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 In this study, we conducted an experimental study and efficiency optimization of the outer 
rotor (hub) BLDC (brushless direct current) motor and axial BLDC motor for light electric 
vehicles. Both motors were investigated in the simulation environment and experimentally. 
The axial flux BLDC motor had a rated power of 10 KW, and a rated speed of 4550 rpm, 
while the outer rotor (hub) BLDC motor had a rated power of 1 KW and a rated speed of 
300 rpm. The speed, efficiency, torque, and weight values of both motors were examined 
comparatively. The torque/volume values of the hub motor and axial flux motor were used 
as references for analysis. The hub motor and axial flux motors, with equal volume values, 
were simulated using ANSYS Electronics Desktop software. The simulation data were also 
compared with experimental studies. To optimize these motors using a genetic algorithm 
(GA), lower and upper limit values were determined for various parameters such as the outer 
and inner diameter of the stator, the outer diameter of the rotor, air gap length, slot height, 
axial length, air gap flux density, magnet thickness, and tooth width in the hub motor. 
Similarly, in the axial flux motor, parameters such as the outer and inner diameter of the 
stator, air gap length, slot height, air gap flux density, magnet thickness, tooth width, stator 
length, and rotor length were optimized using the GA method. The application of GA 
optimization has led to a 1.91% increase in the hub motor efficiency and a 3.45% increase 
in the axial motor efficiency. 
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1. Introduction 

Recently, BLDC motors are preferred mostly in automotive, 
home applications, and electric vehicles (EV) due to their high 
torque, wide speed region, high efficiency, and low maintenance 
requirement. Researchers are continuously studying ways to 
maximize the efficiency of electric motors in order to enable EVs 
to travel longer distances on a single charge, as the efficient use 
of battery energy is crucial [1]–[5]. Like other motors, BLDC 
motors consist of two main parts: a stator and a rotor. Generally, 
a stator, which is the fixed part, is located on the outside, while 
the rotor, the rotating part, is inside. However, due to the 
geometric shape of the rotor and the structure of the magnets, 
BLDC motors are manufactured in a way where the rotor is on the 
outer part and the stator is on the inner part, as it affects the torque 
and efficiency [6], [7]. In order to achieve high efficiency and 

high torque improvements the geometric structure of the BLDC 
motor is studied increasingly. In addition, features such as the 
winding method, pole type, and magnet type are also examined 
during the design phase[8]. The rotor design and optimization of 
the 10 KW BLDC motor with the desired torque and speed have 
been carried out in [9], considering the effect of rotor design on 
BLDC motor performance is effective on torque, speed, and 
efficiency. To optimize the two-wheel electric motor in terms of 
required torque, speed, size, mass, and cost,  the effect of the air 
gap length on the efficiency was investigated between the 
determined mere limited values. In addition, the effect of stator 
inner diameter change on efficiency and torque was analyzed [10], 
[11]. Due to the increasing demand for energy and concerns about 
environmental pollution, the popularity of EVs has been on the 
rise. Among equivalent motors, BLDC motors are preferred due 
to their robustness, high efficiency, high power density, and wide 
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constant power operation range. The use of NdFeB as a PM 
magnet in the rotor structure generally provides better 
performance compared to SmCo, AlNiCo, and Ceramic 
magnets[12]. Although induction motors are commonly used in 
electric vehicles today, their large size results in high magnetic 
losses and limited efficiency (around 85%). BLDC motors, on the 
other hand, are preferred for their high efficiency and 
environmentally friendly operating conditions[13]. Cogging 
torque is one of the major limitations of PM motors, and efforts 
during the design phase aim to reduce it[14], [15]. Different 
results in terms of efficiency, torque, torque density, and power 
density can be achieved between axial flux BLDC motors and 
radial flux BLDC motors using the same materials [16]. 

In this study, we compared the outer rotor and axial flux 
BLDC motors, taking the torque/volume ratio as a reference. 
These motors are illustrated in the 3D general schematics in 
Figure 1(b) and (c) respectively. The axial flux and hub BLDC 
motors were simulated using Ansys Electronics Desktop software. 
Additionally, current values, speed, and the torque of both motors 
were simultaneously investigated experimentally to validate the 
results obtained from the simulation environment. The study 
focused on examining efficiency speed, torque-time 
characteristics, air gap flux, and magnetic flux density distribution. 
By determining low and high limit values for the parameters that 
define the geometry of both motors, efficiency optimization was 
performed using the genetic algorithm method. Furthermore, 
adaptive multiple objectives were utilized for efficiency 
optimization in both motors. 

