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Brushless DC (BLDC) motor is widely used for various applications such as
transportation. BLDC motor has many advantages compared to brush motor
such as more compact, high robustness and simplest construction. The
maintenance of this motor also low compared to brush motor due to absent of
the brush inside the motor. For electric bicycle application, the conventional
motor has low electromagnetic torque because not properly designed. It faces
low torque density as the motor in full load condition especially during climb
uphill. In this research, an optimum magnetic energy is being determine by
proper selection of permanent magnet size. In addition, this research also
increases the input current in dynamic condition into the designed BLDC
motor. Finite element method (FEM) is used to analyze other performance
characteristic of improved motor such as back electromotive force (EMF),
electromagnetic torque, flux linkage, and stator flux density. Parameter for
improve the current motor are selected and varied based on the required
specification. In conclusion, the research proposed the new motor specification
that has highest electromagnetic torque of brushless DC motor. Finally, this
research provides guidelines, suggestions and proposes a better improved
structure in optimize the magnetic energy in BLDC motor.
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1. INTRODUCTION

The brushless motor are generally preferred in industries compared to induction motor [1]-[5]. The
Brushless motors are divided into two type that namely permanent magnet synchronous motor (PMSM) and
the permanent magnet brushless DC (PMBLDC) motor [6]-[8]. They have different characteristics, especially
in the back EMF output wave. A sinusoidal wave is the characteristic output of PMSM maotor [7], [9]-[11].
While the trapezoidal waveform of the PMBLDC motors is for the back EMF output [12]. Typically, the
construction of a brushless motor system is similar to a permanent magnet synchronous motor (PMSM) [13]-
[15]. PMBLDC motor uses permanent field excitation magnets on the rotor and electronically switched stator

winding [7], [16]-[18]. Compared to

induction motors, the rare earth magnets help to make these motors

efficient and compact [19]-[22]. Although less efficient than three-phase PM BLDC motors, single-phase PM
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BLDC motors are cost-effective and easy to mass-produce [23]. These are used in applications ranging from
a fraction of watts to less than hundred watts which need output power [24].

Most of the current electric bicycle nowadays difficult to handle. The unsuitable size of motor
affects the wheel balancing. It is because the size and volume of the motor used by manufacture is not
compact when compared to weight of the bicycle [1], [24]-[26]. The user has difficulties to control their
vehicle during turning the road. In other issue, low torque density motor can cause more current to accelerate.
This situation automatically can make the winding of the motor become hot and also reduce the winding
resistance [1], [14], [25]. Some of electric bicycle was unable to carry heavy load. The electric bicycle
requires more electromagnetic torque to carry heavy load. When the electromagnetic torque produce by the
motor is not enough, the electric bicycle become slower during climbing. This scenario also can cause the
winding inside the motor become overheated and caused the motor damaged [1]. This factor can reduce the
lifespan of the electric bicycle [1]. The electromagnetic torque of the motor affect by the number of poles. 16
poles can achieve at least 79% of efficiency [4].

In this research, the size of the motor has been improved to prevent the motor become heavier at the
same time to ensure that factor not affect the handling of the electric bicycle. To improve the performance of
motor, the size of permanent magnet has been analyzed and maximized to optimize the magnetic energy.
With optimized magnetic energy, the electromagnetic torque characteristic and back EMF characteristic also
will be optimized. This research also analyzed the number of coils turns to maximize area around the stator
teeth. With the larger diameter of coil used, it also can support higher input current into the motor. In
addition, the motor can be more rugged than conventional motor. This way also can improve the total
lifespan of the motor and electric bicycle.

2. RESEARCH METHOD
2.1. Basic structure of BLDC motor in this research

In this research, the target specification of the BLDC motor is 100 W. The basic structure of the model
shown in Figure 1. The component of the motor consists of permanent magnet, rotor, stator, and coil. The stator
and rotor are made from non-oriented silicon steel (M250)-35 A and neodymium boron iron (NdFeB 42) for
permanent magnet. The coil is made from copper with 0.75 mm diameter. Therefore, it required suitable input
current to produce optimum value of electromagnetic torque. The design specification is shown in Table 1.

