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Abstract

Optimization	 of	 axial	 flux	 permanent-magnet	motors	 is	 a	 very	 important	 topic	 in	 the	 literature	 and	 requires	 high	 performance	

optimization	algorithms	and	finite	element	analysis.	This	paper	gives	a	summary	of	the	analysis	methods	of	axial	flux	permanent-

magnet motors currently available in the literature. An open-circuit model was built and described using the 2D Linear Motor Modeling 

Approach.	The	model	was	validated	by	comparing	air-gap	flux-density	waveform	and	cogging	torque	results	with	one	of	the	motors	

described	in	the	literature	as	a	benchmark	problem.	The	aim	of	the	study	was	to	create	a	method	for	the	axial-flux	motor	optimization	

based	on	the	open-circuit	finite	element	model	using	the	Ārtap	software.	By	applying	the	described	method,	it	is	possible	to	use	local	

and	global	optimization	algorithms,	such	as	evolutionary	and	genetic	algorithms,	directly	using	the	finite	element	analysis	results.	

The proposed	finite	 element	model	 can	be	used	 for	benchmarking	and	 selecting	 the	most	 appropriate	 evolutionary	 and	genetic	

algorithms for this kind of optimization problems.
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1 Introduction
Axial flux motors have been the focus of many research 
activities. These generally disk-shaped motors have been 
used mainly in industrial applications and consumer 
products where the special requirements could meet more 
effectively by a radial flux machine [1]. Several compari-
sons and studies about the general properties of axial flux 
machines are available in the literature. Nevertheless, 
with the rise of electro-mobility, axial flux motors came 
back to researchers' interest since they have some unique 
features that can be used with advantage in traction appli-
cations [2]. Optimization plays an important role in the 
design, especially because the cost-competitive market 
of electro-mobility and also the environmental concerns 
and recycling [3]. The application of optimization algo-
rithms for electric motors in e-mobility applications was 
presented in several studies [4, 5]. Particularly, cogging 
torque minimization is well documented [6, 7]. However, 
most of the applied methodologies uses evolutionary 
and genetic algorithms, which cannot guarantee that the 

found optimum is the global optimum. Moreover, due 
to the no-free lunch theorem of the mathematical opti-
mization, to select the most appropriate metaheuristic, 
they have to be tested on a similar type of optimization 
problems. Therefore, similarity criteria may be be used in 
motor optimization [8].

A brief overview of previous research work on the 2D 
finite element modeling possibilities and optimization 
methods is presented in the following sections. Then a 
benchmarked axial flux machine is selected from the lit-
erature and modeled with a 2D linear motor modeling 
approach in FEMM. FEMM is integrated into the Artap-
framework by a file link. The proposed solution can be 
used under Linux and windows. 

The realized FEMM model can be downloaded from [9]. 
The goal of this integration to consider the manufactur-
ing tolerances from the beginning of an optimization and 
provide a high-quality, FEM-based, realistic benchmark 
problem to compare different optimization solvers.
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In the following sections a brief overview of previous 
research work on the 2D finite element modeling possibil-
ities and optimization methods are presented.

1.1 2D electromagnetic modeling of axial flux motors
Fast evaluation of the motor model is necessary in many 
applications such as optimization or digital twins, where 
simplified numerical, or even analytical models can be 
used [10]. The performance of FEM solvers on electro-
magnetic problems was presented in [11]. Three different 
2D modeling approaches for dual-rotor axial-flux motors 
have been presented in [12]:

• 2D-LMMA (Linear Motor Modeling Approach)
• 2D-IRMA (Internal Rotor Modeling Approach)
• 2D-ORMA (Outer Rotor Modeling Approach)

Back-EMF waveforms, harmonic content and electro-
magnetic torque, and cogging torque were analyzed, and 
the results were compared with 3D model results and test 
motor measurements. In conclusion, the properties of 
the different approaches were compared. The 3D model 
required 20 times the number of elements compared to the 
2D-LMMA. However, the 2D-LMMA needs geometrical 
transformation and more circumferential slices when the 
3D geometry is irregular therefore needs bigger prepro-
cessing effort. Fig. 1 represents the model of the bench-
mark motor analysis prepared according to the 2D-LMMA.