(a) 

 (b)  (c) 
Figure 1: Wheeler motor scheme (a), Hub(b), Axial flux BLDC motor (c). 

2. Design Analysis of Hub and Axial BLDC Motor 

 Geometric measurements of the Axial Flux and Hub BLDC 
motor were taken and the design was realized with the help of the 
Ansys/RMxprt package program. Efficiency, speed, torque, 
material consumption, and no-load flux density values were 
analyzed. Efficiency-speed curve, torque-time curve, and flux 
density distribution were observed with Ansys Maxwell 2D [17]. 
The specification of the axial flux and outer rotor BLDC motor are 
displayed in Table 1. 

Table 1: Hub and axial flux BLDC motor specification. 

Definition Axial Hub 
Nominal Power  10 KW 1 KW 
Nominal Voltage  72 V 50 V 
Slot Numbers 12 18 
Pole Numbers 8 24 
Axial length 115.5 mm 33.7 mm 
Thickness of Magnet 4 mm 4 mm 
Length of the air gap 0.75 mm 0.75 mm 
Nominal Speed 4550 rpm 300 rpm 
Torque/volume 0.01 Nm/cm3 0.01 Nm/cm3 

 

The hub BLDC motor has a unique design where the rotor is 
positioned outside and the stator is inside, which is the opposite 
of classical motors. The volume of the motor is determined by 
factors such as the inner and outer diameters of the stator, the 
length of the air gap, the thickness of the magnet, the inner and 
outer diameters of the rotor, and the axial length of the motor. On 
the other hand, the volume of the axial flux BLDC motor is 
determined by factors such as the length of the stator axial, length 
of the magnet axial, length of the rotor axial, and length of the air 
gap, in addition to the outer and inner diameters of the stator and 
the outer and inner diameters of the rotor. Based on these 
measurements and analytical calculations, simulations were 
conducted in the ANSYS/Maxwell software package for both 
motor designs[17]. The torque, speed, current, and efficiency 
values of the hub BLDC motor were investigated in both the 
simulation program and the experimental environment. The 
torque/volume (Nm/cm^3) ratio of both motors was compared 
with the reference. In Figure 2(a), the motor identifications of the 
hub motor; Dro, Dri, Dso, Dsi, bts (thickness of tooth), and hs 
(height of slot) are shown. In Figure 2(b), the motor identifications 
of the axial flux motor, such as the length of the rotor (Lr), the 
length of the stator (Ls), the thickness of the magnet (lm), the 
length of the air gap (g), the height of the slot (hs), and the 
thickness of the tooth (bts), are indicated. 

(a)    (b) 
Figure 2:  3D view of hub motor and (a), 3D view of axial flux BLDC motor 

parameters (b). 

 Axial flux and hub BLDC motor having equal torque density 
have been compared. The advantages and disadvantages of these 
motors, which have different output powers and rated speeds, 
have been examined in terms of weight and volume. The outer 
diameter of the hub BLDC motor was calculated in Equation (1). 
The outer diameter (Dro) of the hub BLDC motor is affected by 
the stator outer diameter (Dso), magnet thickness (lm), air gap 
length (g), and rotor yoke height (hry), which is in the radial 
direction.  
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                       ro so m ryD D 2g 2l 2h= + + +                             (1) 

In Equation (2), the axial length of the axial flux BLDC motor was 
calculated. The axial length (LAF) of the axial flux BLDC motor 
affects the stator length (LS), rotor length (Lr), magnet length (lm), 
and air gap length (g), which is in the axial direction. 

                              AF r s mL L 2L 2g 2l= + + +                              (2) 

The air gap length of the axial flux and hub BLDC motors were 
kept equal. The torque density was given in (3). Torque density for 
the axial flux and hub BLDC motor are 0.01 Nm/cm3. 

                             2
roTorque density T / ( (D / 2) L) = π                 (3) 

where T is the nominal torque. 

