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Abstract: In this study, the effects of the ratio of a motor’s axial length to its pole pitch on efficiency,
magnetic flux density distribution, torque, torque/weight, and motor volume were investigated in
an outer-rotor (hub) brushless direct current motor. The weight and volume of an electrical machine
affects the output power, efficiency and output torque, and it is advantageous to design an electric
motor at an appropriate power and high efficiency with an appropriate weight and volume. Therefore,
the aim of this study was to optimize the motor’s axial length and stator outer diameter, which affects
the motor volume. Initially, the axial-length-to-pole-pitch ratio of the hub BLDC motor was taken at
0.75. According to this ratio, the dimensions of the rotor outer diameter, rotor inner diameter, stator
outer diameter, stator inner diameter, slot height, motor axial length, and magnet thickness were
optimally determined. Then, the axial-length-to-pole-pitch ratio was considered as 1, 1.50, 2, and 3,
respectively. The effects of the change in the motor’s axial-length-to-pole-pitch ratio on the efficiency,
torque, speed, torque/volume, torque/weight, and cogging torque were examined in a simulation
environment. According to the motor’s axial-length-to-pole-pitch ratio, the torque value in the final
state was 28.65% higher than the torque value in the initial state. In the last part, the motor axial
length and the stator outer diameter were defined as variables in a genetic algorithm procedure and
optimized. The number of poles and the number of slots were fixed parameters. Simulation studies
were carried out using the finite element method via AN-SYS/Maxwell software.

Keywords: hub BLDC design; efficiency; axial length to pole pitch ratio; optimization; genetic
algorithm

1. Introduction

In recent years, automotive, aerospace, and major industrial automation applications
have mostly used brushless direct current (BLDC) motors due to their high efficiency, high
power density, good torque, easy control, and low maintenance. The BLDC motor is a
PMSM driven by a DC source and is an electronically controlled commutation system that
uses hall sensors. Electronic commutation removes the commutator and brush arrangement
from the motor, making the motor more reliable and noise-free. This arrangement makes
the BLDC motor run at a very high speed compared to other types of motors. The efficiency
of the BLDC motor is usually higher than 85% [1]. There is a wide range of BLDC motors
with small to large power ratings. These trends can be easily justified for many reasons since
there are some important advantages of BLDC motors over their brushed counterparts,
such as the higher efficiency, the higher torque per volume ratio, their inherent capability
for higher driving speeds, and the use of an electronic commutation system that can be
programmed for the desired performance and operational behavior [2]. However, problems
associated with the optimization, analysis, and performance of BLDC motors have become
obvious and drawn the attention of researchers over the last few decades. The overall
topology (inner- or outer-rotor motors), the winding configuration combinations, the
number of poles and the number and type of slot selections, the change effect of the magnet
structure, the application of different soft and hard magnetic materials, the optimum
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pole-arc-to-pole-pitch ratio, torque ripple minimization, and efficiency maximization are
some of the key operational elements that have been studied, with their key roles having
been underlined and the need to solve their problem being significant [3-7]. The effects
on the motor performance of the position of the magnets on the rotor surface have been
investigated. The efficiency, torque, speed, and cogging torque parameters are affected by
the pole arc change, which changes the magnet dimensions [8,9]. In the design of electrical
machines, studies on the cost, rotor structure, and mutual influence of electromagnetics
have been carried out [10-14]. Different optimization methods have been presented for
the optimal design of the electrical machine. Values such as the boundary conditions,
parameter definition, and constant function are realized by finite element analysis [15].
Since the aim is the optimal design of electrical machines, the magnetic flux density in the
air gap can be accurately calculated using a genetic algorithm. There is no need for a finite
element analysis with the genetic algorithm process [16]. When creating a reliable design
model, it is important to reduce the necessary calculations and appropriately combine
the parameters. Therefore, accurate models can be obtained with different algorithms
in the design optimization process [17]. For hybrid electric vehicles, parameters such as
power, high efficiency, volume, and weight are important in the design of electric machines.
Values such as torque, power density, and weight can be compared by designing different
models for hybrid electric vehicles [18]. There are different design methods used in the
optimization of electric motors, and the genetic algorithm and particle swarm optimization
are two that are commonly used in the literature [19-24].

