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Abstract 
Axial flux permanent magnet motors have been applied for many electric vehicles due to the high torque and power densities, compact sizes 

and multipolar disc-type structure. In this paper, the axial flux permanent magnet motor with the concentrated winding, and axial flux- 

segmental rotor is studied to apply for in-wheel motorcycles, where the proposed structure consists of permanent magnet segments and slotted 

stators. By this way, the amount of permanent magnets are reduced  and the  scale up power and torque are high. This means that it makes 

the assembly easier and reduce the cost compared to conventional motors (e.g. BLDC motors). Especially, for a multipolar disc-type structure, 

the axial flux permanent magnet motors is easy to scale up power for the next models. The detailed design and operation of the proposed 

machine are presented, and the performance is also evaluated for an in-wheel traction application. The target design is impore torque per 

volume about 5 or 10% in comparison with conventional design which has torque per volume TRV (kN.m/m3) is from 45 to 50. This paper 

will provide a multi-module design of AFPM for in wheel motorcycles in express delivery (Viettel post) with optimal magnet embrace angle. 
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Tóm tắt 
      Động cơ nam châm vĩnh cửu từ thông hướng trục được áp dụng 

cho nhiều loại xe điện do mật độ mô-men xoắn cao, kích thước nhỏ 

gọn và cấu trúc kiểu đĩa đa cực. Trong bài báo này, động cơ nam 

châm vĩnh cửu từ thông hướng trục roto phân đoạn với cuộn dây tập 

trung được nghiên cứu để ứng dụng cho xe điện, trong đó cấu trúc 

đề xuất bao gồm các đoạn nam châm vĩnh cửu với cấu trúc dạng đĩa 

đa cực và rãnh stator. Với cách đề xuất như vậy, sẽ giảm được trọng 

lượng lượng của nam châm vĩnh cửu giảm và nâng cao được công 

suất và mô-men xoắn. Điều này có nghĩa rằng việc lắp ráp dễ dàng 

thuận tiện hơn và giảm chi phí so với động cơ thông thường (như 

động cơ BLDC). Đặc biệt, với cấu trúc dạng đĩa đa cực, động cơ nam 

châm vĩnh cửu từ thông hướng trục dễ dàng mở rộng và cải tiến quy 

mô công suất cho các mô hình tiếp theo. Thiết kế chi tiết và đặc tính 

làm việc của động cơ được phân tích và đánh giá trong nội dung 

chính của bài báo. Mục tiêu của thiết kế đạt được cải thiện 5% đến 

10% chỉ số mật độ mô men trên thể thích, so với thiết kế hiện có là 

65 đến 80 kNm/m3. Bài báo sẽ mang  đến một thiết kế dạng nhiều 

mô đung cho xe máy điện ứng dụng trong chuyển phát nhanh-

Viettelpost 

1. Introduction 

     The axial flux permanent magnet (AFPM) motors are 

widely applied in practice due to high torque and power den-

sities, higher torque-to-weight ratio with less core materials, 

smaller size, planar and easily adjustable air-gap, lower noise 

and vibration [1]. The conventional design uses permanent 

magnet rotor discs that result in the complexity of assembling 

the rotating components. This paper introduces a modular de-

sign with stator and rotor sectors. In order to simplify the 

structure and reduce the manufacturing cost, the axial flux 

motor topologies has also been investigated in the stator or 

rotor in back to back assembly. The sector topology of con-

centrated winding axial flux machine is proposed. The rotor 

disc is made of iron lamination segments embedded perma-

nent magnetic frame. Compared to the existing AFPM topol-

ogies [1]-[3], the proposed AFPM is simplified and easy to 

assemble.  The amount of permanent magnetics is also re-

duced with its location secured in the stationary part. It is be-

ing considered for an in-wheel electric vehicle application be-

cause of its compactness and high torque and power densities 

in this research. The details on the operating principle, ma-

chine structure, and design of the proposed AFPM topology 

for a targeted benchmark are presented in this paper.  

2. Inertial sizing computation of AFPM 

    Two rotor and stator topologies are proposed for the AFPM. 

The detailed structure of the proposed multi stator and rotor 

AFPM is presented in Figure 1.  

