempted, but burrs occurred in this case, as shown in
Figure 18. Because burring interrupts the magnetic circuit and prevents a homogeneous
distribution of the air-gap’s flux density, the wire-erosion technique was chosen.

(a) (b)

Figure 18. Comparison of the laser-cut stator and the wire-erosion-cut stator in terms of production
tolerance. (a) Laser cutting. (b) Wire erosion cutting.

4. Optimization Design Results

An optimization study of a PMSHM with an outer rotor was carried out to achieve
increased motor efficiency and reduced cogging torque. This optimization study covers
subjects such as motor sizing, number of slots and poles, material selection, slot shapes,
air gap length, magnet thickness, and cutting method with appropriate producibility
tolerances.

ANSYS ACT was used to analyze the efficiency of the proposed motor in the simula-
tion. After entering all design parameters for the motor in the ANSYS ACT software, a map
of the motor efficiency was obtained by covering varying levels of efficiency at different
speeds and torque values. Figure 19a shows the results of the motor efficiency analysis. In
Figure 19a, the x-axis represents the motor speed, the y-axis represents the motor torque,
and the color change along the z-axis shows the motor efficiency. In the literature con-
ducted to determine the speed and torque of the motor, it was concluded that a speed of
55–60 km/h is required for light EVs and an average torque range of 15–25 N·m would
be sufficient [13,14]. Considering these studies, the efficiency of the motor at 550 r/min
was examined and obtained to be 93.96%, as shown in Figure 19a. The torque variation
at this speed was also analyzed, and the results are shown in Figure 19b. It can be seen
that the torque fluctuation is minimized. With a torque output of 23 N·m, a fluctuation
of 1 N·m was observed; therefore, a 4.5% fluctuation occurred in the torque. Since the
rotor has skewed magnets and the stator has concentrated windings with a 36-slot 32-pole
configuration, the back emf waveform is sinusoidal, as seen in Figure 19c.

In the design process of the motor, the aim is to create a design that can work even in
situations where high torque is required, such as hills. Therefore, as shown in Figure 19a,
the motor can continue to operate above the average torque zone, such as 50 Nm.
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(a) (b)

(c)

Figure 19. ANYSYS Maxwell 2D ACT Analaysis results for (a) efficiency, (b), torque at 550 r/min,
and (c) back emf waveform.

5. Prototyping and Testing of The Motor

A prototype of the motor was manufactured based on the results of the simulation
and optimization studies using ANSYS Maxwell software. The prototyping of the motor
was performed in the laboratory of Yildiz Technical University, Alternative Energy Systems
Society (AESK). To start the production process of the motor, stator sheets were cut using
the wire-erosion cutting method described above, as shown in Figure 18. The windings
were then wounded on the cut stator sheets, and the magnets were placed on the rotor. The
stator phase windings were then attached end-to-end to form a star point. After completing
the production of the rotor and stator, they were placed on the test stand, mounted on
each other with axial movements, and prepared for testing. The production stages are
detailed below.

5.1. Stator Production

To produce the stator, stator sheets were first cut using the wire-erosion cutting
technique. The stator core was then built with thin laminated steel sheets stacked on each
other until the decided length of the stator sheet package is reached. After stacking the
stator sheets, stator slots were insulated with insulating paper, and two parallel stator
windings were inserted into the slots, as shown in Figure 20. Following the winding
process, the star connection point of the motor was created, and the stator production
was completed.

After the stator assembly was completed, the temperature characteristics of the phases
were examined using a thermal camera, as shown in Figure 21b. The thermal limits of some
materials used in the motor are given below:

- Demagnetization temperature of N52M series Magnets is 100 ◦C.
- Class C insulation material thermal limit of the windings is 220 ◦C.
- The thermal limit of the stator insulation paper is 180 ◦C.