In this study, the stator, rotor, and magnet dimensions of the hub motor were studied
by considering the sizing conditions for the motor topology. Initially, the motor’s axial-
length-to-pole-pitch ratio was calculated in relation to a sample run in Ansys Electronics
Desktop software. Then, the effects of the change of this ratio on the efficiency, speed,
torque, and cogging torque were mainly investigated. The stator outer diameter and axial
length were optimized by a genetic algorithm. The number of magnet poles in the rotor is a
constant parameter. The optimal values of the stator outer diameter and motor axial length,
defined as variables, were obtained. As a result, the most appropriate length-to-pole pitch
ratio was found. The outer-rotor (hub) BLDC motor main parts are shown in Figure 1.

Magaets
\ Magret Ring

Figure 1. Outer-rotor radial-type motor (hub motor) [7].

2. Materials and Methods
Hub Motor Design

In calculating the motor dimensions, the output power and nominal speed characteris-
tics are decisive. The stator and rotor dimensions were calculated according to the boundary
conditions in the design. In this study, to calculate the hub motor design parameters, the
motor’s axial-length-to-pole-pitch (L/T) ratio was taken as a reference. First, the motor
output coefficient equation was used. The motor output power is given in Equation (1). P,
is the motor output power (watt), E is the induced voltage (volt), and I, is the armature
current (ampere).

P, = EI,1073 1)
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In Equation (2), By (Tesla) is the average air gap magnetic flux density, ac is the specific
electrical loading (A/mm), Ds, is the stator outer diameter (mm), L is the motor axial length
(mm), and 7 is the motor speed (rad/s).

nzBayaC DSOZL n -3

p, =497 750 7 2
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In Equation (3), Cy is the motor output coefficient.
Co = *Byyac 3)
P,,60
Dg’L = —=—107° 4
50 Con 0 4)

In Equation (5), T is the pole pitch (mm) and is the circumferential distance corre-
sponding to one pole, and P is the total number of poles.

7TDso

T="p ©)

The geometric parameters of the outer-rotor BLDC motor are shown in Figure 2.

Figure 2. Geometric parameters of the outer-rotor BLDC motor.

In Equation (6), ¢ is the air gap length (mm), /i, is the magnet thickness (mm), and £,
is the rotor yoke height (mm).

Dro - Dso + 2(5 + 2hm + 2hry (6)

In Equation (7), bs; is the tooth width (mm), 7 is the air gap radius (mm), kg is the
slot edge height (mm), Q; is the stator slot number, and b is the top slot width (mm).

bst - Qs - bssl (7)
In Equation (8), ks is the slot height (mm).
2nt(rs—0—h
bss2 = M — byt (8)

Qs
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In Equation (9), ks is the stator yoke height (mm), and 7, ft is the shaft radius (mm).
hsy =15+0— Tshaft — hss 9
In Equation (10), Bsy is the flux density (Tesla) formed in the stator yoke.

27tBy
By

hss = (r(S +6— rshuft) - (10)

The hub motor specifications, considering L/T = 0.75 taken as the base, are given in
Table 1.

Table 1. Hub motor specifications (L/T = 0.75).

Specification Value
Rated power 550 W
Rated voltage 220V
Rated speed 1500 rpm
Number of phases 3

Number of poles 4

Number of slots 24

Steel type M19_24G
Magnet type XG196/96

The hub motor dimensions are given in Table 2.

Table 2. Hub motor dimensions (L/T = 0.75).

Dimension Value
Rotor outer diameter (Dy,) 140 mm
Rotor inner diameter (D,; 111 mm
Stator outer diameter (Ds,) 110 mm
Stator inner diameter (Dy;) 50 mm
Air gap length (9) 0.5 mm
Motor axial length (L) 65 mm

Since the saturation state of the ferromagnetic material used in the motor design is
examined, the B-H curve for the M19_24G material is given in Figure 3. A linear increase
extends up to approximately 1.6 Tesla, as seen in the M19_24G curve. After 1.6 Tesla, the
curve begins to bend. It is observed that it passes into the saturation region, at a value of
approximately 1.8 Tesla.

0 2000 4000 6000 8000
H(A/m)

Figure 3. M19_24G B-H curve [25].

There are four different slot types available for the user to examine in the Ansys
software. Considering the maximum efficiency, the slot type shown in Figure 4a was
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selected for the motor. In this slot type, iron losses are due less to the slot edge height
and geometric structure. A two-layer concentrated winding is preferred for the winding
selection to achieve favorable operation parameters [6]. The two-layer winding connections
are shown in Figure 4b.

(b)

Figure 4. (a) Slot type of hub BLDC motor, and (b) double-layer winding connection.

