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Nowadays, the importance of industrial and civil applications such as washing machines, 
air conditioners, pump fans, exhaust fans, electric vehicles, etc., the application of 
brushless DC motors (BLDC) is becoming more and more urgent due to the high demand 
for efficiency, energy saving and wide applicability in many fields such as drones, 
household appliances and industrial machines. Currently, many researchers in the world 
have focused on designing and optimizing BLDC motors to improve efficiency, reliability 
and reduce production costs. This study aims to design and simulate a small capacity 
BLDC motor (320 W, 12 V) using high-performance NdFeB magnets, through ANSYS 
Maxwell simulation software. The research results contribute to providing optimal 
technical parameters and specific design models, meeting practical requirements such as 
stable power, high efficiency and minimizing energy loss, helping to orientate wider 
application in industry and civil use for this type of electric motor in Vietnam. 
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1. INTRODUCTION

The BLDC electric motor is a type of synchronous rotating
electric machine that uses permanent magnets on the rotor and 
a control system using power electronic valves instead of 
carbon brushes and commutators of traditional DC motors 
(which are often damaged). By eliminating friction and losses 
due to carbon brushes, BLDC motors have many advantages 
such as high efficiency, large starting torque, high power 
density and torque per weight, smooth operation and high 
reliability [1-5]. With these advantages, BLDC is now widely 
used in civil and industrial electrical equipment such as CNC 
(Computer Numerical Control) mechanical processing 
machines, drilling machines, lathes, cutting machines, 
conveyor motors, joints of industrial robot arms, etc. [6-9]. 
Especially in electric vehicles such as electric vehicles, electric 
bicycles, electric cars, devices that require high performance 
and durability, ensuring economy as well as good (precise) 
control of torque and current [10-15]. The need to develop 
high-performance BLDC electric motors in industry and civil 
use is becoming increasingly urgent in the context of air 
pollution, energy saving and using clean energy to protect the 
environment, [2, 4, 5, 16-20]. 

When analyzing with some other motors, we see the 
following differences: 

•Asynchronous motor (IM): has low cost and durability but
is limited in applications that require speed control, has low 
efficiency [21-23]. 

•Switched reluctance motor (SRM) has outstanding
durability but is strongly limited by noise, vibration and 
complex control system [24, 25]. 

•Synchronous motors (PMSM/IPM) are the most optimal in
terms of performance but have high costs, require complex 

control equipment, and are often used in industry and in 
mechanical processing machines. 

From these limitations, BLDC motors are the best balanced 
choice for the above applications with the advantages of high 
efficiency (85-96%), large starting torque, compact size, light 
weight, fast and accurate response, low maintenance due to no 
carbon brushes, smooth and quiet operation, common 
manufacturing materials suitable for mass production, [7-9, 
20-22]. In addition, in the country, currently, research on
simulation, control, and design of BLDC motors has not
received much attention, [10, 11]. These studies have not yet
focused on the use of specialized design software such as
Ansys Maxwell with high accuracy close to reality.

2. DESIGN RESEARCH CONTENT

2.1 Theoretical basis for design research 

BLDC motors are gradually replacing brushed motors in 
most consumer and industrial electronics: hard drives, fan 
drives, model aircraft, hand tools, industrial robots, Computer 
Numerical Control (CNC) metalworking machinery 
equipment, washing machines, industrial pumps/fans, 
personal vehicles such as electric vehicles, industrial robots, 
medical devices, smart home appliances (home washing 
machines), refrigeration compressors, HVAC (Heating, 
ventilation and air conditioning systems), etc. 