The efficiency of the Axial flux and the hub BLDC motor 
was comparatively examined with respect to torque/volume. The 
parameters and calculation methods that influence the efficiency 
of both motors are the same. The input power applied to both 
motors is determined by the sum of the output power, friction and 
windage losses, copper losses, and core losses. Since the magnets 
on the rotor provide a constant flux source, there is no generation 
of a rotating magnetic field, and thus, core losses on the rotor are 
neglected. The losses are calculated in the iron core where the 
stator windings are located. In this case, the size of the stator 
volume and the characteristics of the ferromagnetic material affect 
the core losses. The same type of steel is used in both motors. 
Copper losses are dependent on the winding currents used in the 
stator slots and the electrical resistance of these windings. The 
phase resistance is determined by the cross-sectional area and 
length of the conductor. To determine the length of the conductor, 
parameters such as the stator's outer diameter, slot height, number 
of slots, and slot pitch need to be considered. Friction and windage 
losses are assumed to be 1% of the rated power of the motors [17]. 
Motor efficiency is calculated as the ratio of output power to input 
power. The output power is obtained by subtracting copper losses, 
core losses, friction losses, and windage losses from the input 
power. The axial flux motor consists of two stators and a single 
rotor with magnets on both sides. Each stator package has a length 
of 48 mm. The outer diameter of the stator and rotor core is 150 
mm, and the inner diameter is 80 mm. The stator windings have 
14 conductors per slot with a conductor diameter of 2.58 mm. It 
has a two-layer winding and a whole-coil winding type. There are 
2 parallel branches. The number of slots is 12. The rotor package 
length is 10 mm. The magnet thickness is 4 mm, and the radial 
length of the magnet is 34 mm. The number of magnet poles is 8. 

 
Figure 3: Axial flux BLDC motor winding type 

Stator wire density, stator core steel density, rotor core steel 
density, and rotor magnet density are 8900 kg/m3, 7820 kg/m3, 
and 7500 kg/m3, respectively. The net steel weight in the axial 
motor stator core is 8.53 kg. Rotor net steel weight is 2.39 kg, 
magnet weight is 0.51 kg, and stator copper weight is 2.74 kg. 

The hub motor is in a structure with the stator, which is the 
fixed part, in the inner part, and the rotor, which is the rotating 
part, in the outer part. The outer diameter of the stator core is 195 
mm and the inner diameter is 128 mm. The number of conductors 
per slot in the stator windings is 42 and the conductor diameter is 
2,304 mm. The two-layer winding and winding types are whole-
coiled. The number of parallel branches is 1. The number of stator 
slots is 18. The rotor has an outer diameter of 213 mm and an 
inner diameter of 196.5 mm. The package length of the rotor is 
33.7 mm. Magnet thickness is 4 mm. 

 
Figure 4: Hub BLDC motor winding type 

Stator wire density, stator core steel density, rotor core steel 
density, and rotor magnet density are 8900 kg/m^3, 7820 kg/ m^3, 
and 7500 kg/ m^3, respectively. The net steel weight in the axial 
motor stator core is 2.51 kg. Rotor net steel weight is 0.65 kg, 
magnet weight is 0.44 kg, and stator copper weight is 1.59 kg. 

D23_50 steel was preferred for the selection of ferromagnetic 
material in the stator and rotor core. It has been determined that 
there is an N42H magnet as the flux source in the rotor[18], [19]. 
The simulation outcomes for the hub BLDC motor are presented 
in Table 2. 

Table 2: Axial and hub BLDC motor simulation results 

Definitions Axial Hub 
Efficiency 91.461% 88.441% 
Nominal torque 20.991 Nm 22.621 Nm 
Nominal speed 4550 rpm 325 rpm 
The flux density of stator yoke 1.431 T 1.061 T 
The flux density of rotor yoke 1.351 T 2.171 T 
The flux density of air gap 0.781 T 0.881 T 
Total weight 22.50 Kg 5.21 Kg 

 

Figure 5(a) presents the efficiency-speed curve of the hub 
BLDC motor, while Figure 5(b) displays the efficiency-torque 
angle of the axial flux BLDC motor. 
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Based on the simulation results obtained from the 
Ansys/RMxprt program, the hub BLDC motor exhibited an 
efficiency of 88.44% with a rated speed of 325 rpm. Similarly, the 
axial flux BLDC motor demonstrated an efficiency of 91.46% at 
the rated speed of 4550 rpm. 

 
(a) 

 
(b) 

Figure 5: (a) Axial flux Efficiency Vs Torque  (b)Hub BLDC motor Efficiency vs 
speed. 

