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Abstract: This paper presents a solution for the optimal design of the rotor of axial flux 
rare earth permanent magnet machine by minimizing the volume of the permanent 
magnet. The objective of the optimization is to find the geometric dimensions that lead 
to a minimum value of the volume of the permanent magnet. The proposed solution 
uses the FEMM (Finite Element Method Magnetics) software package, and offer several 
significant benefits: high power density, larger range of frequency in operation, 
compactness, high torque capability. 
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INTRODUCTION  

In industrial and domestic applications, an important 
attention is accorded to servo drives system. 
Compared with classical machines, modern 
unconventional machines provide improved 
performances: high torque capability, large range of 
speed, robustness, stability etc. (see Boldea, 2005; 
Boldea, 2018). 

An important requirement in many applications is to 
reduce the main geometric dimensions of the electric 
drives. This can be done by increasing the linear 

current density, while the magnetic saturation effect 
is avoided (Gavrila & Centea, 1998). In this situation 
the domain of practical applications is largely 
extended: motion control, high tech servo 
mechanisms, electrical vehicles etc. (Pyrhonen et al., 
2009). 

In the order to meet the current requirements 
imposed by operation conditions, the axial flux 
synchronous machine presents certain benefits. The 
stator is spitted in two units, which leads to 
increasing the linear current density (Gieras, et al., 
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2008; Gieras, et al., 2009). The rotor of the machine 
is built with a permanent magnet, which increases the 
global efficiency of machine and generates the 
possibility to create multipolar structure. Also, the 
dimensions of the rotor are substantially reduced. 

The design of axial flux permanent magnet 
synchronous machine (AFPMSM) starts from the 
requirements of power (or electromagnetic torque), 
speed, and other additional requirements imposed by 
design theme (Gieras, et al., 2008).  

The design of AFPMSM  involves three levels: 
electromagnetic, thermal and mechanical 
computation. The electromagnetic and mechanical 
computations have the same structure as that of 
classical machine, while the heat transfer is different.  

In the operation of an electrical machine the 
distribution of magnetic field is crucial for a proper 
operation. In these conditions, the computation of 
magnetic field is done by finite elements method 
(FEM), that allow an efficient representation of 
magnetic field based on a low computation effort.  

The paper is organized as follows. In the second 
section is presented the formulation of problem 
solved in the paper. It is searched the optimal 
solution represented by the main geometrical 
dimensions that lead to a minimal value of volume of 
permanent magnet. The distribution of magnetic field 
is computed in the third section. Finally, the 
conclusion presents the main approach of the paper.  

 

PROBLEM FORMULATION 

We consider an AFPMSM depicted in fig. 1(Gieras, 
et al., 2008). 

 

Fig.1. AFPMSM topology 

The main elements are: 1 - stator magnetic core,       
2 - stator magnetic windings, 3 - permanent magnet 
rotor and 4 - rotor shaft. 
The design theme requirements are: 

 Rated torque:  MN = 5 [Nm]; 
 Rated voltage: UN = 200[V]; 
 Rated speed:  nN = 1500 rpm; 
 Rated frequency:  fN  = 200 Hz; 
 Number of phase:  m = 3 faze; 
 Insulation class:  F (1550C); 
 Protection degree:  IP - 44. 

 

The rotor is design by using NeFeB permanent 
magnet of high performances. In fig. 2 are 
represented the demagnetization characteristics of 
permanent magnet. 

 

Fig.2. Demagnetization characteristics 

The main curves highlighted are: a - operation in 
open circuit, b - main characteristic, c - reversal 
magnetic characteristic and d - demagnetization due 
to stator current. All involved quantities are 
presented in table 1. 