In the industry, BLDC is ideal for motion control, industrial 
robots, CNC machine tools, thanks to the ability to control 
torque precisely, directly control torque during the control 
process, BLDC motors operate with a wide speed range and 
low maintenance and maintenance costs. 
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BLDC motors are designed with an internal rotor as shown 
in Figure 1, this type of structure is also called "Inrunner". 
With this design, the permanent magnets are located above the 
rotor inside, and this rotor rotates inside the stator coils. 
Besides, there is also another popular configuration called 
"outrunner", where the stator coil is located in the center and 
the rotor with permanent magnets rotates around the outside. 
With this type of structure, it is often used in Hub motors of 
electric vehicles, industrial and civil machine motors. 

 

 
 

Figure 1. Some types of BLDC motor structures 
 

 
(a) BLDC motor has rotor inside 

 
(b) BLDC motor has rotor on the outside 

 
Figure 2. Two types of BLDC motors are currently being 

researched 
 
In the field of industrial machinery, brushless motors are 

preferred because of their ability to accurately control speed 
and position, and their ability to adjust torque much better than 
other motors. In Figure 2, both types of BLDC motors are 
being researched, designed, and manufactured for application.  

From there, the authors researched the BLDC design as 
shown in Figure 3. 

 

 
 

Figure 3. External rotor BLDC motor 
 
Research on BLDC motors for industrial and civil use is an 

important and rapidly developing field: optimizing stator and 
rotor structures to reduce weight and size while still ensuring 
performance.  

 
 

Figure 4. An example of the total force acting on a vehicle is 
the application of BLDC for electric bicycles 

 
Select high quality materials for coils (copper, aluminum), 

permanent magnets (Neodymium - NdFeB) and laminated 
steel cores to reduce energy loss and increase efficiency. 
Control problem with trapezoidal electromotive force to 
optimize torque, reduce noise and increase energy efficiency, 
used for industrial machines, civil electric vehicles (see Figure 
4). 

For example, Figure 4 shows the forces acting on a vehicle 
when moving on a slope where Fa is the aerodynamic drag 
force, Frr the rolling resistance, Fc the climbing force, Ftrac 
the total drag force, g the acceleration of gravity, θ the slope 
angle. The reference vehicle is a two-wheeled vehicle with the 
parameters as shown in Table 1 below. 

 
Table 1. The main parameters of BLDC 

 
Symbol Parameters Values Unit 

m Total mass 250 kg 
g Acceleration of gravity 9.81 m/s2 

µrr Rolling resistance coefficient 0.004 - 
rwheel Wheel radius 0.1125 m 

δ Air density 1.23 kg/m2 
Cd Air drag coefficient 0.88 - 
v Speed 19.1 km/h 
θ Slope 0 Degree 

 
In today's industry, machines also need precise control, 

aiming for high quality work (Figure 5).  
 

 
 

Figure 5. The BLDC motors used in industrial machinery 
and civil 

 
BLDC are being widely used in electronic devices such as 

fans, computers, printers, hand-held cutting machines, air-
conditioning fans, car air-conditioning fans, drones, as well as 
in the automation and robotics industry. 

 
2.2 The BLDC motor design calculation in industrial and 
civil fields 

 
The BLDC calculation research process is a complex 

process that includes many steps, from determining technical 
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requirements to simulation and actual testing: 
Rated torque is expressed through power Po and angular 

speed ω [3]: 
 

𝑇𝑇 =
𝑃𝑃𝑜𝑜
𝜔𝜔

 (1) 

 
The following formulas are referenced by the author in 

document [4]. Mechanical angular velocity: 
 

𝜗𝜗𝑚𝑚 =
𝑇𝑇
𝜔𝜔

 (2) 

 
Synchronous angular velocity of the motor: 
 

𝜗𝜗𝑒𝑒 =
𝑁𝑁𝑚𝑚
2

.𝑤𝑤𝑚𝑚 (3) 

 
In which, Nm is the number of magnetic poles. 
Basic electrical frequency: 
 

𝑓𝑓𝑒𝑒 =
𝜗𝜗𝑒𝑒

2.𝜋𝜋
 (4) 

 
Number of stator slots: 
 

𝑁𝑁𝑠𝑠 = 𝑁𝑁𝑠𝑠𝑠𝑠 .𝑁𝑁𝑝𝑝ℎ (5) 
 
In which, the component Nsp = Ns

Nph
≥ Nm is the number of 

slots per phase. Number of phases Nph = 3. 
Number of slots per phase under one pole: 
 

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑁𝑁𝑠𝑠𝑠𝑠
𝑁𝑁𝑚𝑚

 (6) 

 
where, Nm is the number of poles of the electromagnet. 

