
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Design optimization analysis on the performance
of BLDC motors on electric bicycles
To cite this article: Z. Arifin et al 2022 J. Phys.: Conf. Ser. 2406 012016

 

View the article online for updates and enhancements.

You may also like
Identification and Abundance of
Macroalgae at Batu Layar Coast, West
Lombok, Indonesia
I A P Kirana, N S H Kurniawan, A S Abidin
et al.

-

Development of Propolis Fraction from
Madu Efi’s Bee Farm
S E Mustika, A Lelo, P A Hasibuan et al.

-

Analysis and Research of Electric Bicycle
Design Based on Hall Three-Dimensional
Structure
Jiawen Xie and Zhiyong Xiong

-

This content was downloaded from IP address 103.53.32.15 on 30/10/2023 at 01:07

https://doi.org/10.1088/1742-6596/2406/1/012016
https://iopscience.iop.org/article/10.1088/1755-1315/913/1/012057
https://iopscience.iop.org/article/10.1088/1755-1315/913/1/012057
https://iopscience.iop.org/article/10.1088/1755-1315/913/1/012057
https://iopscience.iop.org/article/10.1088/1755-1315/1188/1/012044
https://iopscience.iop.org/article/10.1088/1755-1315/1188/1/012044
https://iopscience.iop.org/article/10.1088/1742-6596/1631/1/012163
https://iopscience.iop.org/article/10.1088/1742-6596/1631/1/012163
https://iopscience.iop.org/article/10.1088/1742-6596/1631/1/012163


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICE-ELINVO-2022
Journal of Physics: Conference Series 2406 (2022) 012016

IOP Publishing
doi:10.1088/1742-6596/2406/1/012016

1

 

 

 

 

 

 

Design optimization analysis on the performance of BLDC 

motors on electric bicycles 

Z. Arifin1), I W Adiyasa2) *, M A Hizami Rasid3)  

1) Automotive Engineering Education, Faculty of Engineering, Universitas Negeri 

Yogyakarta  

2) Automotive Engineering, Faculty of Engineering, Universitas Negeri Yogyakarta 

3) Faculty of Mechanical & Automotive Engineering Technology, Universiti Malaysia 

Pahang 

 

Email: iwayanadiyasa@uny.ac.id  

Abstract. Optimal design results in maximum motor performance. This type of BLDC motor 

has undergone design innovations such as surface-mounted permanent magnet (SPM) with 

variants such as: radial magnet, rectangular magnet, and bread-loaf. The position of the outer 

rotor is a motor design that is commonly applied to electric bicycles. The position of the magnet 

attached to the side of the electric motor body allows for superior torque performance. In this 

paper, we present an analysis of the BLDC motor on an electric bicycle that has been 

implemented. The motor used uses the outer rotor SPM geometry with a power of 500W. 

Parameter changes made are slot depth, tooth width, and comparing the basic design with the 

Halbach array design using 2 and 3 magnets. Changes in these parameters have an impact on 

power, torque, speed, and efficiency. 

1.  Introduction  

The development of electric motors for transportation has entered the realm of design. Optimal design 

results in maximum motor performance. This is shown from the results of testing the electric motor. 

Where, the design improvement shows an increase in performance. The types of electric motors that are 

often used are DC motors, induction motors, and brushless DC motors (BLDC). DC motor does not 

experience a significant increase. Brushed DC motors are still the main obstacle in increasing efficiency. 

Brushed DC motors cause power losses when the DC motor is operated. DC motor design innovations 

were developed according to the circuit used, such as: permanent magnet, series, shunt, and separately 

excited. The geometric design of the DC motor has not changed. 

The design of the induction motor underwent a good geometric design change. The development of 

the geometric design includes a synchronous reluctance motor (Sync-RM). It is claimed that the motor 

using the Sync-RM geometric design has higher efficiency than the squirrel-cage induction motor. In 

transportation applications, both induction motors and Sync-RM must use high voltages. It takes a lot 

of battery cells that must be carried by the vehicle. In the implementation of small transportation 

applications such as bicycles and scooters, the use of induction motors and Sync-RM is not appropriate. 