                        

Table 1 The main features of NeFeB permanent 
magnet  

No. Quantity M. U. Value 

1 Remanent 
magnetic flux 

density- rB  

 
 

T  

 
 

1.2 

2 Coercive 

field cH  
mkA /  1000 

3 (BH)max 3/ mkJ 250 

4 Relative 

permeability r  

 
- 

 
1.07 

 
N 
 
 

1 

2 

3 

L 

4 

Dr 
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5 Reduction of
magnetic field
density with
temperature   












T

B

B
r

r

1
 

 
 
 
 
 

C0/%  

 
 
 
 
 

-0.10 

6 Reduction of
magnetic field
strength with
temperature 












T

H

H
c

c

1

 
 
 
 
 

C0/%  

 
 
 
 
 

-0.6 

7 Maximum 
allowable 
temperature 

maxT  

 
 

 

C0
 

 
 
 

100 0C 

8 Average 
magnetic field on
load 

operation MH  

 
 
 
mkA /  

 
 
 

180 

9 Magnet density

MP  

 
3/ mkg

 
7400 

 

The optimization problem is definted by: 

(1)  find ),,,( imemr DDLD  

until 

(2)                 minmV  

By using the gradient method optimization method 
from Matlab, we obtained the main geometric 
dimensions:  

 ][120 mmDr  ;  

 ][8.121 mmL  ;  

 ][108 mmDem  ;  

 ][72 mmDem  . 

for an optimal permanent magnet volume: 

][1027,12 6 mmVmopt
 . 

MAGNETIC FIELD ANALYSIS 

Due to the geometric symmetry of AFPMSM, the 
simulation is performed on a superior half. In Fig. 3 
is presented the geometric structure considerated.  

 

Fig.3. The domain analysis by FEMM ® 

The main elements depicted on the figure are: 

 1 - stator magnetic core; 

 2 - stator magnetic windings; 

 3 - permanent magnet rotor; 

 4 - rotor shaft. 

The simulations were performed in FEMM ® 
software (Baltzis, 2008),  by tacking into account the 
next boundaries conditions: 

(1)          0A      on the outside boundaries, 

(2)          0



n

A
    in rest. 

 

 

Density Plot: |B|, Tesla

1.866e+000 : >1.965e+000
1.768e+000 : 1.866e+000
1.670e+000 : 1.768e+000
1.572e+000 : 1.670e+000
1.473e+000 : 1.572e+000
1.375e+000 : 1.473e+000
1.277e+000 : 1.375e+000
1.179e+000 : 1.277e+000
1.081e+000 : 1.179e+000
9.823e-001 : 1.081e+000
8.841e-001 : 9.823e-001
7.859e-001 : 8.841e-001
6.876e-001 : 7.859e-001
5.894e-001 : 6.876e-001
4.912e-001 : 5.894e-001
3.929e-001 : 4.912e-001
2.947e-001 : 3.929e-001
1.965e-001 : 2.947e-001
9.823e-002 : 1.965e-001
<0.000e+000 : 9.823e-002
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Fig.4. Mapping of magnetic flux density 

 

 

In fig. 4 is represented the map of magnetic flux 
density.  

For our analysis it is relevant to perform the magnetic 
field distribution in front of the permanent magnet, in 
the order to visualize the utile component of field. 

In fig. 5 and fig. 6 are represented the normal and 
tangential components of magnetic flux density.  
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Fig.5. Normal component of magnetic flux density  
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Fig.6. Tangential component of magnetic flux 
density 

It can be concluded that the distribution of magnetic 
field is performed according to the influences of the 
magnetic permeability. 

Finally, in fig. 7 and fig. 8 are depicted the 
components of magnetic strenght.  

Similary conclusions may be apreciated from the 
qualitative curves. 

As a general conclusion, the magnetic field is well-
distributed in the order to maintain a high value of 
electromagnetic torque and a low dispersion (see also 
Virtič et al, 2015). 
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Fig.7. Normal component of magnetic flux strength 
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Fig.8. Tangential component of magnetic flux 
strength 

 

CONCLUSIONS 

Axial flux synchronous machines excited with 
permanents magnets become an important solution 
for high performances drives. 

The topology developed in the paper has some 
significant benefits: high power density, large range 
operation of frequency, compactness, high torque 
capability. 

From the design performed in the paper it can be 
concluded that the distribution of magnetic field is 
essential for a proper operation. The key objective of 
the study described in this paper is to find the main 
geometric dimensions that lead to minimal value of 
the volume of permanent magnet. 

Future work involves the research for optimal design 
of a modified machine topology highlighting the field 
distribution, which is fundamental for a safe 
operation.  
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