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1. INTRODUCTION

Permanent magnet synchronous motor (PMSM) is a type of motors that uses permanent magnet
(PM) for producing the necessary rotor excitation field. PMSMs are widely employed in electric vehicles
(EVs) due to their attractive properties in terms of reliability, compactness, power density and efficiency,
where this motor has the highest efficiency and power density among other types of electric motors. By using
the PMs, the DC supply for excitation is no longer required. Moreover, eliminating copper from the rotor
allows the motor design with smaller rotor diameters resulting in lower rotor inertia [1]-[6]. Two techniques
may be used in EV drives to achieve high efficiency and power density. The first technique depends on
higher speed motors for the same output power rate in order to reduce the volume and weight. However, gear
and clutch are required in this technique which adds mechanical losses during transmission of power from the
motor to the wheels. Another technique includes the usage of low-speed, high-torque motors that is directly
connected to the wheels. This arrangement is called in-wheel motor. Power transfer equipment such as gear
can be removed, therefore the transmission loss is minimized, and the efficiency of operations is improved.
Also, regeneration braking occurs in each wheel that prolongs the driving distance. The modern EV with in-
wheel motor has many other benefits such as fast torque response and individual control of each wheel [7],
[8]. This drive kind also provides advanced vehicle dynamic control technologies such as anti-lock brake
system (ABS), electronic stability program (ESP) and electronic brake force distribution (EBD) [9].
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Conventionally, PMSMs, for traction drives, are designed with inner rotor models while motors of
outer rotor are mainly limited to applications which benefit from the direct connection between the traction
drive and the rotor surface. Recently, outer rotor motors have been marketed for traditional traction
applications as they develop higher torque density in comparison with inner rotor PMSMs [10]. The torque is
produced at a diameter which is large relative to the motor diameter, i.e., the same torque can be developed
by means of lower magnetic and electric loading compared with that of inner rotor permanent magnet motor.
Also, PMSM with outer rotor has the merit of higher inertia due to its larger air gap [11].

In EVs, electric motor with high power/torque density is highly recommended [12], [13]. In [14], the
improvement of the torque density (torque/weight) by machine dimensions’ optimization was implemented
by variation the rotor diameter of the investigated machine. In [13], the use of innovative screen printed
winding and innovative materials, such as iron cobalt was investigated for improving the torque density. In
[15], measures to design an outer rotor PMSM with improved torque density were proposed, involving the
usage of high-performance laminated material, open slots, unequal teeth widths, and Halbach arrays. In [16],
the torque density enhancement was proposed by variation the stator teeth and tips width for motors with
similar slots and poles combinations. In [17], a ring shape PMs and toroidal concentrated winding with soft
magnetic composite core were suggested for improving the torque density. However, most of previous
studies about improving the torque density of PMSM ignore the change that may occur on the torque ripple
and neglect the effect of one or both of the magnetic saturation and demagnetization of PM.

In this paper, the multi-objective optimization technique is used to increase the torque density and
preserve low torque ripple with considering both of magnetic saturation and demagnetization effects. The
proposed method is implemented according to the following stages: i) investigating of highly efficient
arrangement for the stator winding, ii) selecting the appropriate materials of permanent magnet and laminated
steel, and iii) optimizing the machine dimensions including slot opening, slot width and magnet span.

In this work, the mathematical analysis is based entirely on finite element method (FEM) is used
which provides high computational accuracy. This paper is arranged as follows: section 2 describes the
research method. Section 3 shows results and discussions. Section 4 presents the conclusion.

2. RESEARCH METHOD

In this section, the motor specifications are explained to select an appropriate design model based on
electromagnetic torque, cogging torque, vibration, and magnetic noise. Then, motor materials are explained
to select a suitable PM, stator, and rotor material types for PMSM. Finally, the machine sizing is explained to
show the geometries effect on the motor performance for optimizing the machine according to the desired
specifications.