In [13] the authors presented a multi-slice analyti-
cal model for predicting the open-circuit magnetic field 

in slotted semi-closed permanent-magnet axial flux syn-
chronous machines. The technique is based on a 2D exact 
solution of Maxwell's equations using the separation of 
variables. Finite element methods validated the results. 
The approach gives an exact solution on the given topol-
ogy, however, since the formulation is rather complex, a 
big effort was necessary to adapt it to other geometries.

The authors described a quasi-3D design program for the 
rapid evaluation of axial flux motors in [14]. 2D/3D FEA 
and measurements validated the results. The effect of the 
number of computational planes on the back-EMF wave-
form was presented. A reluctance network model for a sur-
face-mounted permanent magnet machine was proposed. 
In [15] the authors presented a method combining 2D FEM 
simulations with analytical models based on the Fourier-
series theory. The method proposed was to improve the 
results of the 2D FEA by introducing correction factors. 
The proposed method was validated by 3D FEA and mea-
surements of a prototype machine.

A dynamic 2D/3D model of an axial flux motor with Soft 
Magnetic Core (SMC) was presented in [16]. A Magnetic 
Equivalent Circuit (MEC) was presented in detail. Steady-
state and transient calculations were provided and compared 
to FEA results and measurements. In [17] a 2D Multi-Slice 
FEA method was presented where the AFPM motor was 
modeled by three electromagnetically coupled 2D sections. 
A hybrid motor was created and analyzed, consisting of 
permanent magnet rotor with short-circuited cage system. 
The line-start run-up curve was simulated and measured.

In [18] the authors prepared a nonlinear analytic model 
of axial flux motors. The model consisted a Magnetic 
Equivalent Circuit and an analytical model of air-gap per-
meances. The model was capable of calculating flux-dis-
tribution and torque in load conditions. 

The model results were compared to 3D FEA results. 
The benchmark motor parameters were presented in the 
paper. The machine model was prepared in rectangular 
coordinate system (2D-LMMA). Based on the developed 
analytical model a design optimization for torque density 
and efficiency constraint was presented [8].

According to the mentioned research work, we can 
conclude that the reduction of the axial flux motor 3D 
models to 2D equivalents results in a reasonable approxi-
mation and modeling errors and at the same time reduces 
the computational cost. These 2D equivalent models are 
therefore essential for numerical optimization purposes 
presented in the next section.

Fig. 1 Geometry and parameters of the finite element model.
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1.2 Optimization of axial flux motors
Optimization problems in electric machines has been 
always an interesting research field since the advances in 
optimization methods and algorithms can achieve better 
results and find close to global optimum solutions [19]. 
There are therefore many optimization algorithms avail-
able, developed to address special problems in computa-
tion [20]. However, based on the "no free lunch theorem", 
the test of the algorithms for performance on a given task 
is necessary. There are no universal algorithms in search 
and optimization that would perform equally well on 
every problem [21]. According to the 1st theorem formu-
lated by Wolpert and Macready [22]: 

f
m
y

f
m
yP d f m a P d f m a∑ ∑( ) = ( ), , , , ,

1 2  (1)

where dm
y  is the size m ordered set of cost values of y 

f : X Y→  where x∈ X ,  f is the function to optimize 
and P d f m am

y
, ,

0( )  is the conditional probability of the 
set dm

y  running algorithm a0 m times on function f. The 
theorem states that if an algorithm applied to a class of 
problem performs well on that particular class than it is 
necessary, that the same algorithm performs weaker on 
the set of all the remaining problems.

In [23] the authors proposed cogging torque reduc-
tion techniques for AFPM motors. Different techniques 
were presented developed mainly for RFPM motors and 
analyzed by 3D FEM method. Different magnet skew-
ing possibilities were analyzed: conventional, triangular, 
parallel-sided, trapezoidal and dual skewed. The effect of 
displaced magnets and variable pole-arcs were analyzed.

A sensitivity study on the efficiency and mass of a 
3.6 kW AFPM generator was presented by the authors 
in [24]. The machine was modeled by multiple 2D slices 
of the machine using both analytical and finite element 
methods. The results were compared with the measure-
ment results of the prototype machine. It was found that 
the generator efficiency was only moderately sensitive for 
the mass of the generator.

