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Abstract—This paper provides a comprehensive analysis of 

Brushless DC Motors (BLDC), emphasizing design 

methodologies for optimal performance in applications like 

automotive, industrial, and personal transportation devices. A 

robust design and optimization approach using Taguchi method 

to reduce and minimize the tooth torque and improve the 

operational efficiency is also designed using broadband 

modulation method for speed control. The motor’s stator and 

rotor designs, including precise calculations for parameters like 

outer diameter, tooth size, and magnetic loadings, are 

meticulously detailed, ensuring alignment with nominal 

performance specifications. Finite Element Methods (FEM) 

simulations validate key performance indicators such as torque, 

back-electromotive force (B-EMF), and efficiency, while 

comparing different motor configurations. Additionally, thermal 

and mechanical analyses are conducted to assess reliability under 

varied load conditions. The findings confirm that the optimized 

BLDC motors align closely with design targets, achieving high 

efficiency and stability, making them viable for applications 

demanding precise control and energy efficiency. 

Keywords—Brushless DC Motor, Design Optimization, Finite 

Element Method, Torque Control 

I. INTRODUCTION 

BLDC motors are widely used in automotive, pumping, 
smart devices, and electric vehicles, and are expected to replace 
induction motors by 2030 due to their high efficiency, 
durability, and low maintenance [1]. Recent research has 
improved BLDC design and control, including Taguchi-based 
optimization to reduce cogging torque and improve torque 
output [2], low-cost microcontroller control methods for 
industrial use [3], and Hall-sensor-based control systems for 
cost-effective applications in home appliances and automotive 
systems [4]. 

A five-phase BLDC motor specifically designed for electro 
hydrostatic actuation systems was presented, emphasizing its 
compact structure and fault tolerance. Evaluations of its 
thermal behavior and reliability were conducted [5]. 
Furthermore, a cost-effective BLDC motor solution for 
residential water pumps was proposed, achieving better energy 
efficiency through optimized control of torque and speed [6]. 
In the realm of electric vehicle applications, a robust 
optimization algorithm for BLDC motors was established, 
taking into account manufacturing tolerances and driving 
cycles, with validation supported by experimental data and 
FEM analysis [7]. The Taguchi method was also applied to 
optimize motor designs for electromobility propulsion, 
comparing both exterior and interior rotor configurations 

regarding efficiency and material usage [8]. For drone delivery 
systems, design considerations for BLDC motors were 
examined, optimizing elements like the stator and rotor to attain 
high torque and efficiency in heavy-load scenarios [9]. Lastly, 
a novel state-filtering system was introduced for BLDC motors, 
enhancing closed-loop position control through the direct use 
of high-order state derivatives. This system demonstrated 
superior precision when validated against conventional 
observers and filters [10]. 

In this study, the design and analysis of a BLDC motor are 
detailed, focusing on critical design parameters such as output 
power, voltage, speed, and torque. The motor's stator design 
involves calculating dimensions like the outer and inner 
diameters and tooth sizes, utilizing equations for magnetic and 
electrical loadings to ensure optimal performance. The air gap 
length is determined to maintain magnetic efficiency, and a 
fixed rotor-to-stator diameter ratio is established for the four-
pole motor. FEM analysis is essential in BLDC motor studies, 
as it enables accurate evaluation of electromagnetic 
performance and local flux distribution that cannot be captured 
precisely through analytical sizing equations alone [11]. FEM 
are employed for simulating the motor's performance, 
analyzing parameters such as torque, cogging torque, and B-
EMF, leading to the selection of the best-performing motor 
designs. 

II. BLDC MOTOR DESIGN 

Each electric motor has specific nominal values 

corresponding to its application. Therefore, some design 

assumptions are summarized in TABLE 1. 

TABLE 1. DESIGN ASSUMPTIONS. 
Parameter Value Unit 

Output Mechanical Power 250 W 

Voltage Source 48 V 

Nominal Speed 200 RPM 

Nominal Torque 12 N.M 

The stator design includes calculating the outer diameter, 
inner diameter, and the dimensions of the teeth [12].  