2.1. Design specifications

In permanent magnet synchronous motors, there are various slot/pole (Qs/p) combinations which are
affecting the machine electromagnetic torque, cogging torque, vibration, and magnetic noise [18]. The
electromagnetic torque is influenced by the winding factor (kw) for each combination. The higher the
fundamental winding factor, the higher back electromotive force (EMF) and thus higher torque [19]. The
winding factor can be expressed as (1) [18]:

2Qs/3
Zizf EMF;
n;Qs/3

k, = 1)

where (i) is the number of winding conductors, and (n) is the number of layers. Motors with low winding
factor use the winding turns ineffectively and therefore have a low torque. Thus, it is essential to select a
slot/pole combination having high winding factor [18]. The other factor is cogging torque which is produced
by the interaction between the PM poles with the stator [1]. Cogging torque is symmetrically fluctuated and
number of cogging cycles per one revolution (N¢) is equal to the least common multiple (LCM) of slots
number and poles number and it is equal to (2) [19]:

Nee = LCM(Qs, P) )
Since the cogging torque value is inversely proportional to the cogging cycles, higher number of cogging

cycles is desired. The cogging torque has a fundamental frequency and sub-harmonics, so the cogging torque
can be modelled as a summation of the fundamental and the higher order harmonics as (3) [19]:

T = 2%:1 Teen sin(nthH + ¢n) (3)
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where (n) is the harmonic order, (Tcwn) is the maximum cogging torque of (n) order, (6) is the rotational angle,
and (¢n) is (n) order phase shift.

The stator winding can be wounded as concentrated or distributed winding. In this work,
concentrated winding is employed due to its advantages in comparison with the distributed winding. These
advantages include higher power density, lower cogging torque, shorter end winding, better flux weakening
capability, and higher slot fill factor [20]. The investigated winding topology and its layout techniques are
detailed in [18].

Symmetry of machine sections is also one of the significant factors that affects the selection of
slot/pole combination. Machine winding with unsymmetrical sections (e.g., Qs =6k+9 where k=0,1,2 ..., and
p=Qs+1) has high unbalanced radial forces. Winding with more symmetrical periods gives the best
performance and avoids unwanted vibration and noise [18]. According to the previous considerations,
72 slot/60 pole combination has been selected. This combination gives high winding factor (0.933), high
LCM and six sections of symmetry which are desirable for EV applications. Figure 1 shows the investigated
PMSM, Figure 1(a) displays the general view of the motor and Figure 1(b) illustrates the suggested
configuration of the winding. Only a section of one sixth of the winding configuration is appeared in the
figure and the other five sections are symmetric to this section. The specifications of the initial design and the
geometry parameters which is based on work presented in [21] are displayed in Table 1.
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Figure 1. The investigated PMSM (a) general view and (b) the winding configuration

Table 1. The initial design parameters of the PMSM [21]

Parameter Value Parameter Value
Rated current density (A/mm?) 5 Rotor inner radius (mm) 252.1
Rated speed (rpm) 500 Rotor yoke thickness (mm) 11
Conductor diameter (mm) 25 Magnet thickness (mm) 7.9
Machine weight (kg) 158 Magnet span (%) 88.4
Outer radius (mm) 271 Stator yoke thickness (mm) 12
Inner radius (mm) 215 Slot width (mm) 10.4
Stack length (mm) 272 Slot opening (%) 39.2
Air gap length (mm) 1.5

The investigated motor is surface mounted PM model which has simpler construction and lower cost
compared with embedded PM model [22]. According to static computations, the embedded magnet rotor
gives larger torque compared with surface mounted magnet rotor. However, according to dynamic analysis, it
has been shown that the embedded magnet gives slightly less electromagnetic torque [23]. Due to the usage
of an outer rotor structure, the wheel speed is equal to the motor speed. The motor rated speed is 500 rpm
which determined by considering the vehicle rated speed, the wheel outer diameter and the limitations of
inverter size and iron losses. The higher motor rated speed, the higher iron losses, and inverter size. The rated
current density is determined in accordance with the cooling mechanism of the motor. Considering that the
air-cooling method is used, the value of rated current density is determined as (5 A/mm?) [24].