Figure 6 shows the axial flux BLDC motor flux density of the 
air gap curve. The air gap has an average flux density of 0.78 Tesla.

 
Figure 6: Axial flux BLDC motor air gap flux density 

 
Figure 7: Hub BLDC motor air gap flux density. 

Figure 7 shows the hub BLDC motor flux density of the air gap 
curve. The air gap has an average flux density of 0.88 Tesla. As 
seen in Figures 6 and 7, It has been aimed and composed that the 
flux density of the air gap was satisfactorily and uniformly 
distributed in both motors. Figure 8 shows the hub BLDC motor 
moving torque curve. The torque ripple value is 38 %. 

 
Figure 8: Hub BLDC motor moving torque 

Figure 9 shows the axial flux BLDC motor moving torque curve. 
The torque ripple value is 28%. 

 
Figure 9: Axial flux BLDC motor moving torque 

In Figure 10, the flux distribution of hub (a) and axial flux(b)  
BLDC motor has shown. 

 
 

Figure 10: Flux distribution (a) Hub, (b)Axial flux BLDC motor 

(a) (b) 
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Figure 11: (a) Hub and (b) Axial flux BLDC motor flux density. 

The flux distribution of the hub motor and the axial motor is shown 
in Figure 11. The dominant colors on the stator surface and stator 
inner were obtained as blue and green. This shows that the steel 
material used in the core doesn’t reach the saturation point. Both 
motors operate in efficient conditions. In Figure 11(a),  the hub 
motor flux density of stator teeth is 1.43 T, the flux density of the 
stator core is 0.72 T, the flux density of the rotor core is 2.16 T, the 
flux density of the air gap is 0.88 T, the magnet flux density is 0.91 
T. In Figure 11(b), the axial flux BLDC motor flux density of stator 
teeth is 1.56 T, the flux density of stator core is 1.40 T, the flux 
density of rotor core is 1.33 T,  the flux density of air gap is 0.77 
T, and the magnet flux density is 0.82 T. 

3. Axial Flux and Hub BLDC Motor Experimental Studies 

The stator windings of the axial flux and hub BLDC motor are 
connected in a 3-phase-star configuration. These motors are 
powered by a DC voltage source using a PWM trapezoidal strategy 
and inverters. At any given time, current flows through only two 
of the stator phase windings. Figure 12 illustrates the experimental 
setup. 

 
Figure 12: Axial Flux BLDC Motor Experimental Setup 

The operating voltage of the axial flux BLDC motor is 72 volts. 
It has a 3-phase distributed winding structure. It is controlled by 
the chopped current control method. The maximum current level 
is 30 A, minimum current level is 10 A. It is fed with a direct 
current source. Voltage is applied to the stator windings through 
sensors that determine the rotor position. The direct current motor 
(25 Nm) has been coupled to the shaft of the axial motor as a load. 
As a result of the experiment, torque, current and speed values 
were measured. The efficiency value was determined according 
to these values. In Figure 13, the experiment results of the speed 
curve versus the efficiency of the axial flux motor are given. 

 
Figure 13: The efficiency-to-speed curve of the axial flux BLDC motor. 

Table 3 presents the simulation and experimental results for the 
axial flux motor. The simulation results show a high level of 
agreement with the experimental results. 

Table 3: Experimental and Simulation Results Of Axial Flux BLDC Motor. 

Axial Flux Motor Efficiency 
(%) 

Current(A) Torque 
(Nm) 

Simulation results 91.46 149 20.99 
Experiment results 91  140 19.36 

 

In the experimental study for the hub motor, the control type is 
DC. Similar to an axial motor, voltage is applied sequentially to 
the stator windings. The operating voltage of the hub motor is set 
at 50 Volts. 

 
Figure 14: Experimental Setup of Hub BLDC Motor.  

(b) (a) 
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In Figure 15, the experiment results of the efficiency-speed curve 
of the hub BLDC motor are given. 

 
Figure 15: Hub BLDC  Motor Experiment Efficiency-Speed Curve 

The experimental and simulated outcomes for the hub motor are 
presented in Table 4. The experimental results indicate an 
efficiency value that is 0.25% higher, a current value of 2.32 A, 
and a torque value of 0.82 Nm greater than the simulation data. 

