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Abstract  

In this paper, a type of interior permanent magnet (IPM) motor design has been proposed for E scooter 
application as electric motors. An existing permanent magnet motor has maximum speed of 50km/h with an 
electric motor 5kW-5000 rpm. To improve electromagnetic torque in lager range operation, a higher speed electric 
motor 5.5 kW and 7000 rpm can run up to 70km/h. The interior Permanent Magnet (IPM) motor alternatives are 
designed and optimized in detail with optimal magnetic segment shape angle and sinus skew slot. The 
electromagnetic results of IPM V shape motors are compared with the reference Surface Permanent Magnet (SPM) 
motor for the same design requirements. Detailed loss analysis is also performed for the desired motor structure 
at high speeds. A prototype motor is manufactured, and initial experimental tests are performed. Detailed 
comparison between Finite Element Analysis and test data are also presented. It is shown that it is possible to 
have an optimized IPM motor for such electric vehicle application. This paper will figure out optimal angle of 
magnetic V shape for maximum torque and minimum torque ripple. 
 
Abbreviation 

IPM: Interior Permanent Magnet 
SPM: Surface Permanent Motor 

 
1. Introduction 

Permanent magnet (PM) synchronous motors are quite popular in many applications due to their distinctive 
benefits such as high efficiency, high torque density, smaller size, and relatively low current requirements [1-3]. 
They also have low vibration, and low acoustic noise levels compared to other types of electric motors [4-7]. It is 
possible to obtain high torque quality in PM motors both at low and high speeds. Such issue is quite critical 
especially for high performance application such as servo motors, spindle motors and direct drive applications. 
There exist various methods to obtain high torque quality in PM motors [1-7]. These methods include design 
modifications both at rotor and stator sides such as using different slot/pole combinations, skewing rotor or stator, 
magnet grouping, adding auxiliary slots and so on. This paper focuses on the development of an IPM spindle 
motor for E Scooter applications. A FEA analyses are performed, and some parametric optimizations are realized 
to achieve better torque quality and performance. Comparison of the designed spindle motors with respect to the 
reference SPM motor are also provided. Prototype motor is manufactured, and experimental tests are performed. 
It is shown that it is possible to have an improved IPM motor for such spindle application. 
 
2. Analytical design and FEMM simulation program  

Since FEMM was first introduced, this program has been spread widely due to several reasons such as 
modifying source code and free license. Unlike other finite element analysis program, FEMM allows the user to 
optimize and improve electromagnetic torque performances with complicate stator and rotor shape or lamination 
layout. By coupling with MATLAB program, it has a strong calculation ability, with easy to use in structure and 
programming. The program was developed for the purpose of combining all design process into one program. It 
allows to exchange the data between design process and simulation process. This is done by monitoring and active 
collecting results from both process when they were executed. 

 
Design program is developed in MATLAB environment. The analytical calculation used and stored by 

MATLAB programming language; program interface was developed by MATLAB GUI. After calculation, the 
system can present on screen as well as export drawings in dxf type. All drawings can be integrated environment 
linking analytical calculation to simulation environment of FEMM. 
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This program also has ability to moving part of the motor which allow us to deal with many transient 
problems. To do that, it must have a code for the geometrical changes of boundary and the material assignment. 
Furthermore, there are many geometrical and magnetic relationships which the program must deal with in only 
one problem. The permanent magnet problems, there are many positions for permanent magnet placed in rotor to 
achieve some electrical parameters, but because of sizing, it overlapped the rotor slot, changing the size, in the 
other hand, will result worse performances. The program must find the best choice for both, using regression. 
Collecting and responding data concept is also quite simple. There are only some special parameters of the motor 
to be verified, for example, output torque or the air gap flux density. The output torque is taken by a block integral 
of the shaft and the air gap flux density similarly can be collected by function. All result will be stored in database 
and used for further comparison. In addition, results which belonged to calculation progress and resulted in 
simulation progress are saved separately in 2 files. 
 

The program is divided into three main parts: analytical calculation, exporting drawing and magnetic 
simulation. There are also some supporting parts including material library which also associate with FEMM 
library. Program Structure is shown in figure 1. 
 

 
 

Figure 1. Program Structure 

The program interface is well defined set of MATLAB function to parse, manage and present data. The 
interface is written by MATLAB GUIDE. There is menu, button, box, and pop-up menu to manipulate, main 
parameters and material library must be selected first (fig.2). The calculation progress is not activated without 
these parameters, such as power, torque, pole numbers…, however, there are default materials for each part of the 
motor. 