This type of BLDC motor has undergone design innovations such as interior permanent magnet 

(IPM) and surface-mounted permanent magnet (SPM) [1]–[3]. The geometric design of IPM has variants 

such as: inset magnet, spoke magnet, halfback-array, v-magnet. SPM geometric design has variants such 
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as: radial magnet, rectangular magnet, and bread-loaf [4], [5]. In addition to this design, the rotor 

position is adjusted into 2 types, namely the inner rotor and outer rotor. Inner rotor design, the position 

of the magnet attached to the rotating shaft. While the outer rotor design, the position of the magnet 

attached to the side of the electric motor body. Each design has the advantage of increasing power, 

torque, speed, and efficiency [6]–[9]. The implementation for BLDC motor applications has many 

advantages including use in heavy vehicles, public transportation, bicycles, to scooters. The voltage 

requirement for the implementation of a BLDC motor is 24-400 VDC [10]. 

In this paper, we present an analysis of the BLDC motor on an electric bicycle that has been 

implemented. The motor used uses the outer rotor SPM geometry with a power of 500W. The design 

parameters are based on the existing BLDC motor. Parameter changes in the form of slot depth, tooth 

width, and comparing the basic design with the halbach array design using 2 and 3 magnets. Parameter 

changes were made to obtain the performance characteristics of each different design. Design 

differences have an impact on differences in performance of power, torque, speed, and efficiency. The 

results of the analysis will explain the classification of design parameters in improving the performance 

of power, torque, speed, or efficiency. 

2.  Study of literature 

The simulation process on the design of the electric bicycle BLDC motor is carried out by identifying 

the design parameters of the electric motor. Figure 1 shows the outer rotor SPM design which is widely 

implemented on electric bicycles. Figure 1 (a) shows the design of the BLDC SPM outer rotor radial 

magnet. This design uses different poles, the position of the magnet is perpendicular to the opposite side. 

Figure 1 (b) shows the BLDC SPM outer rotor halbach array design with 4 magnets. This design uses 

the same pole with a total of 4 magnets, after which there are 4 magnets towards the opposite pole. The 

number of opposite poles is according to the design. 

 
(a) 

 
(b) 

Figure 1. (a) Design of BLDC SPM outer rotor radial magnet, (b) Design of BLDC SPM outer rotor 

Halbach array 

 

The use of the BLDC SPM outer rotor design is to have a large enough torque at a speed that suits 

the needs of an electric bicycle. In order to determine the size of a BLDC SPM outer rotor that will 

produce a required torque (𝑇), the following scaling law can be used: 

𝑇 = 𝑘𝐷𝑟
2𝐿 (1)  

Where, 𝑘 is a constant, 𝐷𝑟 is the rotor outer diameter and 𝐿 is the stack length using 

𝐿 = 𝑟𝐷𝑠 (2)  
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𝐷𝑠 =
𝐷𝑟
𝑓

 
(3)  

Where, 𝐷𝑠 is the stator outer diameter, 𝑟 is motor aspect ratio, 𝑓 is rotor-stator ratio, (1) can be 

expressed as 

𝑇 = 𝑘
𝑟

𝑓
𝐷𝑟
3 (4)  

In the context of Sizing, power balance between the input power 𝑃𝑖, the mechanical power 𝑃𝑚 and 

the windings losses 𝑃𝑙 is expressed as 

 

𝑃𝑖 = 𝑃𝑙 + 𝑃𝑚 (5)  

Where the input power (𝑃𝑖) is given by 

𝑃𝑙 = 𝑁𝑝ℎ𝑉𝑟𝑚𝑠𝐼𝑟𝑚𝑠 cos𝜙 (6)  

𝑉𝑟𝑚𝑠 =
𝑉𝑝𝑒𝑎𝑘

√2
=

1

√2

𝑉𝑙𝑖𝑛𝑒

√3
 

(7)  

 

Where, 𝑁𝑝ℎ is number of phases, 𝑉𝑟𝑚𝑠 is rated voltage, 𝐼𝑟𝑚𝑠 is rated current, cos𝜙 is power factor, 

𝑉𝑝𝑒𝑎𝑘 is peak voltage, 𝑉𝑙𝑖𝑛𝑒 is supply voltage. The mechanical power (𝑃𝑚) is given by 

𝑃𝑚 = 𝜔𝑇 =
2𝜋

60
𝑣𝑟𝑝𝑚𝑇 

(8)  

 