2.2. Materials selection

In PM motors design, the selection of PM type is influenced by the kind of application, and
economical considerations. For high torque density machines, permanent magnets made from alloys of rare
earth elements are utilized due to their interesting properties. Rare earth materials involve two different types:
NdFeB and SmCo. These kinds of PMs are widely used in PMSMs due to their good magnetic characteristics
and cost reduction [25], [26]. For the investigated design, NdFeB type 38/15 PM has been selected due to its
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cons in terms of characteristics, performance, and cost. For the core of stator and rotor, there are two basic
properties have to be considered involving the B-H curve and the iron losses [11]. Solid material or laminated
material can be used for the core structure of the machine [27]. Laminated low silicon, soft alloy steel has
been selected to construct the stator and rotor core. The thinner the laminated material, the lower the iron
losses, but higher cost [11]. Figure 2 displays the magnetic characteristics of different laminated steel
materials [28], Figure 2(a) shows the variation of the magnetic flux density (B) with the magnetic field
intensity (H), and Figure 2(b) shows the variation of the loss density with the magnetic flux density.

In this work, M350-50A laminated steel of 0.5 mm thickness is used owing to its high saturation
flux density (1.8 T) and relatively low loss density. Figure 3 shows the Bpea— loss density of M350-50A at
different frequencies. Here, it can be seen that the losses increase with increasing the frequency and the flux
density [28].
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Figure 2. Typical magnetic characteristics of steel alloys (a) B-H curves and (b) losses [28]
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Figure 3. Bpeak-10ss density curves of M350-50A at different frequencies [28]

2.3. Machine sizing

The physical size of machines is primarily affected their torque capability. The electromagnetic
torque is proportional to the product of the shear stress (o), rotor diameter (D), and stack length (L). In turn,
the shear stress is proportional to the product of electric and magnetic loading. The equation of
electromagnetic torque can be expressed as (4) [29]:

T, = gDzLa (4)

The magnetic loading is normally limited by saturation of the stator teeth and hence by the flux density and
the stator tooth width to the tooth spacing ratio. The electrical loading is also constrained by many factors
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including the stator slot depth, winding fill factor, and the permissible current density [24], [29]. The poles
number of the machine is limited by the desired synchronous speed. This restriction is no longer applied to
the inverter driven PMSMs as the inverter can produce any desirable frequency. Higher number of poles
considerably reduces the thickness of stator and rotor yoke. However, the pole number also increases the iron
losses and PMs eddy current losses and decreases the winding inductance. The physical air-gap length of the
machine is made as small as possible to save an amount of permanent magnet material. This is applied
specially for low-speed high torque PM machine [24]. However, very small airgap is not practical because of
the vibration and the manufacturing constraints. Thus, the air-gap length will be kept constant for the
proposed design. The motor is integrated with the vehicle wheel, so the outer diameter is restricted by the
wheel size. In order to enhance the machine torque density, dimensions including magnet span, slot opening,
and slot width have been optimized. These three dimensions is selected to be optimized due to their major
influence on the machine performance. The variable dimensions of the motor and their ranges are shown in
the Figure 4 and Table 2.

Magnet span have a lower limit to avoid weak flux density. The upper and lower limits for the slot
opening are set to avoid high level of leakage flux. Slot width is selected to be equal or wider than tooth
width. The wider slots width, the more turns number and thus higher torque. The maximum slot width is
limited by magnetic saturation and mechanical strength of the teeth.