Permanent Rotor
magnet

Stack
Stator

Stator
Diameter

Winding

Figure 1. Basic structure of BLDC motor in this research

Table 1. Design specification

Motor Parameter [Unit]  Specification

Rated power Wi 100

Phase number 3

Pole number 20

Stator slot 18

Permanent Magnet type Neodymium Iron Boron (NdFeB)
Air gap [mm] 0.2

Stack length [mm] 28

2.2. Analysis parameter of research BLDC motor

Table 1 show the design specification that will be fixed for all model of BLDC in the analysis while
Table 2 is the varied parameter for each model in this research. Based on Table 1, the pole number and stator slot
number are 20 and 18, respectively. The air gap of the BLDC motor is 0.2 mm. The stator stack length is set 28
mm and its equal to permanent magnet thickness. Based on Table 2, the size of permanent magnet and the number
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of coils turns has been varied. In FEM analysis, the researcher has set multiple input current and various speed for
each BLDC model. The result that gained from the FEM has been analyzed and compared from all models.

The motor will be modeled in various size of permanent magnet while the size of stator remains
constant. Table 2 shown the various size of permanent magnet, which are 2x4, 2x5, 4x4, 4x5 in mm and other
varied parameters. These various models will be developed using computer aided design (CAD) software.

Table 2. Varied parameter for BLDC motor

Parameters [Unit] Values
Size of permanent magnet  [mm] 2x4, 2x5, 4x4, 4x5
Winding turns [turns] 25and 35
Coil size [mm] 0.5and 0.7
Input current [A] 0,1,2,4,6,8,10
Speed [rpm] 100, 200, 300, 400, 500

After the assembly process in CAD is successful, the 3D model will be exported to ANSYS
maxwell for FEM modelling. Basically, it requires time to develop the model depending upon the software
requirement. Then, development of mesh will take place. The more detail of mesh, the more the accuracy of
the result will be obtained. After mesh development is complete, the element calculation of the structure
model will be declared. Next, material and other configuration such as simulation time, motion setup, and
boundaries will be selected. For BLDC motor in this research, it has various size of permanent magnet. While
maintaining the outer diameter of the motor and stator, the dimension of the rotor also should be varied to
keep the size of permanent magnet fit into the motor.

In FEM, the electromagnetic properties of the motor will be analyzed to determine the characteristic of
back EMF, electromagnetic torque, flux density, and flux linkage. The result produced by the FEM are more
accurate compared to analytical because it calculates non-linear characteristic of electromagnet. The losses such
as core and eddy effect loss are taking account by the FEM. After the first model has been analyzed using FEM,
the same model will be changed with other size of permanent magnet, number of coils turns, input current, and
speed as shown in Table 2. The number of coils is set to two types consist of 25 turns and 35 turns. For the
model with 25 turns, the size of coil is 0.5 mm while for 35 turns is 0.7 mm. Input current also will be set with
various type consist of direct current (DC) for static analysis and alternating current (AC) for dynamic analysis.
For the static analysis, the model will be input from zero input current until 8A while the dynamic analysis will
be input from 1 A until 10 A. Finally, the speed of the motor also will be varied from 100 rpm to 500 rpm. All
these varied parameters will be simulated in FEM environment. If the FEM result are found unsatisfactory,
some parameter will be modified. The process is repeated until the result is acceptable.

The performance criteria that will be used for selection determination are back EMF, maximum
electromagnetic torque, and stator flux density with optimum magnetic energy. All the analysis result of
various model that been carried out from FEM will be compared to choose the most suitable model that has
optimum magnetic energy based on the design specification as shown in Table 1. The overall research

flowchart has been shown in Figure 2.
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Figure 2. Overall research flowchart
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3. RESULT AND DISCUSSION

In this analysis, the design of the BLDC motor has been set to various type of speed from 100 to 500
rpm. To observe the effect of flux linkage, the model has been designed with various size of permanent
magnet. The size of permanent magnet is 2x4, 2x5, 4x4, and 4x5 in mm. The number of coils turn also has
been set with different numbers which are 25 turns and 35 turns for all models.