Where, 𝑣𝑟𝑝𝑚 is rated speed. The losses (include the Ohmic loss in the coil sides only, the losses in 

the end turns as well as the core losses are not taken into account) are given by 

 

𝑃𝑙 = 𝑁𝑠𝑅𝑠𝐼𝑟𝑚𝑠
2  (9)  

𝑅𝑠 = 𝑁𝑁𝑙
𝐿

σAw
 

(10)  

 

Where, 𝑁𝑠 is number of slots, 𝑁𝑙 is number of layers, σ is coil material conductivity,  Aw is conductor 

area. The efficiency of BLDC motor is given by  

𝜂 =
𝑃𝑚
𝑃𝑖

 
(11)  

3.  Methodology  

Figure 2 shows the research methodology carried out to obtain performance from power, torque, speed, 

and efficiency. The first step is to identify the design parameters of the BLDC motor. After 

identification, the next step is to perform a simulation based on the basic design that has been made. The 

results of the basic design are used as the basis for the power, torque, speed, and efficiency of the BLDC 

motor. For the next step, the size of the slot depth, tooth width, and magnet configuration is changed by 

using a Halbach array. After making design changes, the simulation process is carried out by comparing 

the speed, torque, power, and efficiency performance of the BLDC motor. The designs compared have 
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the advantages of various BLDC motor performances. The optimal design is obtained based on a 

comparison with how much the BLDC motor design performance can be improved. 

 

 
Figure 2. Research methodology 

 

3.1.  Parameters  

Table 1 shows the baseline parameters for the BLDC motor design which is simulated using software. 

The value of each parameter has been validated using a measuring instrument. The BLDC motor used 

is a motor used in electric bicycles. Figure 3 shows the analyzed outer rotor SPM BLDC motor. 

 

Table 1. Baseline of BLDC motor design parameters 

No  Parameter  Value  

1.  Supply voltage (V)  48 

2.  Rated current (A)  15 

3.  Rated speed (rpm)  600 

4.  Outer diameter (mm)  229 

5.  Air gap thickness (mm)  1 

6.  Stack height (mm)  27 

7.  Rotor location  Exterior 

8.  Number of poles 46 

9.  Number of slots 51 

10.  Magnet thickness (mm) 3 

11.  Magnet width (mm)  13,5 

12.  Slot depth (mm)  15 

13.  Slot opening width (mm)  5 

14.  Tooth width (mm)  4,5 

15.  Strand diameter (AWG)  24 

16.  Number of strands in hand  10 

17.  Number of turns 5 

18.  Fill factor (%)  26,93 
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Figure 3. BLDC SPM motor outer rotor 

 

3.2.  Design  

Table 2 shows the design scenarios tested in the simulation. Design 1 is the basic design of an electric 

bicycle motor. Design 2 converts the magnet construction into a halbach array with 2 magnets. Design 

3 converts the magnetic construction into a Halbach array with 3 magnets. Design 4 only changes the 

stator depth slot construction from 15 mm to 16 mm. Design 5 reduces tooth width to 4 mm and design 

6 increases tooth width to 6 mm. 

 

Table 2. Comparison of outer rotor BLDC SPM motor designs 

Parameter 
Design 

1 

Design 

2 

Design 

3 

Design 

4 

Design 

5 

Design 

6 

Slot depth (mm) 15 15 15 16 15 15 

Tooth width (mm) 5 5 5 5 4 6 

Halbach array 1 2 3 1 1 1 

 

4.  Result and discussion  

4.1.  Speed and torque performance analysis 

 

 
Figure 4. Torque and speed comparison on the outer rotor BLDC SPM motor design 
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Figure 4 shows the comparison of torque vs speed for each BLDC SPM outer rotor motor design. 