WO LCP .=                                                                    (1) 

Here P is the motor output power (W), D is the motor 
diameter (m), L is the motor axial length (m), w is the motor 
speed (rad/s), and CO is calculated from (2): 

)..(9624.10 swavO kacBC =                                                 (2) 
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While Bav is the average air-gap magnetic loading (T), ac is 
the specific electric loading (A/m), and ksw is the winding 
factor. The winding factor represents the effect of the winding 
distribution and skew on the induced EMF; for an ideal motor 
with properly selected slots and no skew, it is typically assumed 
to be 1. 

The magnetic loading Bav depends on the permanent 
magnet properties and is commonly estimated as the product of 
the magnet coverage factor per pole and the residual flux 
density of the magnet material. The electrical loading ac is 
usually selected based on empirical design guidelines and 
practical experience [13–14]. After calculating C0, from eq. (2) 
and substituting in eq. (1), and considering the known values of 
motor output power and speed, the main sizing relationship is 
obtained as: 

KLD =
2

0
                                                                             (3) 

III. MODEL AND EXPERIMENT DESIGN 
In this case, a ratio between the motor diameter and its axial 

length is considered based on design considerations. As a 
result, the stator’s outer diameter and the motor’s axial length 
will be calculated accordingly. 

Assuming that the magnetic flux produced by the magnet 
follows the path shown in Fig .1, the motor’s equivalent 
magnetic circuit will be as shown in Fig .2. It should be noted 
that the leakage inductance is neglected in this case. According 
to Fig .2, the flux passing through the air gap is equal to the flux 
passing through the stator tooth. From this principle, the stator 
tooth width can be calculated.  

 
Fig. 1. Magnetic Flux Path. 

 

 
Fig. 2. Equivalent Magnetic Circuit. 

ggtt BABA =                                                                    (4) 

Assuming that the magnetic flux produced by the magnet 
follows the path shown in Fig. 1, the motor’s equivalent 
magnetic circuit will be as shown in Fig. 2. The flux passing 
through the air gap is equal to the flux passing through the 
stator tooth. From this principle, the stator tooth width can be 
calculated. 
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Where At is the cross-sectional area of the stator tooth (m²), 
Ag is the cross-sectional area of the air gap (m²), Bt is the flux 
density of the stator tooth (T), Bg is the flux density of the air 
gap (T), Rg is the average radius of the air gap, and Kst is the 
filling factor of the stator core sheets. The air gap flux density 
is obtained from (6) [15]: 
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In this equation, Cϕ is the ratio of the magnet cross-sectional 
area to the air gap cross-sectional area, Br is the residual flux 
density of the magnet (T), Kl is the leakage coefficient, which 
ranges from 0.9 to 1, Kr is the reluctance factor, which ranges 
from 1 to 1.2, μr is the magnetic permeability of the 
environment, and Pc is the permeance (Wb/A). Typically, a 
value is considered for the stator tooth flux density based on the 
saturation point of the material used in the core. After 
calculating the air gap flux density from (6) and substituting it 
into (5), the stator tooth width will be calculated. Assuming that 
half of the flux generated by each magnet passes through the 
stator yoke, [16]: 

KstBsy

RgBg
btsRgLBgLBKh systsy


 =→=                             (7) 

A similar method can be used to calculate rotor width. In 
designing a permanent magnet synchronous motor, a fixed ratio 
between the rotor and stator outer diameters is considered. This 
ratio varies depending on the number of motor poles, and for a 
four-pole motor, it is 0.55.  

DoDr 55.0=                                                                    (8) 

 
1- Model of the Motor 

Where Dr is the rotor outer diameter. Additionally, the 
stator inner diameter is equal to the rotor outer diameter plus 
the air gap thickness. Therefore, with the air gap thickness 
known, the stator inner diameter can be calculated. In eq. (8), 
Dr is the rotor's external diameter. On the other hand, the 
internal diameter of the stator equals the external diameter of 
the rotor plus the thickness of the air gap. Therefore, by 
knowing the air gap thickness, the internal diameter of the 
stator can be calculated. In synchronous machines, the air gap 
length is typically determined based on the permissible 
armature reaction. The armature reaction should not 
significantly reduce the air gap magnetic field. In other words, 
the field winding current must be greater than the armature 
current. The air gap length is determined by eq. (9). 