        The double-stator variants are more complex due to the 

two winding sections. On the other hand, they are very space-

saving, because the rotor is used by both stators. This reduces 

the overall cost, since less material is needed for the perma-

nent magnets. In addition, the utilization of the permanent 

magnets is higher, as they are exposed to a stator field on ei-

ther side. In case of the double-rotor machines shown in Fig-

ure 1 (right), there is only one magnetic return path on one 

side. An analytical expression of the sizing equation for axial 
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flux permanent magnet synchronous machines is given as [6]-

[8] 

𝑃𝑅 =
𝑚

𝑚1

𝜋

2
𝐾𝑒𝐾𝑖𝐾𝑝𝐾𝑙 𝜂𝐵𝑔𝐴𝑆 (𝐷𝑜

2 − 𝐷𝑖
2)𝐿𝑒               (1) 

where PR, m, m1, Ke, Ki, Kp, Kl, 𝜂 are the real power, number 

phase, stator phase, back EMF factor, current factor, pole fac-

tor, stack length factor and efficiency, respectively. In addi-

tion, the parameters Di and Do are  the inner and outer diame-

ters (m),  Le is the length of core (m) and Bg is the airgap length 

and AS is the pole area. 

a. Inner rotor SMMS         b. Outer rotor MSSM 

Figure 1. Variants of axial-flux permanent magnet motor 

Figure 1 provides two variants of axial-flux permanent mag-

net motor with inner mover or rotor (SMMS) and outer rotor 

MSSM. In this study, the electromagnetic performances are 

the same only the thermal distribution of two variants is 

changed due to the cooling system for them. 

The effective stack or axial length of the AFPM depends on 

the of rotor and stator axial lengths written as 

𝐿𝑒 = 𝐿𝑠 + 2𝐿𝑟 + 2𝑔                          (2) 

where Ls is the  length of Stator (m), g is the airgap length and 

Lr is length of rotor. 

      The axial length of the rotor can be obtained from the axial 

length of rotor core and the length of the permanent magnets. 

The geometry parameters of the stator and rotor can be calcu-

lated via the process of computation shown in Figure 2. An 

analytical model is presented by many calculation steps to de-

fine basic parameters. Based on the torque volume density 

(TVR) from 45kN/m3 to 50 kNm/m3 [4], [5], if we assume 

rotor diameter equal to rotor length, the rotor diameter D and 

length L sizes of the PM is defined [9], [10] 

T =  
π

4
. D2. Ls. TRV,                               (3) 

where T is the electromagnetic torque (N.m), D is the outer 

diameter (m),  LS is the  length of core (m) and TVR is the 

torque and volume ratio (kNm/m3). 

     In general, the design process of Permanent Magnet as-

sisted Synchronous Reluctance Motor (PMa-SynRM) is sim-

ilar to that of the induction motor. The main parameters (such 

as outer diameter, rotor diameter, motor length, stator slot, air-

gap length) are defined by considering some practical factors 

with desired input requirements. 

Figure 2. Process of computation. 

      Figure 3. Structure of stator (top) and rotor (bottom). 

      The proposed machine is designed for an in-wheel electric 

vehicle application with high specific torque with the same 

design specifications. The design parameters and output spec-

ifications for the AFPM-SRM are given in Tables (2, 3 and 4). 

The main part of the process is to design the rotor configura-

tion which is embedded permanent magnet. 

Table 1. Design parameters. 

Parameters Value  Parameter Values  

     Power Output 3000 Watts  

Operational Voltage  72 Volts  

Efficiency  0.95  

Phase  3  

     

  Table 2. Stator specification. 

Parameters 

 

Value 

Number of Pole 8 

Number of Slot 12 

Circuit Type Y3 

Outer Diameter 166 mm 

Inner Diameter 80 mm 

Length 45 mm 

                             

Table 3. Stator winding. 

Parameters  Value 
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Parallel Branches  4  

Number of Coils  48  

Number of Strands  4  

Wire Wrap  0.2  

Wire Size  1.151 mm2 

Conductor Type  Copper  

    For the proposed tooth wound configuration, the magnetic 

flux will flow through one stator tooth to the next one via the 

rotor segments, but it will not flow through the stator back. 