For the thermal test of the motor, a constant current from a power supply was applied
to the each phase for 1-hour to determine whether there was any difference between the
phases. It was observed that it did not rise above 60◦C. Since this value is below the thermal
limits given above, no thermal problems have been experienced in the motor. The image
taken from the thermal camera of the motor during the test is given in Figure 21b. Three
Hall effect sensors were then installed to monitor the motor. Each Hall effect sensor was
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positioned steadily to match a phase, and this positioning was determined according to the
display on the oscilloscope, as shown in Figure 21c.

(a) (b)
Figure 20. Stator structure of the motor: (a) stacking of the stator sheets cut using the wire-erosion
cutting technique and (b) stator slots with winding.

(a) (b) (c)
Figure 21. (a) Checking the phases with the thermal camera. (b) Positioning of the position sensor.
(c) Positioning of the position sensor.

5.2. Rotor Production

Rotor production began with the cutting of the rotor steel in the CNC machine. To
attach the rotor cover to the steel rotor, holes were drilled, and the steel rotor production
was completed. The magnets were then carefully placed on the rotor steel in a segmented
and skewed form.

The magnets adhered with a resin-based adhesive and was baked at 60 ◦C, allowing
the adhesive to dry quickly. As shown in Figure 22b, skewing and segmentation were
performed as close as possible to those designed using ANSYS software. Steel C1050 was
used to manufacture the rotor, and NdFeB N52 was chosen as the PM material for the rotor.

(a) (b)

Figure 22. (a) Rotor structure. (b) Magnet segmentation.
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5.3. The Motor Testing and Results

After the prototype of the motor was manufactured, the rotor and stator were mechan-
ically mounted on each other and placed on the test bench. The test setup consisted of an
eddy current load, first coupling, a torque sensor, second coupling, and the motor. The
couplings were used to reduce the axial misalignment. Mechanical power was obtained
from the test setup using the torque value read from the torque sensor and the speed
information read from the Hall effect sensor located on the motor. After the electrical power
was calculated using the current and input voltages, the motor efficiency was obtained
based on the ratio of mechanical power to electrical power.

The prototyped motor was then tested using the motor test setup at Alternative
Energy Systems Society (AESK) R&D Laboratory at Yildiz Technical University, as shown
in Figure 23 and the test results are given in Table 2. As seen in Table 2, the motor has
reached a higher efficiency of 92.5% with the mechanical load at the 7.5 V Eddy Brake
voltage shown in bold in the Table 2. When the simulation results and experimental results
are compared, it is seen that the Eddy Set Voltage values of the motor given in Table 2 are
quite consistent with the simulation results given in Figure 19. The 6.5 V, 7.5 V and 8.5 V
values in Table 2 show similar speed and torque values with the m1, m2 and m3 points
given in Figure 19. For example, while the efficiency value is 92.5% in Table 2 at Eddy
Set Voltage of 6.5 V, it is seen as 92.3% in the ANSYS Maxwell ACT efficiency graph in
Figure 19 at the same torque and speed values. As seen the comparison, there is a good
agreement between the simulation results and test results. This small difference is due
to the losses caused by the motor driver used, which affect the motor efficiency, and the
friction in the mechanical parts of the motor testing mechanism. When compared to other
motors in light EVs of the same power level in the literature, this level of efficiency can be
considered high [1,3,12,34,35].

Figure 23. At-load testing of the motor on the test setup.

The back emf waveforms at 45 rpm taken from the analysis result and the oscilloscope
are shown in Figures 19c and 24. The sinusoidal back emf waveform is essential for the
smooth operation of PMSMs. Since the rotor has skewed magnets and the stator has
concentrated windings with a 36-slot 32-pole configuration, the back emf waveform is
sinusoidal in both figures. It also results in low torque ripple and high efficiency [9]. The
maximum back emf value of the motor at 45 rpm is 7.14 V and 6.74 V for experimental and
analysis results, respectively. The difference between the analysis and experimental study
results is about 5.9%.
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The prototyped motor was then tested by installing it on a prototype electric vehicle
wheel, as shown in three different pictures in Figure 25. The performance of the hub
motor in the road test was evaluated on subjects, such as whether the motor could be
driven properly with the motor driver; the power values demanded from the battery; the
maximum speed of the motor at the battery voltage in the vehicle; whether the motor could
reach the thermal limits; and whether it could meet the instant torque demand for the
vehicle in the hill-start test. During this test drive, the motor performed successfully and
operated compatibly with the rest of the electric vehicle systems.