Table 4: Experiment and Simulation Results of Hub BLDC Motor 

Hub  BLDC Motor Current 
(A)  

Torque 
(Nm) 

 Efficiency 
(%) 

Simulation results 18.18   22.62  88.44 
Experiment results 20.5  23.44  88.69 

 

In Table 5, the main advantages and disadvantages of both the 
axial flux BLDC motor and the hub BLDC motor are highlighted. 

Table 5: Comparison of Axial Flux and Hub BLDC Motor 

Motor Type Power 
density  

Speed Torque/ 
Weight  

Efficiency 

Axial Flux  +++ +++ + +++ 
Hub  + + +++ ++ 
+: normal; ++: medium; +++: high 

4.   Optimization of Efficiency to Axial Flux BLDC Motor 
and Hub BLDC Motor using Genetic Algorithm 

Genetic Optimization (GA) is basically a five-step process. 
In the first step, the population of the problem to be solved is 
created. In the second step, the fitness value is calculated for each 
individual. In the third step, the selection is made using methods 
such as the roulette wheel and the tournament method. In this 
study, the roulette wheel selection method has been applied. 
Afterward, the crossover operation is performed on the 
chromosomes of the newly generated individuals. By applying the 
mutation operator to the resulting individual, an individual with 
better characteristics is obtained. The GA process continues until 
the best solution to the problem is found[20]. Table 6 shows the 
Axial Flux and Hub BLDC motor’s constant parameters. 

 

Table 6: Axial Flux BLDC Motor and Hub BLDC Motor Constants 

Motor 
Type Bsy(T) Bry(T) Bt(T) Eph(V) T(Nm) N(rpm) 

Axial 
Flux 1.6  1.4  1.6  36  20.99  4550  

Hub  1.6  1.4  1.6  25  22.62  325 
 

The variable parameters selected in the GA for the axial flux and 
hub BLDC motors are represented by equations (4) to (9). 
Equation (4) describes the electromechanical power of both 
motors. Equation (5) defines the back emf generated by the 
windings specifically for the hub BLDC motor. Equation (6) 
represents its electromechanical torque. In Equation (7), the 
flattop value of the back emf of phase is provided for the axial 
flux BLDC motor. Lastly, Equation (9) presents its 
electromechanical torque[21]. 

                                       2. .=m ph pP E I                                        (4) 
Where mP  is induced output power, phE  is the back emf by 
windings, and pI  is the current drawn from the DC power source. 

                                   . . .=ph ph g ri mE N B D w                                 (5) 

Where, Nph is the number of turns per phase, Bg the is magnetic 
flux density of the air gap, L is the axial length the of motor 

mw  
is the angular speed, and riD is the diameter of inner of the hub 
motor. 
                                   2. . . . .= ph g ri pT N B D L I                               (6) 

Where T is induced nominal torque. 
In  (7), (8), and (9) are about axial flux motor. Where 0 , iR R  
are the inner and outer radius of the axial motor. 
                                  2 2. . .(1 ).= −ph ph g o r mE N B R K w                    (7) 

                                                  = i
r

o

R
K

R
                                   (8) 

                                  2 22. . . .(1 ).= −ph g o r pT N B R K I                    (9) 
The GA was used to optimize the parameters affecting the 
efficiency of the hub BLDC motor and the axial flux BLDC 
motor. For the hub BLDC motor, variables such as the inner 
diameter of the stator, the outer diameter of the rotor, the length 
of the air gap, the height of the slot, the length of the motor axial, 
air gap flux density, magnet thickness, and tooth thickness were 
defined as optimization variables. The number of magnets, 
number of slots, conductors per slot, and conductor diameter were 
considered constant variables. Similarly, for the axial flux BLDC 
motor, variables such as the inner diameter of the stator, the outer 
diameter of the stator, the length of the air gap, the height of the 
slot, the axial length of the stator, the axial length of the rotor, air 
gap flux density, magnet thickness, and tooth thickness were 
defined as optimization variables, while the number of magnets, 
number of slots, conductors per slot, and conductor diameter were 
kept constant. The GA was implemented using codes created with 
the Delphi software package[22]. The optimization process 
involved defining the problem and evaluating the fitness value. A 
population of solutions was created, and the parameters affecting 
the efficiency of the motors were chosen as members of the 
population. The fitness value of each member in the population 
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was determined, and the selection process was carried out using 
the roulette wheel method. After selection, the crossover operator 
(with a probability of 0.90) was applied to generate new 
individuals, and mutation (with a probability of 0.01) was 
performed. The optimum efficiency value of the hub BLDC motor 
(90.35%) was achieved in the 30th iteration, while the optimum 
efficiency value of the axial flux BLDC motor (94.91%) was 
obtained in the 50th iteration. The new values resulting from the 
GA for the variable parameters of the hub BLDC motor are 
presented in the right column of Table 7. Similarly, the new values 
resulting from the genetic algorithm for the variable parameters 
of the axial flux BLDC motor are given in the right column of 
Table 8. The efficiency values obtained at the end of the GA 
process for both motors can be found in the last column of Table 
7 and Table 8. 
 