3.1. Simulation result

In this simulation, the effect of flux linkage for all the models has been observed with zero input
current (0 A) condition. Figure 3 (a) shows the flux linkage of the motor for the permanent magnet size 4x5
mm. It shows the maximum flux linkage is 0.02 Wb and in three phase sinusoidal waveform. From Figure 3
(8), the value of maximum flux linkage is recorded and presented in Figure 3 (b). Based on this figure, the
value of flux linkage affected by two variables which are permanent magnet size and the number of coils.
The maximum value for flux linkage is 0.02 Wb for 4x5 mm of permanent magnet with 35 number of coils
turns per slot. But the maximum value of flux linkage for 25 coil turns is 0.015 Wb for 4x5 mm permanent
magnet. The lowest value of flux linkage for 35 number of coil turns is 0.009 Wb for 2x5 mm of permanent
magnet. While the lowest flux linkage for 25 coil turns is 0.005 Wb for 2x5 mm permanent magnet. It can be
concluded that the flux linkage is directly proportional to size of permanent magnet. It is because bigger size
of the permanent magnet has higher magnetic energy. Then, it will affect the maximum value of the flux
linkage of the motor.
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Figure 3. Analysis of flux linkage, (a) flux linkage for 4x5 mm model with 35 coils turns, (b) maximum of
flux linkage

In this analysis, the back EMF from all models has been observed with zero input current (0 A).
Figure 4 shows the back EMF of the motor for permanent magnet size of 2x5 mm with 35 coils turns at 200
rpm. It shows the maximum back EMF achieved at 4 V in balanced three phase sinusoidal waveform. From
Figure 4, the maximum value of back EMF based on various size of permanent magnet, number of coils
turns, and speed of motor is recorded by Figure 5.

Figure 5 shows the maximum back EMF in rms form vs speed for all sizes of permanent magnet.
Each of the model has been analyzed with different speed starting from 100 rpm to 500 rpm. The back EMF
has been compared with different size of permanent magnet consist of 2x4 mm, 2x5 mm, 4x4 mm, and 4x5
mm. It also has been compared with different number of coils consist of 25 and 35 turns.

Figure 5 (a) shows the maximum back EMF for 2x4 mm permanent magnet sizes. For 2x4 mm
permanent magnet size, the maximum back EMF for 25 and 35 number of coil turns is 22 mV and 30 mV,
respectively. The back EMF for Figure 5 (a) is directly proportional to speed. Based on Figure 5 (b), the
maximum back EMF of 2x5 mm permanent magnet size for 25 and 35 number of coil turns is 7 V and 10 V,
respectively. The back EMF produced is increase when the speed of the motor increases. The Figure 5 (c)
shows the maximum back EMF of 4x4 mm permanent magnet size is increased up to 5 V and 8 V for 25 and
35 number of coils turns, respectively. The back EMF for Figure 5 (c) shows similar patten with Figures 5 (a)
and (b). Based on Figure 5 (d), it shows the maximum back EMF of 4x5 mm permanent magnet size for 25
and 35 number of coil turns is increased up to 8 V and 11 V, respectively.
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In conclusion, the permanent magnet volume will affect by the back EMF. Higher the volume of the
permanent magnet, higher the magnetic energy produced by the motor. The back EMF was the result of the
permanent magnet flux crossing the air gap in radial direction and cutting the coil of the stator at a rate of
proportional to the rotor speed. The higher the number of coils turns, the higher the back EMF produced by
the motor. Here, back EMF is directly proportional to number of coil and speed.

Back EMF, Km# [V]
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Figure 4. Back EMF in simulation analysis for 2x5 mm model
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Figure 5. Back EMF for different permanent magnet size, (a) 2x4 mm, (b) 2x5 mm, (c) 4x4 mm, (d) 4x5 mm
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Figure 6 shows the result of flux density distribution in simulation for 4x5 mm size of permanent
magnet with 35 turns coil and 8 A of input current. The highest value of flux density point reaches up to 1.3 T
which does not reach the saturation. The maximum flux density can be traced at the middle of the stator pole.
The flux density also has been traced existing at rotor part. The maximum value of flux density occurs at rotor
in average 1.3 T. However, there are certain area that achieved 2.3 T but it can be ignored. It is because that area
is the gap that used as flux barrier of each permanent magnet pole. This flux barrier will reduce the flux leakage
that going back to the permanent magnet itself. It can be concluded that the smallest area of the part, the higher
flux density will be occurred.