Design 6 shows a fairly good torque performance compared to other designs. Design 5 has the advantage 

of increasing the speed up to 600 rpm with a torque of 12 N.m. Designs 1, 2, 3, and 4 have a speed of 

550 rpm when the torque is 12 N.m. Unlike the design 6 which is capable of rotating at 515 rpm at  

12 N.m of torque. 

4.2.  Efficiency analysis 

Figure 5 shows a comparison of the efficiency mapping for each design. Please note in detail the changes 

that occur in each design. Changes do not change significantly, only for designs 1 and 2 have the same 

characteristics, while designs 3, 4, 5, and 6 have almost the same efficient map characteristics.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5. (a) efficiency map of design 1, (b) efficiency map of design 2,  

(c) efficiency map of design 3, (d) efficiency map of design 4,  

(e) efficiency map of design 5, (f) efficiency map of design 6 
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4.3.  Design performance comparison 

Table 3 shows a comparison of the performance analysis for each design. Comparisons include torque, 

RMS torque ripple, input power, output power, efficiency, and more. Based on the data, the results show 

that the design changes caused some of the performance characteristics of the BLDC SPM outer rotor 

motor to change quite a lot. The need for design changes adapts to performance requirements for certain 

applications such as increasing speed, torque, power, and efficiency requirements. 

 

Table 3. Comparison of performance in each design 

No Parameter 
Design 

1 

Design 

2 

Design 

3 

Design 

4 

Design 

5 

Design 

6 

1.  Torque (N·m) 15,23 14,88 14,66 15,20 13,63 14,71 
2.  RMS torque ripple (N·m) 1,98 1,11 0,81 1,94 1,99 2,11 
3.  Input power (kW) 0,85 0,84 0,85 0,85 0,77 0,82 
4.  Output power (kW) 0,80 0,78 0,77 0,80 0,71 0,77 
5.  Efficiency (%) 93,34 92,32 89,91 93,18 92,63 94,27 
6.  RMS line-to-line voltage (V) 38,22 37,95 38,09 38,14 36,72 38,87 
7.  RMS line current (A) 14,91 14,90 14,86 14,93 14,85 13,56 
8.  RMS line-to-line back EMF (V) 30,91 30,22 29,85 30,80 27,78 32,93 
9.  Power factor 0,86 0,85 0,86 0,86 0,81 0,89 
10.  Supply current (A) 17,97 17,77 17,98 17,99 16,25 17,17 
11.  Supply power (kW) 0,86 0,85 0,86 0,86 0,78 0,82 
12.  Loss - Total (kW) 0,06 0,06 0,09 0,06 0,06 0,05 
 

Designs 1, 2, and 3 show the comparative characteristics between the halfback-array designs of 1 

magnet, 2 magnets, and 3 magnets. The arrangement of magnets in parallel has an impact on decreasing 

torque, power, and also efficiency at the same size magnet. The torque vs speed curve shows an 

insignificant increase in speed and tends to be the same. The advantages of implementing a halfback-

array allow for reduced torque ripple and reduced lateral air gaps by using a smaller box magnet size.  

Design 1 has the highest torque characteristic of 15.23 N.m, and design 4 has a difference of 0.03 

N.m below that of 15.20 N.m. Designs 1 and 4 have higher torque characteristics than other designs. 

Designs 1 and 4 also have the highest power characteristics of 800 W. Design 5 in Figure 4 shows a 

fairly high speed characteristic of up to 600 rpm with a torque of 12 N.m. Design 6 shows a fairly high 

efficiency characteristic reaching 94.27% with the lowest power loss reaching 50 W. In contrast to 

Design 3 which has the lowest efficiency of 89.91% with a power loss of 90 W. Of course, the design 

that has the lowest efficiency, causing a waste of electrical energy in the battery.  

If the electric motor requires a sufficiently high torque and power, designs 1 and 4 can be 

implemented. Whereas in electric motors that require higher speeds, design 5 can be implemented. 

Electric motors that have excellent efficiency can implement design 6. The application of electric motor 

designs is tailored to the needs of motor users to get the highest power, or the highest torque, or the 

highest speed, or the highest speed, or even the highest efficiency in electric motors. 

5.  Conclusion  

In the simulation of optimizing the BLDC SPM outer rotor design, 6 designs were obtained. Where, the 

basic design (1) already has an optimal torque with an achievement of 15.23 N.m. Designs 1 and 4 have 

an optimal power output of 800 W. Design 5 has an optimal speed of 560 rpm. Design 6 has optimal 

efficiency with 94.27 % achievement. Based on the results of design changes, it can change the 

performance of the motor. However, the changes that have occurred have not focused on optimizing all 

output such as speed, torque, power, and efficiency. The comparison of design outputs 1 to 6 shows that 

if 1 output on an electric motor increase, there will be a decrease in other outputs with the same voltage 

and current source. 
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