Do

Figure 4. Variables of machine design

Table 2. Ranges of design variables [30]
Geometry Range
Magnet span (D)  30-100%
Slot opening (D5) 20-80%
Slot width (D) >10 mm

2.4. Machine optimization

In high performance applications as in the case of EVs, the generated torque of PMSM should be
with minimum torque ripple [31]. Torque ripple causes undesirable acoustic noises, mechanical vibrations,
and shaft failure [2]. Cogging torque and the total harmonic distortion (THD) of the induced EMF are the
main reasons of torque ripple [32]. Due to the direct effect of magnet shape on the air-gap flux density and
EMF waveform [33], magnet span will be optimized for minimum total harmonic distortion of the air-gap
flux density waveform and hence of EMF which in turn reduces the torque ripple. The THD measurement
equation is given as (5) [34]:

2
Yn=2Bn

THD = x 100% )

1

where B, is the n order harmonic component of the air-gap flux density and B; is the fundamental component
of the air-gap flux density.

Both of electromagnetic torque and torque ripple are significantly influenced by the slot opening
ratio, tooth width and hence slot width [35]. Therefore, when optimizing slot opening and slot width for
maximum torque density, torque ripple variation should be taken into account. During the optimization
process of these parameters, the turns number of stator coils is set as variable to obtain highest possible turns
number considering the actual strand area per slot. Sensitive analysis method has been used for the
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optimization process to reach the target of torque density improvement using the finite element MagNet 7.4.1
and script programming Visual Basic 16.0. Also, MATLAB has been used for the THD calculation of the
EMF, air-gap flux density, and electromagnetic torque.

3. RESULTS AND DISCUSSION
3.1. Optimum magnet span

Optimum magnet span can be found by studying the variation of the THD of the air-gap flux density
waveform with the magnet span. This study is performed under zero percent slot opening condition to
eliminate the influence of slot geometry on the distribution of the magnetic flux. Figure 5 shows the THD
against magnet span. The THD is varying significantly with the magnet span because the airgap and fringing
fluxes are affected by magnet span ratio. The optimal point corresponding to the minimum THD of 13.41% is
at 70% magnet span. Figure 6 shows the effect of magnet span variation on the EMF waveform. It can be
seen that distortion of EMF waveform is increased when the magnet span departs from the optimum ratio.
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Figure 5. Effect of magnet span on THD of air gap Figure 6. EMF waveforms for various magnet span
flux density waveform ratios

3.2. Optimum slot width and slot opening

Figures 7 and 8 show the effect of slot width and slot opening on the electromagnetic torque and
torque ripple at rated speed and rated current density. Figures 7(a) displays the electromagnetic torque
variation with the slot width, and Figure 7(b) displays the torque ripple variation with slot width at different
slot opening ratios. Figure 8(a) shows the electromagnetic torque variation against slot opening, and
Figure 8(b) shows the torque ripple variation against slot opening at different slot widths. It can be observed
that the slot opening, and slot width have a considerable influence on the electromagnetic torque and torque
ripple due to the slotting effect on the air gap flux density waveform and the reluctance variation of the
magnetic circuit. The average electromagnetic torque has the maximum magnitude at the slot width and slot
opening of (13.5 mm, 44%). However, if the slot width is equal or more than 12.5 mm, the teeth of the
machine will be saturated since flux density exceeds 1.8 T as shown in Figure 9. Thus, the slot width
practically has to be less than 12.5 mm. Considering the magnetic saturation and torque ripple, the optimum slot
width and slot opening are (12.25 mm, 52%) which give an electromagnetic torque of 1636.295 Nm and torque
ripple of 3.482%. As illustrated, the number of turns is variable, and it is depending on the slot width which
results the turns per coil equal to 15. The final design parameters of the proposed motor are listed in Table 3.