In [25] the authors described a design approach of axi-
al-flux traction motors. Using a proposed 2D equivalent 
model, the motor was sized by optimizing it for the effi-
ciency during the given Artemis drive-cycles. The 2D 
equivalent model was a reluctance network analytical 
model, suitable for quick evaluation. The performance of 
the optimized motor was validated by 2D and 3D FEA. 
A procedure to calculate pulsating torque components 
in axial flux machines was provided in [26]. The Torque 

Ripple Factor (TRF) for AF machines and its sensitivity 
to PM pole arc ratio and skewing to angel were presented. 
A comparison of different motor topologies was carried 
out. The authors presented a 3D FEA as well.

In [27] the authors provided general sizing equations 
for the AFIR topology. Design optimization was pre-
sented by choosing diameter ratio and air-gap flux-den-
sity. Minimization of cogging torque and ripple torque 
was obtained using FEA.

2 2D finite-element model of an axial flux motor – 
LMMA
In the following section the 2D finite element model of an 
AF motor is presented. The model parameters were the same 
as in [8] for model validation reason. In [8] the model was 
validated by 3D FEA and analytical calculations. However, 
in the current optimization problem, the number of slices 
was reduced to one in order to reduce computation time.

A magnetostatic analysis [28] was created to determine 
the cogging torque. The rotor was moved in every analysis 
step to compute the torque value during the motor operation. 

The equations that describe the problem are the 
followings:

∇× =H J ,  (2)

where H is the magnetic field strength, J is the current 
density. 

∇⋅ =B 0,  (3)

where B is the magnetic flux-density. The relationship 
between B and H for linear materials:

B H= µ .  (4)

FEMM uses the magnetic vector potential approach:

B A= ∇× ,  (5)

where A is the magnetic vector potential. 
Therefore, Eq. (2) can be rewritten in the form:

∇×
( )

∇×







 =

1

µ B
A J ,

 (6)

where B is the magnetic flux-density, A is the magnetic 
vector potential and J is the current density.

If the material models are isotropic, Eq. (6) can be writ-
ten in the simplified form:

− ∇ =
1 2

µ
A J .  (7)
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The present model was created by following the modeling 
steps described below:

1.  2D Transformation: the 3D structure of the axial flux 
motor has been transformed into the equivalent 2D 
model by applying geometrical transformation at the 
mean diameter of the motor. Only one section was 
used to reduce computation time for the optimization.

2.  Find the model symmetries.
3.  Define the material properties.
4.  Apply the boundary conditions.
5.  Prepare the FE mesh.
6.  Solve the FE problem.
7.  Step the model: change the angular position of the 

rotor.

The finite element model boundary conditions are pre-
sented on Fig. 2. In order to reduce the model size for the 
optimization, suitable symmetry conditions were applied 
on the model boundaries. Periodic boundary conditions in 
FEMM are suitable in this case. The corresponding edges 
of the model needs to be defined with the same BC.

On the other hand, mesh settings play an important role 
when air-gap flux-density functions need to be determined. 
Therefore, appropriately small element size was selected in 
the air-gap and along the interface between the stator and the 
rotor. The finite element mesh of the problem can be seen 
in Fig. 3. A mesh-independence study was carried out in 
order to check if the problem spatial discretization had negli-
gible effect on the results. The flux-density plot of the model 

with the benchmark parameters and the air-gap flux-density 
functions are presented in Fig. 4 and Fig. 5 respectively.

3 Optimization
A basic optimization problem was set-up and solved using 
the Ārtap software. Ārtap is an MIT licensed robust 
design optimization framework, which contains a set of 
numerical solvers and optimization algorithms [29]. Ārtap 
has an integrated FE solver Agros and has interconnection 
with several finite element solvers [30]. Compared to other 

Fig. 2 Boundary conditions of the finite element model.

Fig. 3 Finite element mesh.

Fig. 4 Flux-density plot of the benchmark AF motor.
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frameworks, the main advantages of Ārtap are that it is 
platform-independent, simple-to-use by python scripting 
and has many in-built optimization algorithms that can be 
parameterized or modified by the user.

