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Abstract  A simulation model of an ironless Axial-Flux 
Permanent-Magnet (AFPM) machines is presented. Indeed as 
accurate analytical methods do not yet exist for ironless AFPM, 
3D Finite Element Analysis (FEA) is required at each time of an 
operating point. The purpose of this article is to show that for 
any operating point of the motor, the torque can be calculated 
from the distribution of the axial magnetic flux density obtained 
from only one 3D FEA. The proposed simulation model is 
validated by using a prototype of an AFPM ironless whose non-
active parts are additively manufactured. This first step through 
the 3D printing technology is simplified by the use of cylindrical 
magnets and plastic mechanical supports. 
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I. INTRODUCTION 

In recent years, a new type of electric motor has emerged: 
the Axial Flux Permanent-Magnet (AFPM) motor. The 
growing interest in it is due to a higher torque density than 
conventional electric machines [1]. The interest of these 
motors can be found in many fields such as automotive [2], 
aeronautics [3], power generation [4] and for Unmanned 
Aerial Vehicles (UAVs) [5]. In all these applications, the 
AFPM is most of the time used in direct drive, improving the 
efficiency of the electromechanical chain. In addition, AFPMs 
can have several stators and/or rotors to increase the torque-
to-weight ratio. However, the AFPM has some drawbacks. 
For example, the manufacture of iron parts can be 
complicated. A new type of axial motor has been specially 
designed to overcome manufacturing difficulties: the YASA 
motor [6]. Some of AFPM geometries allow the iron to be 
removed from the stator, reducing the weight of the motor 
without affecting too much its performances. Some of these 
motors, such as double-sided AFPM with internal stator, can 
be ironless at the stator and the rotor. 

UAVs can take advantage of the benefits of AFPM. First, 
the AFPM is more compact than a radial flux motor, so for the 
same performance the embedded mass will be lower. 
Secondly, the AFPM has a high efficiency which will increase 
the autonomy in flight of the drone. The ironless AFPM has 
no cogging torque, so the torque ripples will be reduced, 
making the drone quieter. 

Despite the advantages of AFPM, one important point 
remains to be taken into account: its theoretical study. Indeed, 

due to its geometry, a 3D study is necessary. Two methods are 
mainly used to determine the magnetic field of an AFPM: a 
Finite Element Analysis (FEA) or sizing equations valid under 
several assumptions. Most often a combination of the two 
methods is used [1]-[7]. However, analytical solutions are 
starting to appear on AFPMs with iron [8] [9]. 

Ironless AFPMs are more difficult to model. Their 
analytical models require many assumptions to be used. The 
FEA method requires fewer assumptions and are more 
accurate. The interest is to assess the motor performances 
more confidently. However, the FEA is very expensive in 
computation time. As the magnetic field varies in space and 
time, to have the torque at one operating point several 3D 
FEAs are required. A simulation model based on only one 3D 
FEA is proposed in this paper.  

II. SIMULATION MODEL BASED ON 3D FEA 

A. Principle of the simulation model 

In FEA the torque exerted is calculated using the Maxwell 
tensor. In this case, the total field due to the current and the 
permanent magnet (PM) needs to be known. As there is no 
iron in the studied motor (Fig. 1), the Lorentz law can be 
applied to calculate the torque exerted on the stator. Due to the 
action reaction principle, this torque is the opposite of the 
torque exerted on the rotor. In this case, only the magnetic 
field due to PM needs to be known. The torque is defined by: 

  (1) 

The vector  is the vector position of a point that 
undergoes a current density  produced by the current supply 
and a magnetic flux density  due to PMs.  and  change 
with space and time, so the torque must be calculated 
according to the position of the rotor and the evolution of the 
conductors over time. The development of (1) in a cylindrical 
coordinates tied to the stator leads to: 

     (2) 

B. Mapping the axial magnetic flux denity 

To test the method presented in the previous section, an 
AFPM ironless is proposed with two rotor discs and one 



internal stator disc. The stator disk consists of two stages of 
coils, with a total of 12 coils. The motor therefore has two air 
gaps. The two rotors are identical, each containing 8 
cylindrical PMs. The PMs are magnetized in the axial 
direction. To maximize flux density, neodymium iron boron 
(NdFeB) magnets are chosen. They are distributed on the rotor 
disk as shown in Fig. 1. 

 
Fig. 1. Representation of the motor in ANSYS-Maxwell [10] 

The chosen study domain is shown on Fig. 2 has a shape 
of a piece of cake  containing one PM shown in red. The 
side walls, shown in blue, are linked by an anti-cyclic 
condition on the magnetic flux density: the azimuthal 
components of the magnetic flux density are opposite. The 
surface where the magnetic flux density is normal is shown 
in yellow (bottom surface). Eventually the surface bounding 
the study domain in the axial direction is placed far enough 
from the PMs. So the magnetic field strength can be assumed 
tangential (top surface). The axial component of the magnetic 
flux density  is then known. The torque can then be 
calculated with the formula (2) 

 
Fig. 2. The study domain consisting in one upper pole of the motor without 

the supports and windings 

III. MEASURE AND EXPERIMENTAL VALIDATION 

For one phase supply, the peak values of the static torque 
are presented in Table I. Fig. 3 shows the evolution of the 
static torque as a function of the rotor angle.  is the static 
torque measured on the prototype.  is the torque calculated 
by ANSYS-Maxwell 3D [10], thanks to the complete 
representation of the motor, as shown in Fig. 1.  is 
calculated by (2). 

 
Fig. 3. Comparison of FEA methods for 1 phase supplied for I = 10A 

TABLE I. RESULTS WITH ONE PHASE SUPPLIED 

I (A) 3 5 7.5 10 
Cexp (mN.m) 28,5 48,45 68,4 89,8 
C3D (mN.m) 27,25 45,36 68,01 90,66 
Cth (mN.m) 27,8 46,4 69,6 92,8 

IV. CONCLUSION 

In this paper, it is shown that by a theoretical study of the 
torque, this torque could be calculated by a single mapping of 
the axial flux density done with 3D FEA. The results of this 
method have been validated by a classic FEA 3D study and by 
torque measurements performed on a prototype on a test 
bench. The static torque values obtained by the proposed 
method, the classic 3D FEA and measurements are very close, 
around 5% of relative difference for all the tests carried out. 
The proposed method allows good results to be obtained in a 
much shorter time. In addition, this method allows the torque, 
in function of the rotor position, to be calculated for any types 
of winding and any current waveshapes from only one axial 
flux density mapping. 

The motor tests new manufacturing processes with 
additive manufacturing on non-active parts. This allows to be 
freer in the choice and shape of the active parts. Indeed, 
whatever the shape of these active parts, 3D printed supports 
will adapt to these active parts. This prototype was 
manufactured to test the 3D printing of plastic and to validate 
the calculation model of this paper, so it is not designed in an 
optimal way. A video demonstration is available online [11]. 
This video shows a version of the motor with iron yokes in the 
rotor discs. 
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