Figure 6. Magnetic flux density distribution in simulation analysis for 4x5 mm model

The highest value of stator flux density gain by the all model has been analyzed and recorded in Figure 7.
Each of the model has been analyzed with various input current starting from zero input current (0 A) to 8 A input
current. The value of flux density has been compared with different size of permanent magnet consist of 2x4, 2x5,
4x4, and 4x5 in mm. It also has been compared with different number of coils consist of 25 and 35 turns.

Figure 7 shows the stator flux density for different size of permanent magnet. For Figure 7 (a), the 2x4 mm
permanent magnet size, the stator flux density can achieve to 1.2 T and 1.4 T for number of coil turns is 25 and 35,
respectively. The stator flux density of Figure 7 (a) is increase directly proportional to input current of the motor.
Based on Figure 7 (b), it shows 2x5 mm permanent magnet size with for 25 and 35 number of coils turns has
maximum stator flux density of 1.4 T and 1.5 T, respectively. The stator flux density start increases when the input
current is 2 A. The stator flux density remained at maximum point of 1.5 T for 4x4 mm and 4x5 mm of permanent
magnet with 35 number of coils turns. In directly, the stator flux density for 4x5 mm permanent magnet with number
of coils turns of 25 turns is 1.3 T. For Figure 7 (c), the stator flux density starts to increase from 0.50 T when input
current is 2 A. Meanwhile, for Figure 7 (d), the stator flux density starts to increase at 4 A of input current.

In conclusion, the permanent magnet volume will affect the stator flux density. Moreover, higher
volume of the permanent magnet, greater the magnetic energy produced by the motor. The greater the number
of coils turns, the higher the gradient of the stator flux density until it saturated. It can be concluded that stator
flux density is increase when the number of coil increases. The stator flux density also increases until it
saturated when the input current increased.

In this analysis, Figure 8 shows the electromagnetic torque with 4 A of input current in simulation
analysis for 2x5 mm of permanent magnet size. This analysis has been set with constant 200 rpm of speed for
all motor. The highest point of electromagnetic torque is around 3 Nm and 5 Nm for 2x5 mm permanent
magnet size with 25 and 35 coils turns, respectively. Each electromagnetic torque has same pattern with
different number of coils turns.

The average electromagnetic torque recorded from Figure 8 and another model is presented at
Figure 9. Each of the model has been analyzed with different value of input current starting from 0 A until 10
A. Each of the average of electromagnetic torque has been compared with different size of permanent magnet
consist of 2x4, 2x5, 4x4, and 4x5 in mm. In this analysis, the electromagnetic torque also has been compared
with various number of coils turns consist of 25 and 35 turns.

For Figure 9 (a), it shows the highest average of electromagnetic torque for 25 and 35 number of
coils turns with 2x4 mm of permanent magnet size is 0.24 Nm and 0.38 Nm, respectively. The
electromagnetic torque for Figure 9 (a) is increases directly proportional to input current at the motor. For
2x5 mm of permanent magnet size in Figure 9 (b), it increased up to 3.0 Nm and 4.0 Nm for 25 and 35 coil
turns, respectively. Based on Figure 9 (b), the electromagnetic torque of the motor increase as the input
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current of the motor increases. Figure 9 (c) shows the 4x4 mm of permanent magnet size with average of
electromagnetic torque for 25 and 35 number of coil turns is 2.5 Nm and 3.0 Nm, respectively. The
electromagnetic torque produce by the motor is higher when the input current of the motor is higher. Based
on Figure 9 (d), it shows the highest average of electromagnetic torque of 4x5 mm permanent magnet size are
3.3 Nm and 4.5 Nm for 25 and 35 number of coils turns, respectively. In this Figure 9 (d), the
electromagnetic torque is higher when the input current is greater. In conclusion, the permanent magnet
volume also will affect the electromagnetic torque produced by the motor. More surpassing the volume of the
permanent magnet, greater the magnetic energy produced by the motor. The higher the number of coils turns,
the higher the electromagnetic torque of the motor.