Figure 5 shows the B-H curve of the XG196/96 magnet. In the XG196/96 magnet,
after being magnetized to the saturation point in a closed circuit when the magnetic field
strength is zero, the flux density remaining in the magnet is 0.96 Tesla. After reaching
saturation, the magnetic field strength that is required in order to bring the polarization
back to zero is —690 kA /m [9].

3.00

250

2.0077

B (tesla)
2

0.507]

0.00 T T T T T T T T
-750000 -500000 -250000 0 250000 500000 750000 1000000 1250000 1500000

H (A_per_meter)

Figure 5. XG196/96 B-H curve.

3. Results and Discussions
3.1. Hub Motor Analysis Results (L/t = 0.75)

In this section, the rated torque, rated power, rated speed, and efficiency analysis were
performed for the hub motor according to an axial-length-to-pole-pitch ratio of 0.75. The
efficiency-speed characteristics and torque-speed characteristics of the hub motor were
investigated. The obtained analysis results were compared for axial-length-to-pole-pitch
ratios of 1, 1.5, 2, and 3, respectively. The hub motor simulation results are given in Table 3.

Table 3. Hub motor simulation results (L/7 = 0.75).

Parameter Value
Rated power 550.24 W
Rated torque 3.46 Nm
Rated speed 1517 rpm

Efficiency 89.11%
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According to the Ansys/RMxprt simulation results, the efficiency-speed and the

torque-speed curves obtained for the rated speed and rated torque are shown in
Figure 6a,b, respectively.

ANSYS . ANSYS

vnﬂ
Name X Y i 37507

80.00 ml | 1517.8900 89.1161 ] Name X Y

60.00 Curve Info ~25.00 ] m2 |1517.8900|3.4647
:°\ ~ Effidency E, ] Curve Info
< 40.00 Z ]

~ 12507 Output Torque
20.00 ] . -
000 = — 0.00 T
0.00 1000.00 1750.00 0.00 1000.00 1750.00
n (rpm) n (rpm)
(a) (b)

Figure 6. (a) Efficiency vs. speed curve, and (b) torque vs. speed curve.

The hub motor flux distribution is shown in Figure 7.
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Figure 7. Hub motor flux distribution.

3.2. Examination of Motor’s Axial-Length-to-Pole-Pitch Ratio (L/t)

In this section, the effect of the change in the motor L/ T was examined for the motor
parameters. The Dsi/Ds, was taken as a constant (0.45). Initially, when this ratio was 1, the
D, was 90, and the L was 71 mm. The Dj,, 4, air gap average flux density, ac, hm, number
of poles, number of stator slots, number of conductors per slot, and conductor diameter
were kept constant. The D;; and magnet width (mm) were updated at each step according
to the L/7. The magnet width was also changed from 58 mm to 33.43 mm. Thus, the pole
arc/pole pitch ratio was fixed at each step. In the second step, when the motor L/t was
1.5, the Dy, was 80 mm, and the L was 93 mm. Similarly, when the L/T was 2, the Ds, was
72 mm, and the L was 113 mm. Finally, when the L/ was 3, the Dso was 63 mm, and the L
was 147 mm. According to the simulation results obtained, the efficiency vs. speed curve is

given in Figure 8a. The specific electric loading-ac vs. the airgap flux density curve is given
in Figure 8b.
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Figure 8. (a) Efficiency vs. speed vs. length-to-pole-pitch-ratio curve, and (b) specific electric
loading(ac) vs. airgap flux density vs. length-to-pole-pitch-ratio curve: L/t =0.75,L/t=1,L/t =15,
L/t=2,L/T=3.

It was determined that the changes in the efficiency level were very small when the
motor axi-al length increased. It was also observed that the speed change decreased from
1500 rpm to 1080 rpm.

In Figure 9, the effect of the ratio of the motor on some parameters is shown and
represented by the rated speed vs. length to pole pitch, the total net weight vs. length to
pole pitch, and the armature phase resistance vs. length to pole pitch a, b and c curves,
respectively. The motor axial length value range is 65-150 mm, and the stator outer
diameter value range is 63-110 mm. The number of magnet poles is fixed (p = 4). The
parametric analysis was performed according to these value ranges. As the L/ 7 increased,
the armature phase resistance increased, because when the axial length of the motor
increased, the conductor length also increased. The total net weight increased from 6 to
16 kg due to the increase in axial length. The rated torque was also around 3 Nm at the
beginning but exceeded 4 Nm in the final state. A very significant decrease in the rated
speed was observed. The reference rate was observed dropping from 1500 to 1000 rpm.