Table 7: Hub BLDC Motor Variables 

Hub BLDC Motor Low 
limits Up limits GA 

Results 
The outer diameter 
of the stator 190 mm 196 mm 195 mm 

The Inner diameter 
of the stator 122 mm 128 mm 125.27 mm 

The outer diameter 
of the rotor 210 mm 215 mm 211.41 mm 

Air gap length 0.5 mm 1.5 mm 1.449 mm 
Height of slot 18 mm 25 mm 19.51 mm 
Axial length 30 mm 35 mm 30.649 mm 
The flux density of 
the air gap 0.201 T 1 T 0.8301 T 

Thickness of 
magnet 3 mm 8 mm 4.919 mm 

Thickness of tooth 3 mm 5 mm 4.7411 mm 
Efficiency 88.441% 90.351 % 

Table 8: Axial Flux BLDC Motor Variables 

Axial Flux BLDC 
Motor 

Low 
limits Up limits GA 

Results 
The outer diameter 
of the stator 145 mm 155 mm 145.28 mm 

The inner diameter 
of the stator 76 mm 82 mm 81.81 mm 

Air gap length 0.5 mm 1.5 mm 0.501 mm 
Height of slot 32 mm 38 mm 35.33 mm 
The flux density of 
the air gap 0.21 T 1 T 0.571 T 

Thickness of 
magnet 3 mm 8 mm 3.359 mm 

Thickness of tooth 3 mm 5 mm 3.149 mm 
Length of stator 45 mm 55 mm 45.499 mm 
Length of rotor  8 mm 13 mm 8 mm 
Efficiency           91.461 % 94.911 % 

 

5. The optimization of both the axial motor and hub motor 
using adaptive multiple objectives. 

In the literature, there have been several studies focusing on 
the design optimization of BLDC motors using GA. These studies 
aim to achieve high efficiency and reduce torque ripple in classic 
BLDC motors[23]–[25]. In this particular section, the efficiency 
optimization is carried out using GA along with the adaptive 
multiple-objective method. For the axial flux BLDC motor, the 
variables considered are the stator outer diameter, stator inner 
diameter, stator axial length, rotor axial length, magnet thickness, 
and magnet radial length. The magnet pole number and stator slot 
number are kept constant throughout the optimization process.  

Figure 16 illustrates the simulation values of efficiency 
plotted against the stator inner diameter (dsi) for the axial flux 
BLDC motor. At the highest efficiency point, the stator's inner 
diameter is determined to be 75.8627 mm, resulting in an 
efficiency value of 92.3493%. 

Figure 16. Axial flux BLDC motor efficiency-stator inner diameter) 

The efficiency-stator outer diameter (dso) simulation values 
for the axial flux BLDC motor are given in Figure 17. At the 
highest efficiency (92.3493 %) point, the stator outer diameter is 
156.3145 mm. 

Figure 17. Axial flux BLDC motor efficiency-stator outer diameter 

The efficiency-stator axial length (ls) simulation values for 
the axial flux BLDC motor are given in Figure 18. At the highest 
efficiency (92.3493 %) point, the stator axial length is 41.1670 
mm. 
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Figure 18. Axial flux BLDC motor efficiency-stator axial length 

The efficiency-rotor axial length (lr) simulation values for the 
axial flux BLDC motor are given in Figure 19. At the highest 
efficiency (92.3493 %) point, the rotor axial length is 5.2167 mm. 

Figure 19. Axial flux BLDC motor efficiency-rotor axial length 

The efficiency-magnet thickness (lm) simulation values for 
the axial flux BLDC motor are given in Figure 20. At the highest 
efficiency (92.3493 %) point, the magnet thickness is 4.5528 mm. 