2.0 2.0
E E
5 15 S s [T SR g LB TN
= 35turns //Q =
42-: ! : é
‘2 1.0 B 10
g 8
E . i Ll_é_ ,,,,,,
=05 I 25tiirAs T 5
2 g
pe s s i i n
@ 0 I I I I 00— %51
0 2 4 6 8 10
Input Current , | [A] Input Current , 1 [A]
(@) (b)
2.0 2.0
E ‘ E
g 15 i 35tUS 6 515
[an] : : [an]
= =
2 2
g 10 g 10
[a) [a)
5 5
[ 25turns T
5 0.5 S 5 05
= ‘ =
w wn
| | | | | | | |
0.05 2 4 6 g8 10 00 2 4 6 8 10
Input Current , | [A] Input Current , | [A]
(c) (b)
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Figure 8. Electromagnetic torque with 4 A of input current for 2x5 mm model
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Figure 9. Average electromagnetic torque for different size of permanent magnet, (a) 2x4 mm, (b) 2x5 mm,
(c) 4x4 mm, (d) 4x5 mm

3.2. Result selection

Based on all performance analysis that been discussed previously, this section explained, and conclude
the best criteria as the final model. Before the best model is chosen, the performance characteristic that being
considered are flux linkage, back EMF, stator flux density, and electromagnetic torque. Depend on Table 3, the
back EMF produced by 4x5 mm of permanent magnet size with 35 coils turns is 11 V. When compared to
another selected model, the back EMF from this model is the highest. Back EMF from 2x5 mm of permanent
magnet size with 35 coil turns is lower than the first selected model which is 9 V. Meanwhile, the lowest back
EMF from all selected model is 8 V from 4x5 mm of permanent magnet size with 25 coils turns.

Flux density for this section is taken from one value of input current before the model reach the
saturation state. In this research, the saturation state of flux density for each model is around 1.5 T. In this
comparison, flux density from all selected models analyzed at 6 A of input current. This point is selected
because each model has reached the highest value of flux density before it saturated. Based on Table 3, flux
density from 2x5 mm of permanent magnet size with 35 coils turns is 1.4 T. This model followed by 1.3 T
from 4x5 mm of permanent magnet size with 35 coils turns. The lowest flux density is 1.0 T from 4x5 mm of
permanent magnet size with 25 coils turns. Therefore, flux density from 4x5 mm of permanent magnet is
most ideal compared with other two selected model. It is because the flux density from this model does not
reach the saturation point compared to 2x5 mm of permanent magnet size. Flux density from 4x5 mm of
permanent magnet size with 25 coils turns is too low compared to 4x5 mm of permanent magnet size with 35
coils turns. Based on Table 3, the electromagnetic torque from 4x5 mm of permanent magnet size with 35
coils turns is the highest. The highest electromagnetic torque achieved is 4.5 Nm. Model 2x5 mm of
permanent magnet size with 35 coils turns has 3.8 Nm of electromagnetic torque while the lowest
electromagnetic torque in selected model is 3.2 Nm for 4x5 mm of permanent magnet with 25 coils turns.

Based on Table 3, model with 4x5 mm of permanent magnet with 35 coils turns is the best model
compared to other. This model reaches the higher value of flux linkage with balance waveform (0.020 Wh).
This model followed by the 2x5 mm of permanent magnet size with 35 coils turns. The flux linkage from this
model is 0.018 Wb. The lowest flux linkage is 0.015 Wb from 4x5 mm of permanent magnet with 25 coils
turns. The best back EMF has produced from 4x5 mm of permanent magnet size with 35 coils turns.
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Table 3. Selected model with performance characteristic
Model CoilsTurns @ max Wbl Vemr [V] Baa [T] Te [Nm]
1 13

4x5 35 0.020 1 4.5
2x5 35 0.018 9 14 3.8
4x5 25 0.015 8 1.0 3.2

4. CONCLUSION

Based on the analysis, the performance of electromagnetic torque and back EMF of the motor can be
improved by increasing the size of permanent magnet. This is because the higher volume of permanent
magnet produced higher magnetic energy. Model 4x5 mm of permanent magnet has the optimum magnetic
energy because it has higher flux linkage, back EMF and electromagnetic torque compared to another model.
In addition, the higher number of coils turns apply to the motor also can improved the motor electromagnetic
torque and back EMF characteristics. Besides that, the electromagnetic torque characteristic of the motor will
be affected by the value of input current.
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