Table 2. Efficiency measurement under constant speed and varying torque on the motor’s test.

RPM Rad/s Eddy Set Voltage DC BUS Voltage DC BUS Current Efficiency

550 57.596 4 95.5 2.1 81.274
550 57.596 4.5 95.5 2.65 84.206
550 57.596 5 95.5 3.32 88.103
550 57.596 5.5 95.5 4.11 88.043
550 57.596 6 95.5 4.85 89.159
550 57.596 6.5 95.5 5.65 90.198
550 57.596 7 95.5 6.4 92.066
550 57.596 7.5 95.5 7.38 92.589
550 57.596 8 95.5 8.34 91.911
550 57.596 8.5 95.5 9.32 91.694
550 57.596 9 95.5 10.32 91.251

Figure 24. Back emf waveform from the test setup.
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(a) (b)

(c)
Figure 25. (a) The position of the hub motor on the vehicle. (b) Hub motor mounted on the wheel.
(c) Light electric race car with the prototyped motor.

This light EV doesn’t need all-wheel drive like highway driving needs, so only a
left-rear hub motor was used during light EV tests as seen in Figure 25a. Thanks to this
motor’s transmission system, the power to each wheel could be controlled and the vehicle
handling was optimized. Also, due to it being a lighter electrical vehicle and lower rolling
resistance, the torque on the hub motor wheel would be enough to drive the other three
wheels. Conversely, using a hub motor for each wheel makes suspension design and
control system very complex. It makes the EV less efficient due to high friction loss in the
transmission system and mechanical losses such as bearing and ventilation loss. It also
makes cooling the motors pretty hard. In addition, it increases unsprung mass, making
the EV heavier and more expensive. Similar to this light EV concept, most EVs today only
drive one or two wheels instead of 4 wheels like Tesla and Jaguar.

In this multi-objective optimization of PMSM used for light EVs, more consideration
was given to efficiency, low cogging torque, and operating performance. It is predicted
that this porotype PMSHM is a unique design, and its cost is higher than ones produced
in large quantities. The cost of the motor is about 1000USD and the percent distribution
of this cost is illustrated in Figure 26. The proposed motor contains high-cost rare-earth
magnet materials. Therefore, the magnet’s cost is the highest in the cost distribution.
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Figure 26. Percent distribution of the cost categories of the proposed motor.

6. Conclusions

In this study, a PM hub motor design was developed for light EVs. In the first stage
of the study, the hub motor model was created using ANSYS Maxwell software, and
electromagnetic analyses were performed. In these analyses, different motor models were
created, simulated, and optimized. The final motor design was then achieved based on
the optimization results. In the optimization study, different design parameters, such as
magnet thickness, skewed magnet structure, magnet segmentation, air gap length, stator
winding thickness, slot structures, and lamination thicknesses of the stator and rotor, were
considered. As a result of the optimization, a PM hub motor with low cogging torque,
high-efficiency, and low cost was developed for light EVs. Because this motor is used
directly as a hub motor without a loss of transmission, its efficiency is as high as 93%. The
proposed motor was then manufactured and tested on a test stand under load, at the speed
and torque values required for light EVs. The test and analysis results were compared, and
it was observed that the torque, power, and speed results were in good agreement. After
tests were completed, the hub motor was installed on a prototype EV, and the test drive
was successfully performed.Finally, a higher efficiency motor was designed than those in
the literature.

This study is intended as a reference for the widespread use of energy-efficient light
EVs in the future. If this study is advanced, a more efficient and cost-effective design can
be developed, and this model can then be used in commercial EVs.
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