The number of slots per pole is counted: 
 

𝑁𝑁𝑠𝑠𝑠𝑠 = 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠.𝑁𝑁𝑝𝑝ℎ (7) 
 
Step coefficient: 
 

𝛼𝛼𝑐𝑐𝑐𝑐 =
𝑖𝑖𝑖𝑖𝑖𝑖(𝑁𝑁𝑠𝑠𝑠𝑠)
𝑁𝑁𝑠𝑠𝑠𝑠

=
𝜏𝜏𝑐𝑐
𝜏𝜏𝑝𝑝

 (8) 

 
Extreme step angle: 
 

𝜃𝜃𝑝𝑝 =
2.𝜋𝜋
𝑁𝑁𝑚𝑚

 (9) 

 
Groove step angle: 
 

𝜃𝜃𝑠𝑠 =
2.𝜋𝜋
𝑁𝑁𝑠𝑠

 (10) 

 
Electric angle, groove step: 
 

𝜃𝜃𝑠𝑠𝑠𝑠 =
𝜋𝜋
𝑁𝑁𝑠𝑠𝑠𝑠

 (11) 

 
Stator pole step: 
 

𝜏𝜏𝑝𝑝 = 𝑅𝑅𝑜𝑜𝑜𝑜.𝜃𝜃𝑝𝑝 (12) 

Winding step: 
 

𝜏𝜏𝑐𝑐 = 𝛼𝛼𝑐𝑐𝑐𝑐 . 𝜏𝜏𝑝𝑝 (13) 
 

 
 

Figure 6. Detailed dimensions of a part of the engine 
 
Figure 6 shows the dimensions of the BLDC motor with d1 

being the height of the groove neck, wsi, wsb components, 
upper and lower body width, hs being the height of the groove, 
etc. Below is how to determine the dimensions of the BLDC 
motor studied in this study: 

 
𝑑𝑑2 =

𝑤𝑤𝑠𝑠𝑠𝑠
2

 (14) 
 

𝑑𝑑3 =
𝑤𝑤𝑠𝑠𝑠𝑠

2
+ ℎ𝑠𝑠 (15) 

 
𝑤𝑤𝑡𝑡 = 𝜏𝜏𝑐𝑐 − 𝑤𝑤𝑠𝑠 (16) 

 
Inner radius of stator: 
 

𝑅𝑅𝑠𝑠𝑠𝑠 = 𝑅𝑅𝑠𝑠𝑠𝑠 − 𝑑𝑑𝑠𝑠 − 𝑤𝑤𝑏𝑏𝑏𝑏 (17) 
 
In which, ds is the outer radius of the rotor: 
 

𝑑𝑑𝑠𝑠 = 𝑑𝑑1 + 𝑑𝑑2 + 𝑑𝑑3 (18) 
 
The inner radius of the rotor Rri is: 
 

𝑅𝑅𝑟𝑟𝑟𝑟 = 𝑅𝑅𝑠𝑠𝑠𝑠 + 𝐿𝐿𝑚𝑚 + 𝑔𝑔 (19) 
 

where, g = �0,1 + 0,012. �Po
3 �. 10−3 [24]. 

