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Abstract

So far, Permanent Magnet (PM) clutches have been broadly used as torque transmission devices. With the aim of effective utilization
of materials and energy in the manufacturing of PM clutches, design optimization has been widely applied. Generally, PM clutches are
optimized applying linear dimensions as optimization parameters. On the contrary, optimization of PM clutch shapes has not been
done extensively. Therefore, this paper performs optimization of PM clutch shapes with the following objectives: maximum tangential
attraction force and minimum volume of utilized materials. To form optimal shapes, the points on the clutch surface are chosen as
optimization parameters. The optimization is carried out using Artap framework in connection with COMSOL software, where the 3D
model of the clutch has been created. After the optimization, the tangential attraction force has increased by 13 % and the volume
of the clutch has been reduced by 24 %. Although the obtained shapes appear to be highly intricate, it does not pose an obstacle for

modern manufacturing techniques.
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1 Introduction

The electrical drive systems have an undeniable influence
on the energy conservation, environment and sustainable
development of the world [1-3]. As an important compo-
nent of electrical drive systems, Permanent Magnet (PM)
clutch always has been an object of research interest.

PM clutches are reliable devices, which can transmit
torque in the hazardous environment [4—6]. Extensive
implementation of PM clutches is based on their unique
features. Particularly, a lack of physical contact between
driving and driven member allows transmitting torque
over a separator, which is often necessary for biological
and food processing applications. Moreover, the friction
between the members is eliminated, that helps to avoid
mechanical failures, decreases vibration and offers easier
maintenance [7, 8].

The main issue in PM clutch design is the optimal usage
of magnetic and non-magnetic materials. For many years,
researchers have successfully applied design optimiza-
tion to address this issue [9—14]. Most of research works
have focused on minimizing the usage of magnetic and
non-magnetic materials [13, 14]. However, linear dimen-
sions have been manly used as optimization parameters
due to limited production capacities [15, 16]. However,
manufacturing of geometrically complex objects has
become possible employing modern techniques (e.g. addi-
tive manufacturing) [17-21]. Therefore, few studies have
attempted to obtain more intricate designs. In [22], the
authors have searched for optimal shapes of clutch disks
using 2D finite element analysis (FEM). However, to find
shapes more accurately, it is essential to carry out 3D design
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optimization. 3D design optimization takes into account
the flux distribution all over the body. Consequently, this
research optimizes a PM clutch design in 3D intending
to obtain a low mass of non-magnetic material and high
transmitted torque [23-25].

Besides, this study uses Artap framework along with
COMSOL to carry out the optimization [26]. Due to high
computational complexity, the problem is solved using
HPC (High-Performance Computing) with the automatic
parallelization functionality of Artap. Artap [27] is an
MIT (Massachusetts Institute of Technology) licensed
robust design optimization framework, which provides
a user-friendly interface along with a good set of numeri-
cal solvers and optimization algorithms. Moreover, using
Artap is highly beneficial due to its integrated FEM solver
(Agros [28, 29]), and its interconnection with several finite
element (FE) solvers (COMSOL and others [27, 30]).

To optimize a PM clutch, this study applies the Non-
dominated Sorting Genetic Algorithm IT (NSGA-II) solver.
NSGA-II is a fast sorting and elite multi-objective genetic
algorithm, which is becoming a key instrument in the
optimization of electrical machines and devices [31, 32].
NSGA-II is highly flexible algorithm, able to find a global
minimum and can deal with non-analytic formulation of
optimization problems.

2 Design optimization of the PM clutch

2.1 Operation principle of the PM clutch

This study considered a PM clutch constituted of two com-
ponents: driving and driven disks with teeth (see Fig. 1).
The material of both disks and the driven disk teeth were
set as printed steel. The teeth of the driving member of the
clutch were Permanent Magnets N52 (Sintered Nd-Fe-B).
When the members are coupled, attraction force appears
between the magnetic and steel teeth and contains two com-
ponents: axial force F, and tangential force F. The axial
force is a force that attracts clutch members to each other.

Driving member

Fig. 1 Initial design of the clutch
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The tangential force is a force that tries to align the teeth
of the driving and driven member face to face by changing
the position of the driven member. This force is associ-
ated with the torque being transmitted [33]. The transmit-
ted torque depends on the angle of deviation of the clutch
members relative to each other 66, magnetic flux density
B, and magnetic field intensity H [4]:

H
.51, By M)

80
Then, the relation between the torque and tangential
force can be expressed by the following equation:

T=F,-R,, @)

where R is the mean radius at which the force acts.

2.2 Design model of the PM clutch
The objectives of the PM clutch optimization were max-
imum tangential attraction force and minimum volume
of printed steel material. The optimization started with
creating the PM clutch model using COMSOL soft-
ware. Theclutch disks had eight symmetrical segments.
Therefore, only one-eighth of the problem was modelled
using periodic boundary conditions. Besides, the clutch
was optimized in the position where the angular deflection
was equal to 7/16 and the tangential force reached a max-
imum (see Fig. 2). In addition, Fig. 2 presents the mesh
used in the optimization. The number of elements of the
mesh was approximately 50,000. It is important to high-
light that the number of elements was changing during
optimization. Particularly, the more complex geometry
was formed, the more mesh elements were used.