 
The interface links to database, material library as well as calculation results. When the system receives main 

parameters for motors, calculations will be executed. The results will be stored in database in file. Mat format. 
Main dimensions are shown, and the drawing is also plotted.  
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Figure 2. Program Interface 

Library consists of wire, permanent magnet, electrical steel library. In the library, material will be defined by 
specific parameters. The wire library includes the diameter, electrical conductivity. Not like other material, which 
is chosen by user, wire diameter will be calculated to choose the suitable one. Its parameter will have influence in 
both analyzing and simulating. The permanent magnet will require relative permeability, coercivity and electrical 
conductivity. The library support neodymium (NdFeB) magnets with various types, samarium cobalt (SmCo) 
magnets and ferrite ones.  Electrical steel parameters consist of B-H curve and electrical conductivity (fig.3). 

 
In motor core materials of industrial applications, low iron loss is required for high motor efficiency [3-8], 

and high magnetic flux density is required for motor downsizing and high torque. To reduce the iron loss of 
electrical steel sheets, Si addition is effective from the viewpoints of increasing resistivity and decreasing magnetic 
anisotropy, and approximately 3% Si is added to high grad electrical steel sheets. 

 
 

Figure 3. Silicon steel B-Iron loss curves 

Following main parameters and material library, there will be analytical analysis. The analyzing process will 
be started by choosing motor length, diameter and height based on motor standard. During the process, there are 
some experience coefficients must be defined. All dimensions of motor will be calculated, including stator slot, 
rotor slot, airgap. This process is quite like induction motor design. In details, stator slot size is calculated mainly 
based on stator winding which depended on power, current and experience coefficients. Then, it will come to rotor 
slots and airgap. These parameters depend on desired air gap flux density, geometrical relationship, experiences 
as well as standard. Then, the nominal mode of motor will be considered, it will allow to consider motor efficiency 
problems and losses. Higher efficiency design will be preferred and motor design that does not satisfy 
requirements will be recalculated. Starting operation is also considered. It allows to investigate several unpredicted 
problems such as skin effect, saturation, leakage flux...(fig.4). The equivalent circuit is also considered. Thermal 
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problems are considered following starting characteristics to investigate insulation. This process can be 
reconsidered to optimize parameters and predict motor characteristics. 

 
 

Figure 4. Magnetic circuit scheme for magnetic flux circulation 

Programs can also support for various types of rotor and stator slots to choose suitable design. Following 
these steps, permanent magnets and cooling structure is also calculated. Like permanent magnet (fig.5). 
 

 
 

Figure 5.  Permanent magnet design 

After analytical results are achieved, all the dimensions of motor are saved in database in matrix form. When 
the export command is generated, the drawing process will be executed. The program was developed by 
MATLAB DXF library. Unfortunately, the library is quite simple, all difficult tasks, such as drawing circle line, 
rotating object, are achieved by geometrical formulas. To do this, circle line is made from several line, to draw a 
line, start point and end point are required. Their coordinates must be calculated. The algorithm must satisfy both 
requirement: ensure the shape of these line like desired curve and using least points as much as possible. Using 
minimum number of lines will help the system does not have to store a lot of data, which will result slowing down 
speed and difficulties when exporting the drawings to another software. In the other hand, rotating and mirror is 
also a difficult task in programming. The strategy, using loop function to redraw several times and using 
trigonometric function with angle steps, is applied and returns good results.  The system will export 3 drawings: 
motor, rotor, and stator separately. These drawings can be used in several simulation program and design and 
manufacturing progress. 

 
3. Design and Finite Element Modeling of SPM and IPM Motor  

In this study, a SPM  5 kW- 3000rpm surface mounted PM motor is used as a reference motor. Firstly, initial 
sizing of the motor is carried out. Electromagnetic analyses are performed for the reference motor and then two 
different IPM rotor designs are realized. I type IPM motor design alternatives are investigated in detail using FEA 
and several parametric optimizations are also performed before finalizing the design. 
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3.1 Analysis of Reference SPM Motor 
A Reference SPM motor specification used in this study are given in Table 1. Reference motor is an integral 

slot motor with 36/4 slot/pole combinations. 
 

Table 1. SPM parameters 
 

No Parameters Value 
1 Power (W) 5000 
2 Speed (rpm) 0-7200 
3 Stator (Slots) 12 
4 Rotor (poles) 8 
5 Rotor Outer Diameter (mm) 98 
6 Stator Outer Diameter (mm) 150 
7 Stack length (mm) 125 

The layout of stator and rotor lamination is shown in Figure 6, with 12 stator Slots and 8 magnetic poles, the 
concentrated winding double layers. 

 

 
 

Figure 6. Structure of Surface Magnetic Motor 

Electromagnetic material for stator, rotor and permanent magnetic have applied for this design as in table 2. 
 