3.3. Characteristics and parameters of the proposed motor

Figure 10 displays the electromagnetic torque characteristics obtained from the proposed motor at
the rated current density and rated speed condition. The torque characteristics can be concluded from the
torque curve of Figure 10(a) are illustrated in Table 4. The torque ripple has a low level of 3.482% due to the
optimization of magnet span, slot width and slot opening. Figure 10(b) shows the main components of the
generated torque. It can be seen that the cogging torque component appears mainly in the 12% order.
Figure 11 displays the cogging torque of the proposed PMSM with a low peak to peak magnitude of
14.78 Nm. As expected, there are 12 oscillations per one electrical cycle and hence 360 oscillations per one
mechanical revolution which is equal to the LCM of the number of slots and number of poles.
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Figure 7. The variation of (a) electromagnetic torque and (b) torque ripple with the slot width
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Table 3. Final design parameters for the proposed PMSM

Parameter Value
Magnet span (%) 70
Slot opening (%) 52
Slot width (mm) 12.25

Number of turns per coil 15
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Table 4. Electromagnetic torque characteristics at rated current density and rated speed

Parameters Value
Average Torque (Nm) 1636.295
Motor weight (kg) 153.2
Torque density (Nm/kg) 10.681
Torque ripple (peak-to-peak) (Nm) 56.976
Torque ripple (%) 3.482%

Cogging Torque (Nm)

Mechanical Angle (degree)

Figure 11. Variation of cogging torque

Figure 12 shows the induced EMF waveforms and the harmonic spectrum of the proposed PMSM at
rated speed. It is clear that the EMF has a semi-sinusoidal waveform with a low distortion as shown in
Figure 12(a) which is a significant factor for the machine and the inverter. Figure 12(b) shows the harmonic
spectrum of the EMF waveform from which it is observed that the third harmonic order is the highest
harmonic component and THD is equal to 2.35%. Figure 13 shows the magnetic flux density and flux lines
generated by PMs that linking the stator and rotor. It can be seen that the stator teeth have the highest
magnetic flux density in the machine. Since the teeth do not reach the saturation level, this indicates that the
performance of the proposed design is acceptable. Figure 14 displays the electromagnetic characteristics of
the PMSM at overload condition of 20 A/mm? and rated speed. Figure 14(a) shows the electromagnetic
torque variation with respect to mechanical angle. This operation condition is not practically accepted as the
flux density in the stator and rotor cores reaches higher than 1.8 T which exceeds the saturation level of the
material as shown in Figure 14(b). Moreover, this operation condition causes a serious increase in the

In-wheel, outer rotor, permanent magnet synchronous motor design with ... (Mustafa Yaseen Bdewr)



4828 O ISSN: 2088-8708

electrical losses from 2.887 kW (at rated current density) to 14.382 kW and hence, reduces the efficiency and
increases the temperature of the machine.
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3.4. Performance comparison of the initial and proposed permanent magnet synchronous motor
(PMSM)

For illustration the significance of this work and its validity, Figure 15 compares the torque density,
and torque ripple with respect to current density for the initial and proposed PMSM at rated speed. As can be
seen from Figure 15(a), torque density of the proposed motor is higher than that of the initial one. Also,
torque ripple of the proposed motor preserves its low magnitude as shown in Figure 15(b). At rated current
density, the proposed design introduces an increment in torque density by 14.45% and percentage reduction
in torque ripple by 7.39%.
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Figure 15. Comparison of the proposed and initial PMSM at rated speed (a) torque density with respect to
current density and (b) torque ripple with respect to current density

4. CONCLUSION

In this paper, a design of direct drive out-runner PMSM has been investigated. In order to achieve
the desired performance for electric vehicles application, a design method has been suggested which
combines a set of performance improvement strategies into a well-defined structure. The work procedure
started from the selection of initial design parameters, winding topology, and materials based on the desired
specifications. The machine dimensions including magnet span, slot width and slot opening which have high
impact on the machine performance have been altered to improve the torque density with preserving low
torque ripple using sensitive optimization method and taking the overall machine performance into account.
This performance improving method has been applied in a logical sequence toward the optimal
electromagnetic design. By implementation the suggested procedure, the torque density performance has
been improved and torque ripple is maintained with a low level at a wide range of current density, confirming
the achievement of the paper goal.
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