𝑔 = 𝛾𝜏𝑝
𝑎𝑐

𝐵𝑔
                                                                      (9) 

Bg is the maximum air gap flux density (T), γ is 4×10−7 for 
salient poles and 3×10−7 for smooth poles [17]. Given the non-
uniformity of the air gap, the calculated air gap should be 
multiplied by a coefficient called the Carter coefficient [18]. 
This coefficient is determined by eq. (10). 
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2- Plan the Experiment 
The previous section reviewed the analytical design 

methods and calculations for the motor dimensions. This 
section focuses on the design of the motor itself. The number 
of poles is set at 4, but the number of slots is not fixed. The 
design examines all possible configurations for a 4-pole BLDC 
motor, with TABLE. 2, showing the possible slot numbers for 
a 4-pole motor.  
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TABLE. 2. shows the possible pole-slot combinations. 

Number of Poles 4 4 4 4 4 4 4 4 4 

Number of Slots 9 12 15 18 21 24 27 30 33 
 

The outputs of the designed motors, such as torque, input 
power, output power, and efficiency, are shown in TABLE. 3. 
The final motor will be fully analyzed in the simulation chapter 
[19]. Based on the output table, the designed motors have 
values close to the nominal values considered for the motor. 

TABLE. 3. Provides the motor outputs. 

Motor 

Model 

Torque 

(N.m) 

Losses 

(Kw) 

Output 

Power (Kw) 

Efficiency 

(%) 

33-4 12.9 0.0327 0.271 89.2 

30-4 12.8 0.0317 0.268 89.4 

27-4 12.3 0.0298 0.258 89.6 

24-4 12.8 0.0315 0.268 89.5 

21-4 12.4 0.0302 0.26 89.6 

18-4 12.3 0.0307 0.258 89.4 

15-4 12 0.0293 0.251 89.5 

12-4 12.4 0.0309 0.259 89.3 

9-4 12.5 0.032 0.261 89.1 

 

 
Fig. 3. Tooth diameter. 

TABLE 4. Torque ripple of different structures. 

Motor Model Torque Ripple (N.m) 

9-4 4.3 

12-4 8.98 

15-4 3.3 

18-4 7.87 

21-4 3.3 

24-4 2.9 

27-4 2.3 

30-4 3 

33-4 2.8 

 
Fig. 4. Gear torque. 

As mentioned earlier, cogging torque is an unwanted 
parasitic torque, and its maximum value should be less than 5% 
of the nominal torque. To calculate this torque, the stator 
windings are unenergized, and the rotor is rotated at a low 
speed. The resulting torque is the cogging torque, as shown in 
Fig. 3, with the maximum values listed in TABLE 4. 

TABLE. 5. Gear torque range. 

Motor Model Cogging Torque (N.m) 

9-4 0.275 

15-4 0.707 

21-4 0.239 

27-4 0.127 

30-4 0.542 

33-4 0.0507 

The phase-to-phase voltage for three motors is shown in 
Fig. 4. The B-EMF of these motors is similar, with minor 
differences. indicating that all motors except the 4-9 model 
have very low harmonics, resulting in the elimination of the 4-
9 motor. The torque-speed curves of the remaining motors are 
shown in Fig. 5. All motors produce nominal torque up to a 
speed of 1600 RPM, after which the torque decreases. 

 
Fig. 5. Torque curve according to speed. 

IV. FINITE ELEMENT ANALYSIS OF THE STUDIED BLDC 

MOTOR 

FEM was initially used for structural analysis problems and 
started being applied in heat transfer and fluid flow problems 
in the early 1950s. In 1970, a paper titled "Solving Saturable 
Magnetic Field Problems Using the Finite Element Method" 
opened a new horizon in applied electromagnetism, allowing 
the formulation of problems with complex geometries and 
nonlinear magnetic properties. Nowadays, with the emergence 
of machines with complex geometries, the use of this tool has 
become inevitable. Traditional machine analysis methods were 
often accompanied by many assumptions to reduce 
computational difficulties, leading to limitations in accuracy 
[20]. However, FEM allows achieving high accuracy without 
the need for many assumptions. In this part, the simulation of 
the motor designed in the previous chapter will be examined, 
and the simulation results will be compared with the analytical 
results. The analyses in this section were carried out using Flux 
software, which is one of the most accurate software tools for 
FEM. Meshing the motor geometry: After defining the 
different regions of the motor, we mesh the structure. The 
meshed structure of the motor under study is shown in Fig. 6. 
It is clear from this figure that critical areas in the motor, such 
as the magnet and air gap, have a higher mesh density 
compared to other parts. 