Table 2. SPM Material 
 

Component Material 
Stator Lam (Back Iron) M350-50A 
Stator Lam (Tooth) M350-50A 
Stator Lamination [Total]   
Armature Winding [Active] Copper (Pure) 
Armature EWdg [Front] Copper (Pure) 
Armature EWdg [Rear] Copper (Pure) 
Rotor Lam (Back Iron) M350-50A 
Magnet NdFe35 
Shaft [Active] Stainless Steel 410 
Shaft [Front] Stainless Steel 410 
Shaft [Rear] Stainless Steel 410 
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Figure 7 shows the magnetic flux density distribution at no-load condition, which shows flux density in air 
gap and in stator and rotor poles. 
 

 
 

Figure 7. Flux density of SPM 

 
Figure 8 shows back-EMFs at maximum speed 7000 rpm at no load as Fig 2. Harmonic Distortion Back EMF 

Phase Voltage is 5,6%. 
 

 
 

Figure 8.  Back EMF waveform 

Figure 9 shows torque ripple waveform of 35% and average torque is 15Nm at maximum speed 7200 rpm. 
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Figure 9. Torque waveform vs electric angle 

Average torque, output power, efficiency of SPM was shown in table 3 at maximum speed 7200. The surface 
magnetic mount structure is not robust at high speed due to radial forces. 

 
Table 3. Design result 

 
Parameters Value Unit 

Average torque (loop torque) 15.776 Nm 

Torque Ripple (MsVw) [%] 35.6 % 
Electromagnetic Power 8329 Watts 
Input Power 97897 Watts 
Output Power 71621 Watts 
Total Losses (on load) 1627 Watts 
System Efficiency 82.439 % 
Speed 7200 rpm 

 
 

Efficiency of SPM is 82% and current density is 20 A/mm2 is quite high. So cooling method must be 
considered. 
 
3.2 IPM design 

To calculate rotor diameter and Slot length of IPM, an analytical equation can solve and give the result, the 
most important factor are L/D ratio and torque density must be estimated in optimal range (fig.10). 

2 .
4 stkT D L TRVπ

= ⋅       (1) 

Were, 
D: outer rotor 

Lstk: slot length 
TRV=15-: -25 kNm/m3 
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Figure 10. Flux density of IPM 
 

The stator and rotor dimensions are important for analytical model to calculate electromagnetic performance 
such as toque, power, and efficiency. The stator slot and rotor magnetic bar layout has been applied for FEA 
simulation as Fig 11. 

 

 
 

Figure 11. IPM Design of Stator and Rotor slots 

The Back-EMF of the V shape IPM prototype model is approximately 3.8% lower than SPM model (figure.12).  
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Figure 12. Back EMF wave forms 

The torque ripple of the V shape IPM prototype model is approximately 28% less than torque ripple results of the 
SPM model (fig.13). 
 

 
 

Figure 13. Torque ripple 

An improved efficiency is 85.9% with torque of 16 Nm at maximum speed of 7200rpm (table 4). 
 
 

Table 4. Specifications 
 

Parameter Value Unit 
Average torque (loop torque) 16.947 Nm 
Torque Ripple (MsVw) 4.8365 Nm 
Torque Ripple (MsVw) [%] 28.709 % 
Electromagnetic Power 12702 Watts 
Input Power 13934 Watts 
Output Power 11974 Watts 
Total Losses (on load) 1959.9 Watts 
System Efficiency 85.934 % 
Shaft Torque 15.881 Nm 

 
Figure 14 shows the IPM prototype of the V shape type NdFe35 magnetic with V angle of 130 0. 
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Figure 14. V shape Rotor assembly 
 

The magnetic angle is 145 degree manufactured and tested to validated torque performances. 
 
4. Experimental test results 

Rotor magnetic slots have manufacture by wire cutting after die-casting rotor bars and shaft assembly. The 
back-to-back test bench of DC generator and IPM motor has setup as fig 15. 
 

 
 

Figure 15. IPM servo test bench 

The whole hardware of torque and speed sensors was built together, and torque results are displayed in 
interface control. The torque and speed curves have been measured in dynamic condition. The test results are good 
agreement with designed parameters. The IPM motor was setup to evaluate starting torque and average torque 
under different load and voltage by auto run test system. The improved motor has been tested with speed up to 
7000 rpm in files. 

 
5. Conclusion 

In this study, two different types of interior permanent magnet motor designs are investigated for E Scooter. 
An existing SPM motor is used as a reference motor. Two different IPM motor topologies are developed for the 
same application. Extensive FEA analyses and parametric optimizations are performed, and results are compared 
with the reference SPM motor. V-type IPM motor is manufactured and tested since it has better torque quality 
and wider constant power region. Detailed comparison between FEA and test data are presented. It is seen that 
good agreement between the test data and FEA simulations are obtained. It is concluded that v-type IPM motor 
has more benefits as opposed to SPM and conventional spoke type IPM motor for such high-speed milling 
applications. 
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