In Figure 10a, the average flux density in the rotor yoke is 1.65 Tesla. The average
flux density of the stator yoke is 1.30 Tesla. The stator tooth flux density is 1.40 Tesla, and
the air gap flux density is 0.61 Tesla. In cases b—e, the stator yoke flux density, air gap flux
density, and stator tooth flux density are approximate values. The rotor yoke flux density is
0.34 Tesla in the last case. Considering the magnetic circuit of the motor, the flux formed
in the magnet passes through the stator and rotor yokes and completes its circuit. As the
rotor yoke height increases, the length of the flux path increases. In this case, a lower flux
density occurs because the flux path in the rotor is long.

Torque ripple in electrical machines is caused by factors including cogging torque,
mechanical motion, air gap harmonics, and magnetomotor force [26,27]. The torque ripple
is defined as the percentage of the difference between the maximum torque Tmax and the
minimum torque T, compared to the average torque Tyyg-

T — T
TripPLE = M x 100 (11)
avg
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Figure 9. Effect of L/ .
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Figure 10. Flux density: (B) (a) L/t =0.75,(b)L/t=1,(c) L/T=1.50,(d)L/T=2,(e) L/T=3.
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In Figure 11a, a torque ripple of 1 Nm occurs every 2 ms. The maximum torque is
ob-served at 5.9 Nm. The torque ripple is at 137.37%. In Figure 11b, a torque ripple of 1 Nm
occurs every 1.50 ms. The maximum torque is observed at 3.47 Nm. The torque ripple is at
152.47%. In Figure 11c, a torque ripple of 1.30 Nm occurs every 1.50 ms. The maximum
torque is observed at 4.43 Nm. The torque ripple is at 166.63%. In Figure 11d, a torque
ripple of 1.40 Nm occurs every 1.90 ms. The maximum torque is observed at 4.69 Nm. The
torque ripple is at 161.71%. In Figure 11e, a torque ripple of 1.30 Nm occurs every 2 ms.
The maximum torque is observed at 5.08 Nm. The torque ripple is at 150.49%.
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Figure 11. Moving torque: (a) L/t =0.75, (b) L/t =1,(c) L/T=1.50,(d) L/T =2, (e) L/t = 3.

High cogging torque causes the motor to vibrate, which is undesirable. Cogging
torque is calculated by Equation (12). Reducing dR/d6 also reduces the cogging torque.
Cogging torque curves obtained according to L/ ratio are shown in Figure 12.

1 ,dR

2% 0 (12)

Tcog
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Figure 12. Cogging torque: (a) L/t =0.75,(b) L/T=1,(c) L/T=1.50,(d) L/T=2,(e) L/T=3.

In Figure 12a, the cogging torque is 0.7933 Nm. In Figure 12b, the cogging torque is
0.8292 Nm. In Figure 12c, the cogging torque is 0.9892 Nm. In Figure 12d, the cogging
torque is 11028 Nm. In Figure 12e, the cogging torque is 1.2734 Nm.

Table 4 shows the comparison of the hub motor results.

Table 4. Comparison of hub motor results.

Lt Torque Torque/Weight  Volume Torque/Volume Efficiency CT(:)%gLneg
(Nm) (Nm/kg) (cm®) (Nm/cm3) (%) 9

(Nm)
0.75 3.46 0.57 1000 0.0034 89.11 0.79
1 3.28 0.46 1092 0.0030 89.57 0.82
1.50 3.84 0.39 1430 0.0026 89.80 0.98
2 4.22 0.35 1738 0.0024 89.79 1.10
3 4.85 0.30 2261 0.0021 89.46 1.27

In Table 4, it is observed that the L/ 7 ratio changes with the motor parameters, such as
the torque, the torque/weight ratio, motor volume, torque/volume, efficiency, and cogging
torque. While the torque/weight is the highest and the volume is the smallest at 0.75, the
torque is the highest at 3 and the efficiency is the highest at 1.50.

3.3. Optimization of Stator Outer Diameter and Axial Length by Genetic Algorithm

The genetic algorithm process basically consists of five stages. In the first step, the
population of the problem is created. Then the fitness value of each individual is calculated.
The selection is made using methods that include the roulette wheel and the tournament
method. After the selection, the crossover operator is applied. In the last step, the individu-
als are obtained by applying the mutation operator from the new population. The genetic
algorithm continues until it finds the criterion for the best solution to the problem [28,29].
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The stator outer diameter and axial length were optimized by the genetic algorithm
process according to the flowchart shown in Figure 13. The genetic algorithm process
was carried out with the help of the optimization tool in Ansys Electronics Desktop soft-
ware. The lower and upper limit values for the stator outer diameter and axial length
were determined. While determining these limit values, the initial physical dimensions
of the motor were taken as the reference. In the genetic algorithm optimization tool,
the population size was chosen to be 50, the selection method was chosen to be the
roulette wheel, two-point crossover, and the mutation probability was chosen to be 0.05.
The stator outer diameter and axial length values that provided the maximum efficiency
were obtained.