Therefore, the segmental stator poles can be designed with the 

improved filling factor and the slot design for this tooth 

wound topology. Moreover, embedding the stator segments in 

non-magnetic support will also reduce the leakage flux and 

improve the percentage of active materials used for torque 

production. The design optimization and performance analy-

sis of the tooth wound AFPM will be presented in this paper. 

The machine is designed to operate as a synchronous machine.   

Table 4. Rotor specification. 

Parameters  Value  

Number of Pole  8  

Outer Diameter  166 mm  

Inner Diameter  80 mm  

Length  10 mm  

Magnet Embrace  1350-1650  

Material Type Steel  250A-35  

 

 

 

Figure 4.  Detailed 3D structure of the proposed AFPM. 

3. Simulation results 

      The AFPM is evaluated under the design constraints pre-

sented in Table 1. The AFPM is designed and simulated using 

3-D finite element method (FEM) tool to compare their per-

formances under the same simulation environment pointed 

out in Figure 4. Dynamic simulations have been performed at 

1500 rpm to evaluate their performance at base speed and 

compare machines’ torque capability under the same RMS 

phase current and current density. The proposed AFPM topol-

ogy is excited with three-phase sinusoidal excitation The 

AFPM is simulated under current regulated unipolar excita-

tion with each phase contributing for half of an electrical cycle. 

The dynamic torque profile for the designed AFPM is shown 

in Figure 5 for varying phase excitations. 

     

     Figure 5. Phase Current, back EMF and torque of AFPM. 

 

Figure 6. Distribution of the output torque (top), efficiency 

(middle) and power (bottom).  
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      Figure 6 shows the simulated torque, power and efficiency 

and motor speed in peak torque mode with at maximum tem-

perature of 1100C in winding and 800C in a permanent magnet 

in worst case. Peak power is 3900W at 2200 r/min and con-

stant torque of 16 N.m and efficiency of 89.6%. The proposed 

AFPM has a simplified and low-cost structure compared to 

the AFPMs, of which the multi-sector stator and rotor can pro-

vide much higher torque density and torque to weight ratio 

The performance comparison of the designed AFPM with an 

axial flux rotor PM machine will be presented. 

 

          Table 5. Detail results of AFPM at 2200 rpm.  

 
The electromagnetic results show that maximum efficiency 

can achieve with an optimal current phase angle of 450. The 

shaft torque can keep constant in a higher speed to 3000rpm 

at the peak value of the terminal voltage of 177V it exceeds 

supply voltage of 72 VDC. To improve electromagnetic per-

formance, flux weakening should be applied and increase bat-

tery voltage by changing to the serial connection of cell mod-

ule. 

 

Table 6. The total weight of the iron and copper materials.  

 
      The average, power, and efficiency of the AFPM have 

been investigated at 1500 rpm with a current density of 

6A/mm2 shown in Table 5. The maximum efficiency is of 

96% with the optimal switching angle and current phase angle. 

The total weight of iron and copper material of moor is com-

bined in Table 6. The torque per volume is calculated as below.  

𝑇𝑅𝑉 =
𝑇_𝑎𝑣𝑔

𝜋
𝐷2

4
𝐿

=
16 𝑁.𝑚

𝜋
0.1662

4
0.01

=60.1 (kN/m3) 

The analytical calculation model has been investigated mag-

net embrace angle from 1350 to 1650 considering minimum 

magnet cost and demagnetization due to over temperature. 

4. Conclusion 

     The multi-sector topology for a dual rotor concentrated 

winding, axial flux machine is presented. Compared to the 

conventional BLDC motor, the proposed topology has higher 

torque and efficiency.  The obtained results have been shown 

that the proposed AFPM topology can attain much higher 

torque density and torque-to-weight ratio compared to the 

BLDC motor under the same design constraints. The AFPM 

of the BLDC motor that is designed by the FEM design for 

the electric vehicle application. The AFPM motor of 3kW is 

designed with 12 stator slot numbers and 8 rotor poles. In ad-

dition, the motor's mechanical torque reached a value of 9.5 

Nm at a speed of 1500 rpm with an input current of 60 A and 

input voltage of 72 V. Furthermore, the obtained motor effi-

ciency is 94.49 %. The designed model can be a reference for 

the implementation and subsequent research. The obtained re-

sults can be validated by testing through the implementation. 
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