Figure 20. Axial flux BLDC motor efficiency-magnet thickness 

The efficiency-magnet length (lmag) simulation values for 
the axial flux BLDC motor are given in Figure 21. At the highest 
efficiency (92.3493 %) point, the magnet length is 32.5770 mm. 

Figure 21. Axial flux BLDC motor efficiency- magnet length 

In Figure 22, the highest efficiency value (92.3493 %) was 
obtained at the 982 th step according to the adaptive multiple 
objective optimizations. 

Figure 22. Axial flux BLDC motor adaptive multiple objective efficiency curve 

The surface efficiency graph of the relationship between 
efficiency-output torque-stator outer diameter is given in Figure 
23. Efficiency in the Z axis, output torque in the X axis, and stator 
outer diameter in the Y axis. 

 
Figure 23. Axial flux BLDC motor efficiency-output torque-stator outer diameter 

For the hub BLDC motor, outer diameter of stator,  inner 
diameter of stator, axial length of stator, outer diameter of rotor, 
inner diameter of rotor, axial length of rotor, and thickness of 
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magnet are defined as variables. The number of magnet poles and 
the number of stator slots are fixed. The efficiency-stator outer 
diameter (dso) values obtained according to the simulation results 
for the hub motor are given in Figure 24. At the highest efficiency 
(89.1632 %) point, the stator outer diameter is 194.8250 mm. 

Figure 24. Hub BLDC motor efficiency-stator outer diameter 

The efficiency-stator inner diameter (dsi) simulation values 
for the hub BLDC motor are given in Figure 25. At the highest 
efficiency (89.1632 %) point, the stator outer diameter is 
126.0130 mm. 

Figure 25. Hub BLDC motor efficiency-stator inner diameter 

The efficiency-stator axial length (lsr) simulation values for 
the hub motor are given in Figure 26. At the highest efficiency 
(89.1632 %) point, the stator axial length is 32.0335 mm. 

Figure 26. Hub BLDC motor efficiency-stator axial length 

The efficiency-rotor outer diameter (dro) simulation values 
for the hub motor are given in Figure 27. At the highest efficiency 
(89.1632 %) point, the rotor outer diameter is 208.9875 mm. 

 
Figure 27. Hub BLDC motor efficiency-rotor outer diameter 

The efficiency-magnet thickness (lm) simulation values for the 
hubBLDC motor are given in Figure 28. At the highest efficiency 
(89.1632 %) point, the magnet thickness is 3.9792 mm. 

Figure 28. Hub BLDC motor efficiency-magnet thickness 

The efficiency-rotor inner diameter (dri) simulation values for the 
hub motor are given in Figure 29. At the highest efficiency 
(89.1632 %) point, the magnet thickness is 197.1750 mm. 

Figure 29. Hub BLDC motor efficiency-rotor inner diameter 

In Figure 30, the highest efficiency value (89.1632 %) was 
obtained at the 878th step according to the adaptive multiple 
objective optimizations. 
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Figure 30: Hub BLDC motor adaptive multiple objective efficiency curve 

6. Conclusions 

In this study, the design and efficiency optimization of axial 
flux and hub BLDC motors were conducted through both 
theoretical (simulation) and experimental approaches. The main 
objective was to compare these two motor types and determine 
their suitability for light electric vehicles. The simulations were 
performed using the ANSYS/Maxwell package program, while 
the experimental data were collected to validate the simulation 
results. Parameters such as current, torque, speed, and efficiency 
were analyzed for both motor types. In the simulation 
environment, the axial flux BLDC motor achieved an efficiency 
of 91.46%, while the experimental results showed an efficiency 
of 91%. Similarly, the hub BLDC motor attained an efficiency of 
88.44% in the simulation and 88.69% in the experimental setup. 
Furthermore, efficiency optimization was carried out using the 
GA method for both motor types, resulting in an efficiency of 
94.91% for the axial flux BLDC motor and 90.35% for the hub 
BLDC motor. Additionally, adaptive multiple objective methods 
were employed to optimize the efficiency of both motor types, 
with the axial flux BLDC motor reaching the highest efficiency 
value of 92.3493% and the hub BLDC motor achieving 89.1632%. 
This comparative experimental study provides valuable insights 
for researchers working on light electric vehicle applications.   
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