 
Distribution coefficient: 
 

𝑘𝑘𝑑𝑑1 =
𝑠𝑠𝑠𝑠𝑠𝑠 �

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠.𝜃𝜃𝑠𝑠𝑠𝑠
2 �

𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠. 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜃𝜃𝑠𝑠𝑠𝑠2 �
 (20) 

 
Step coefficient: 
 

𝑘𝑘𝑝𝑝 = 𝛼𝛼𝑐𝑐𝑐𝑐 (21) 
 
Slope coefficient: 
 

𝑘𝑘𝑠𝑠 = 1 −
𝜃𝜃𝑠𝑠𝑠𝑠
2.𝜋𝜋

 (22) 

 
Flux concentration coefficient: 
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𝐶𝐶𝜙𝜙 =
2.𝛼𝛼𝑚𝑚

1 + 𝛼𝛼𝑚𝑚
 (23) 

 
where, 𝛼𝛼𝑚𝑚 = 𝜏𝜏𝑚𝑚

𝜏𝜏𝑝𝑝
 fractional magnet coefficient, 𝜏𝜏𝑚𝑚 is the width 

of the magnet 
Environmental constant: 
 

𝑃𝑃𝑐𝑐 =
𝑙𝑙𝑚𝑚
𝑔𝑔.𝐶𝐶𝜙𝜙

 (24) 

 
With, 𝑙𝑙𝑚𝑚 is the length of the magnet. 
 

 
 

Figure 7. Demagnetization curve of permanent magnet 
 
In Figure 7, the B axis is the magnetic flux density value in 

the steel core, and the µoH axis is the magnetic flux density 
value in the air, with the values Br is the remanent magnetism, 
Bm the maximum magnetic flux value, µr µo the permeability 
of the steel core and the permeability of the air, Hc is the 
coercive force, Hm the maximum magnetic field strength. 

 

𝐴𝐴𝑔𝑔 =
𝜏𝜏𝑝𝑝. 𝐿𝐿. (1 + 𝛼𝛼𝑚𝑚)

2
 (25) 

 
Initial air gap flux density: 
 

𝐵𝐵𝑔𝑔 =
𝐶𝐶𝜙𝜙

1 + 𝜇𝜇𝑅𝑅. 𝑘𝑘𝑐𝑐 . 𝑘𝑘𝑚𝑚𝑚𝑚
𝑃𝑃𝑐𝑐

.𝐵𝐵𝑟𝑟  (26) 

 
In which, Br is the residual magnetic density. 
The air gap flux: 
 

𝜙𝜙𝑔𝑔 = 𝐵𝐵𝑔𝑔.𝐴𝐴𝑔𝑔 (27) 
 
Preliminary yoke width: 
 

𝜔𝜔𝑏𝑏𝑏𝑏 =
𝜙𝜙𝑔𝑔

2.𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 . 𝑘𝑘𝑠𝑠𝑠𝑠 . 𝐿𝐿
 (28) 

 
Compression coefficient Kst = 0.95. Bmax component of 

allowable magnetic flux density in the yoke Bmax = 1.45 T. 
Preliminary tooth width: 
 

𝜔𝜔𝑡𝑡𝑡𝑡 =
2
𝑁𝑁𝑠𝑠𝑠𝑠

.𝑤𝑤𝑏𝑏𝑏𝑏  (29) 

 
Cross section of the slot containing the preliminary 

winding: 

𝐴𝐴𝑠𝑠 = ℎ𝑠𝑠. �𝜃𝜃𝑠𝑠. �𝑅𝑅𝑠𝑠𝑠𝑠 − 𝑑𝑑1 −
ℎ𝑠𝑠
2
− 𝑑𝑑2� − 𝑤𝑤𝑡𝑡𝑡𝑡� + 𝜋𝜋.