- ™

Hub Motor Specification

- J

.

- )

Motor Design Variables

,

Calculation of the Stator

Outer Diameter

v

Calculation of the Rotor

Outer Diameter

v

Performance Calculation

4 N
Genetic Algorithm

Process (Selection,

Performance

Analysis

L Crossover,Mutation)

's ¢ ~
Update Design

. S

Figure 13. Flow chart for genetic algorithm process.

The lower limit value of the stator outer diameter was chosen to be 100 mm, and the
upper limit value was chosen to be 120 mm. The lower limit value of the motor axial length
was chosen to be 55 mm, and the upper limit value was chosen to be 75 mm. The hub
motor design variables are shown in Table 5.

Table 5. Hub motor design variables.

Design Variables Value

100 < Dgp <120 mm
55 <L <75mm

Stator outer diameter (D)
Axial length (L)

At the end of the genetic algorithm process (see Figure 14), the highest efficiency
(89.43%) was obtained in the 156th iteration. The stator outer diameter and the axial length
that were formed at this efficiency point were 100.82 mm and 73.20 mm, respectively.
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Figure 14. Genetic algorithm process efficiency graph.

A 2D analysis was performed according to the RMxprt result obtained by the genetic
algorithm. In Figure 15a, the stator teeth flux density is 1.5 Tesla, the stator yoke flux
density is 1.4 Tesla, the rotor yoke flux density is 1.2 Tesla, and the air gap flux density is
0.65 Tesla. The flux density values are all within the limits. In Figure 15b, it was observed
that the flux distribution was uniform.
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Figure 15. (a) Genetic algorithm magnetic flux density; (b) genetic algorithm flux distribution.

At the end of the genetic algorithm process, the torque was 3.79 Nm, the torque/weight
was 0.54 Nm/kg, the volume was 1126 cm3, the torque/volume was 0.00336 Nm/ cm3, the
efficiency was 89.43%, and the cogging torque was 0.93 Nm. Additionally, the optimal L/t
ratio was 1.84.

4. Conclusions

In this study, the motor L/t ratio was investigated for the hub BLDC motor. The
relationship between the motor axial length and diameter is very important for motor
sizing. The weight and volume of the motor affect the efficiency, as they affect the material
loss. Therefore, the most appropriate value for its axial length and diameter should
be calculated. The hub motor’s performance analysis in terms of L/T was an original



Sustainability 2022, 14, 12743

13 of 14

References

work. The motor dimensions were determined by considering the motor sizing boundary
conditions. According to these conditions, the ratio of L/T was increased. As this ratio
increased, the axial length increased. The rotor inner diameter, stator outer diameter, and
stator inner diameter decreased. Iron losses decreased due to the smaller stator volume.
The stator outer diameter and axial length of the hub motor were selected as variables in
the genetic algorithm process. Then, the optimal axial-length-to-pole-pitch ratio was found.
The consequences are listed below.

e  The increase in phase resistance caused copper loss. There was a decrease in the

efficiency performance (0.57%) when comparing the first case to the last case.
The highest torque, volume, and cogging torque values were obtained at a ratio of 3.
When the motor ratio was at 0.75, the lowest volume, torque, and cogging torque val-
ues were observed. In addition, the highest efficiency, torque/volume, and
torque/weight values were obtained.

e It was observed that the torque, motor volume, cogging torque, specific electrical
loading, and phase resistance increased as the ratio increased. The torque/weight,
torque/volume, rated speed, and flux density in the rotor yoke decreased.

e  When the first ratio and the last ratio were compared, the efficiency change increased
by 0.35%, the torque change decreased by 28.65%, and the volume change increased
by 55%.

o  The efficiency value obtained by the genetic algorithm was 0.357% higher than the
initial (L/t = 0.75) efficiency value. The weight was 16.66% higher, the volume was
11.19% larger, and the torque was 8.70% higher.

This study was conducted in order to guide motor designers and researchers in
the initial design of outer-rotor electric motors that are to be especially used in light
electric vehicles.
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