Based on the open-circuit model presented and valida-
ted before, the rotor pole pitch ratio (A/B) and pole-shift-
ing (C) were selected as variables to find the optimal val-
ues where the cogging torque was minimum. 

The cogging torque was calculated by evaluating the 
cogging-torque vs. displacement curve in the LMMA pre-
sented in Fig. 6 The optimization process and the devel-
oped framework is presented in Fig. 7.

3.1 Optimization algorithm and parameters
The optimization algorithm used was the NSGAII proposed 
by Deb et al. NSGAII is a non-dominated sorting-based 

multi-objective evolutionary algorithm [31]. The non-dom-
inated sorting genetic algorithm II (NSGAII) has advan-
tages compared to classical non-dominated sorting EAs 
with O(MN 3 ). NSGAII has a faster sorting approach with a 
computational complexity of O(MN 2 ) [32, 33].

The parameters of the NSGAII optimization algorithm 
were as follows in Table 1.

The investigation of the effect of different algorithm 
parameter sets on the results and to find the most efficient 
parameter sets will be the scope of a future work.

3.2 Optimization results
Using algorithm parameters in Table 1 the geometrical 
variables of Table 2 were used to run the optimization 
process. The minimum and maximum values of the vari-
ables were set.

Fig. 5 Air-gap flux-density of the benchmark AF motor.

Table 1 Optimization algorithm parameters.

Parameter name Value

Max. population size 15

Max. number of generations 10

Fig. 6 Cogging-torque of the benchmark AF motor in the LMMA in 
function of the displacement (rotation equivalent).

Fig. 7 FEM-based optimization process in Artap using the NSGAII.

Table 2 Optimization variables and results.

Variable name Minimum Maximum Optimum

Pole-ratio ( pp) 0.5 0.9 0.64

Pole-shift ( pp_offset) 0.5 0.9 0.60
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The minimized cogging torque function using the 
optimum parameters is presented in Fig. 8. By applying 
pole-shifting and different pole-ratios than in the original 
model, the cogging-torque can be minimized.

4 Conclusions 
A cogging torque analysis and optimization method for 
axial flux motors based on the Ārtap framework using the 
FEMM finite element analysis software was presented. 
An optimization environment was prepared to use the Ārtap 
framework's possibilities and an executor for the FEMM's 
magnetostatic FE solver was implemented to the software. 
An optimization environment was prepared in order to use 
the Ārtap framework's possibilities together with FEMM's 
magnetostatic FE solver. An open-circuit axial flux motor 
FE model was prepared and validated by studies available 
in the literature. An optimization problem was solved by 
applying the NSGAII algorithm:

• the cogging torque was minimized by adjusting 
the pole-shifting and magnet pitch-pole pitch ratio 
parameters.

These two parameters have similar effect on the cog-
ging torque as in radial flux permanent magnet motors 
and the results of this study also proved this assumption. 
The optimization framework will be used in the future for 
further investigations of axial flux motors.

The magnetostatic benchmark problem will be used in 
the future to test and compare other optimization algo-
rithms for electric motor optimization. Given the robust 
design optimization possibilities of the Ārtap framework, 
an optimization problem considering the manufacturing 
tolerances will be addressed in the future.

Nomenclature
AF Axial Flux
AFIR Axial Flux Internal Rotor
AFPM Axial Flux Permanent Magnet (~Motor)
BC Boundary Condition
EA Evolutionary Algorithm
EMF Electro-Motive Force
FE Finite Element
FEA Finite Element Analysis
FEM Finite Element Modeling
FEMM Finite Element Method Magnetics
IRMA Internal Rotor Modeling Approach
LMMA Linear Motor Modeling Approach
MEC Magnetic Equivalent Circuit
NSGAII Non-dominated Sorting Genetic Algorithm II
PM Permanent Magnet
RFPM Radial Flux Permanent Magnet (~Motor)
SMC Soft Magnetic Core
TRF Torque Ripple Factor

Fig. 8 Cogging-torque of the AF motor with optimized parameters in 
the LMMA in function of the displacement (rotation equivalent).
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