𝑤𝑤𝑠𝑠𝑠𝑠2

4
 (30) 

 
Maximum counter-electromotive force: 
 
𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑁𝑁𝑚𝑚 .𝑘𝑘𝑑𝑑 . 𝑘𝑘𝑝𝑝. 𝑘𝑘𝑠𝑠.𝐵𝐵𝑔𝑔. 𝐿𝐿.𝑅𝑅𝑟𝑟𝑟𝑟.𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠.𝑛𝑛𝑠𝑠.𝑤𝑤𝑚𝑚 (31) 

 
Peak groove current: 
 

𝐼𝐼𝑠𝑠 =
𝑇𝑇.𝑤𝑤𝑚𝑚
𝑒𝑒𝑚𝑚𝑚𝑚𝑚𝑚

 (32) 

 
Primary phase current: 
 

𝐼𝐼𝑝𝑝ℎ =
𝐼𝐼𝑠𝑠

𝑁𝑁𝑝𝑝ℎ.�3
2

 
(33) 

 
Peak winding current density: 
 

𝐽𝐽𝑐𝑐 =
𝐼𝐼𝑠𝑠

𝑘𝑘𝑐𝑐𝑐𝑐 .𝐴𝐴𝑠𝑠
 (34) 

 
Number of fibers in 1 slot: 
 

𝑢𝑢𝑟𝑟 =
1000000.4.𝐴𝐴𝑠𝑠
𝜋𝜋.𝑑𝑑.𝑑𝑑.𝑛𝑛𝑠𝑠

 (35) 

 
From the above analytical calculation expressions, we 

conduct simulation research to get the results in part three as 
follows. 

Sundaram et al. [23] confirmed that the 51-slot/46-pole 
combination is the optimal configuration for in-wheel PMSM 
hub motors in two-wheeler electric vehicles due to its low 
cogging torque, reduced core losses, and superior overall 
performance 

The mesh was generated with a total of 210,750 elements. 
The simulation was configured in transient mode over a time 
interval from 0 to 0.02 s with a fixed time step of 0.002 s. 
ANSYS Maxwell 3D was used for the electromagnetic 
analysis, and after the simulation was completed, the 
corresponding results were obtained. 

 
 

3. RESEARCH RESULTS AND DISCUSSION 
 

 
 

Figure 8. Flux density of BLDC motor 
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Figure 9. BLDC motor stator current 
 

 
 

Figure 10. BLDC motor stator voltage 
 

The application of generator calculation and design 
methods, especially the finite element method (FEM), has 
proven to be highly reliable in simulating electric motors. 
Ansys Maxwell software is a dedicated tool for simulating 
electric machines, using finite element analysis techniques 
based on Maxwell's equations to evaluate and analyze the 
electromagnetic characteristics of the device. 

Faraday's law of induction: 𝛻𝛻 × 𝐸𝐸 = −𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 
Gauss's law of magnetic field: 𝛻𝛻 • 𝐵𝐵 = 0  

Ampere's law: 𝛻𝛻 × 𝐻𝐻 = 𝐽𝐽 + 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 
According to Gauss's law of electric field: 𝛻𝛻 • 𝐷𝐷 = 𝜌𝜌 
We have the following simulation results: 
Looking at the simulation results of Figure 8, we see: 

magnetic flux density is a key factor, directly affecting the 
performance, always creating inertial torque (during the 
control and working process - ensuring torque), optimization 
in the working process achieves high quality during the 
operation of the motor. 

From Figure 9 and Figure 10, we have the transmitted power 
calculated: 

 
Soutput = 3*Sa = 3*4.1*28 = 344.4 W (36) 

 
Poutput = Soutput.cosφ = 373.86 *1 = 344.4 W (37) 

 
From Figure 9, the shaft power is: 
 

𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑇𝑇 ∗ 𝑛𝑛
9.55

=
6.39 × 445

9.55
≈ 312 𝑊𝑊 (38) 

 
In which, component n is the engine rotation speed. From 

Eqs. (37) and (38), we have the engine efficiency: 
 

𝜂𝜂 =
𝑃𝑃𝑡𝑡𝑡𝑡ụ𝑐𝑐
𝑃𝑃𝑝𝑝ℎá𝑡𝑡

=
312

344.4
≈ 91% (39) 