 
Fig. 6. Meshed structure of the motor under study. 

The flux density distribution and flux path of the motor are 
shown in Fig. 7. According to this figure, the flux density at the 
hot spot of the stator is about 2.19 T. Additionally, it can be 
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seen that the core flux density is around 1.6 T, which is below 
the saturation level of the core [21]. 

 
Fig. 7. Motor flux density. 

To calculate the torque-speed curve, the rotor speed is 
varied from 10% to 150% of the rated speed, and the torque is 
measured at each stage. The torque-speed curve is shown in 
Fig. 8. According to this figure, the torque remains constant at 
160 RPM and then drops. 

 
Fig. 8. Torque vs Rotor Speed. 

As previously mentioned, cogging torque is an undesirable 
torque that should be less than 5% of the rated torque. To 
calculate this torque, the stator winding excitation is set to zero, 
and the rotor speed is considered low. The torque calculated in 
this state is the cogging torque [22-23]. The cogging torque 
curve of the motor is shown in Fig. 9. According to this figure, 
the maximum cogging torque is 0.003 Nm, which is 0.4% of 
the rated torque, making it highly desirable. 

 
Fig. 9. Cogging torque vs Rotor position 

V. Simulation 
Simulation Using the results and analyses, the optimal 

combination of factor levels and torque values at the optimum 
point is calculated. According to the obtained optimum point, 
the necessary corrections to reach this point and the results after 
simulation are compared with the values obtained by the 
Taguchi method. - Research shows that this method is suitable 
for multi-objective optimization design of high-speed brushless 
DC motors, and in the next step, the effect of each level should 
be calculated separately. Also, by following this pattern, we 
will arrive at the values of Tables (3) and (4). In addition, 
according to Figure 10, the best combination for the optimum 

case is. The B-EMF of phases A, B and C is shown. According 
to this figure, the phase voltages have a 120-degree phase 
difference with equal amplitude. The maximum voltage is 
equal to the rated voltage, which confirms the correctness of 
the design. In addition, the line voltages of AB, BC and CA are 
shown on Fig.11. 

 

Fig. 10. B-EMF of phases A, B, and C. 

 

Fig.11. Line voltages of the motor. 

The waveforms of the motor's torque and output power are 
shown in Fig. 12 and 30, respectively. According to these 
figures, the motor's average torque is around 12 Nm, close to 
the rated torque. The torque ripple in this case is 2.8 Nm, which 
is acceptable compared to the rated torque.  

 
Fig. 12. Output Torque vs Rotor position 

 
Fig. 13. Output power vs Rotor position 

The losses calculated using the FEM include core losses, 
ohmic losses, and eddy current losses in the magnet, which are 
discussed in this section. When electric current passes through 
a conductor, it generates heat losses, known as copper losses. 
The copper losses are given by Eq. (1-4), where R is the DC 
resistance of the winding (Ω), and I is the RMS current (A) 
passing through the winding. Based on the phase resistance and 
rated current, the ohmic losses of the motor are 40W. The 
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energy lost as heat in the motor core is referred to as core losses. 
The core losses calculated using the software are 4.5W. 

VI. CONCLUSION 

In this paper, the analytical method for designing a BLDC 
motor was thoroughly examined. Then, considering the 
available nominal values, the design of various four-pole 
motors was discussed. The outputs of these motors were 
compared, and it was demonstrated that the motor with four 
poles and 33 slots provides the best performance. Finally, the 
complete dimensions of this motor were presented. In third, the 
simulation of the designed motor was examined, and the results 
of the simulation were compared with the analytical results. All 
results were computed using Magnet software, one of the most 
powerful FEM software tools. A careful examination of the 
results reveals that the FEM-calculated values closely match 
the design specifications. 
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