 

 
 

Figure 11. Torque response 
 

Table 2. The BLDC simulation and testing results 
 

Symbol Parameters Study FEM BLDC-D5BLD 300-12 Test Unit 
Po Rated capacity 345 345 300 W 

Nđm Rated rotation speed 450 445 400 rpm 
T Rated moment 7.32 6.39 5.8 N.m 

EPM = U Induced voltage 4 4.1 4 V 
I Rated current 28 28 21.25 A 
L Iron core length 24.2 24.2 - mm 
ur Number of wires in a slot 2 2 - - 
Ns Number of stator slots 51 51 -  
Br Residual magnetism 1.1 1.1 - T 
Rso Stator outer radius 99.5 99.5 - mm 
Rsi Inner radius of stator 81.5 81.5 - mm 
Rro Rotor outer radius 112.5 112,5 - mm 
Rri Inner radius of stator 99.85 99.85 - mm 
hPM Magnet thickness 2 2 - mm 
p Number of pole pairs 23 23 - - 
η Efficiency 91 91 - % 

 
From the research results in Figure 9, Figure 10 shows the 

voltage value and stator current value of the motor according 
to the design research parameters, from which we see the 
characteristic curve of the true nature, the features that can be 
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applied in the working process and control of BLDC motors in 
the current industrial and civil fields. In Figure 11, we see that 
the torque response of the motor in the simulation always 
closely follows the actual working of the BLDC motor in 
reality. This problem when the motor is working, there always 
needs to be an increase or decrease in speed, a change in 
torque, direct control of torque at any time, always coincides 
with the change in speed, suitable (in a total time of 18ms) of 
the response, with the voltage, current and torque of the BLDC 
motor. 

In general, when analyzing the results of Figure 8, the 
magnetic flux density is evenly distributed, the current Figure 
9 and voltage Figure 10 form is relatively trapezoidal. Then 
we see in Figure 9 that the torque response is quite stable and 
established at T = 6.39 N.m. The author gives detailed results 
of the research and testing in Table 2. 

 
 

4. CONCLUSION 
 
This paper has successfully researched and designed a high-

performance BLDC motor with great potential for application, 
especially in the field of industrial and civil machinery 
manufacturing. The main results show that the motor has 
achieved outstanding advantages, including: Stable 
performance and operation and high efficiency, up to 91%. 
The ability to generate large, stable starting torque (reaching 
6.39 N.M in simulation), low maintenance and smooth 
operation, this issue shows good operating quality, meeting the 
requirements of new designs. In addition, optimizing materials 
and production costs: The use of high-performance NdFeB 
magnets not only improves performance but also helps reduce 
product costs, opening up opportunities for widespread 
commercialization. Practical applications: This design is 
optimized for green means of transport such as electric 
bicycles, electric vehicles, electric cars, and current industrial 
and civil machinery. Role of simulation: Application of 
ANSYS Maxwell software and finite element method (FEM) 
has demonstrated the reliability of the design. 

Future directions: The study has laid a solid foundation for 
further steps, including design optimization using modern 
algorithms and motor application research for automatic 
control fields, especially in electric vehicles. Overall, this 
study has provided a feasible and efficient BLDC motor 
design, demonstrating strong application potential in the 
future, especially in the field of transportation in today's 
industrial and civil machinery. 
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NOMENCLATURE 
 
𝑇𝑇 Rated torque, Nm 
𝜗𝜗𝑚𝑚 Mechanical angular velocity  
𝑁𝑁𝑠𝑠 Number of stator slots 
fe Basic electrical frequency 
 
Greek symbols 
 
α Step coefficient 
θ Extreme step angle 
𝜏𝜏𝑝𝑝 Stator pole step 
Φ The air gap flux 
ω Angular speed 
 
Subscripts 
 
ref Reference 
shaft The shaft power 
output The transmitted power calculated 
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