The mathematical model of the clutch in COMSOL was
based on the expression:

_V'(”VWm_Br):Oa (3)

where y is the magnetic scalar potential, B is the
remanent magnetic flux density and g is the material
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Fig. 2 Meshed design model of the clutch at z/16 angular deflection
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permeability. Applying the magnetic scalar potential
significantly reduces computational complexity of the
design model.

Equation (3) was derived from the following relations:

Vx—=0>H=-Vy, ,V-B=V-(uH+B,)=0. (4

Then, the Maxwell tensor was used to calculate the tan-
gential attraction force.

In order to ensure geometrical continuity and sym-
metry, the magnetic scalar potential values on one side
were set equal to the negative values of the magnetic sca-
lar potential on the other side. Additionally, the mesh was
identical on both sides of the one-eighth part of the model.

The utilized printed steel was nonlinear material, which
means that its permeability 7 changing with changes in mag-
netic field intensity (see Fig. 3). The magnetization curve
of the printed steel was acquired from a test of a sample [34].
The sample was made of electrical steel with 6.5 % silicon
content produced by selective laser melting printing.

The initial geometry of the clutch is shown in Fig. 4.
The dimensions of the clutch are reported in Table 1.

Magnetic flux density (T)
o
e

0 0.5 1 1.5 2 2.5
Magnetic field strength (A/m) x10*
Fig. 3 B-H curve of the printed steel [19]

Fig. 4 Geometry of the clutch

Table 1 Clutch dimensions

Dimension Value
Outer radius R 32.5 mm
Inner radius R, 12.5 mm
Mean radius R, 21.5 mm
Thickness of the disks H 4 mm
Thickness of the magnets 5 mm
Width of the magnets 10 mm
Length of the magnets 18 mm
Air gap 1 mm

2.3 Optimization parameters

The optimization model had 56 parameters, which are pre-
sented in Fig. 5. The parameters, which correspond to the
points located on the disk end faces are marked with red.
The parameters, which correspond to the points located
on the teeth end faces are marked with green. During opti-
mization, the points could move in z-direction within the
following limits: red points' limits were [0, 1.5] mm, green
points' limits were [0, 4.5]. Both clutch members had the
same parametrization. However, the shapes and sizes of
the magnetic teeth were fixed.

2.4 Solving the optimization problem in Artap
The optimization was carried out using two interconnected
programs: Artap and COMSOL. Within Artap, optimiza-
tion algorithm NSGA-II was implemented, while the val-
ues of objective functions were calculated in COMSOL.

Formulation of the current optimization problem
in Artap environment is shown in Algorithm 1. The opti-
mization objectives and parameters were defined in the
"ComsolProblem" class. The values of the objective
functions were generated by COMSOL in the file named
"OUT.txt".

When the problem was defined, the optimization algo-
rithm and its setting were specified in the "solve" function
(see Algorithm 2).

Front side of the driven disk | Back side of the driven disk |
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Fig. 5 Parametrization of the clutch model



Algorithm 1 Formulation of the optimization problem

class ComsolProblem(Problem):
def set(self):

self.name = "ComsolProblem"

self.parameters = [ {'name": 'bl', "initial value': 0, 'bounds": [0, 3e-3]},
'‘bounds": [0, 3e-3]} ... ]
self.costs = [{'name": 'f1', 'criteria": 'minimize'},

{'name": 'b2', "initial_value": 0,

{'name": 'f2", 'criteria': 'minimize'} ]

self.output_files = ["OUT.txt"]

self.executor = CondorComsolJobExecutor(self, model
file="clutch2.mph", files_from_condor=["OUT.txt"])

Algorithm 2 Optimization algorithm and settings

def solve():
problem = ComsolProblem()

database_name ="." + os.sep + "data"
problem.data_store = JsonDataStore(problem,

—n

database name=database name, mode="write")

problem.options['save_data_files'] = True

algorithm = NSGAII(problem)
algorithm.options['max_population_number'] = 50
algorithm.options['max_population_size'] = 50
algorithm.options['max_processes'] = 10
algorithm.run()

In this study, NSGA-II optimization algorithm was used
due to its high efficiency and reliability. For NSGA-II, the
settings were the following: number of generations and
number of individuals in each generation. The number of
individuals, as well as the number of generations, was 50,
which led to 2,500 calculations. Additionally, the maxi-
mum number of parallel processes was defined to 10, since
the computing cluster "Condor" was used.

3 Results

The results of the optimization are reported in the objec-
tives plane in Fig. 6, together with the Pareto front. It can
be noticed that the solutions converge to the optimal
ones, which are located close to the left corner of the plot.
The Pareto front is steep as long as the volume has varia-
tions around close values of the tangential attraction force.
Overall, Fig. 6 confirms that the PM clutch is able to compro-
mise a low volume with a high tangential attraction force.

Fig. 7 shows the magnetic flux density of the optimized
clutch, while Fig. 8 presents the optimized shapes of the
clutch in detail.

Interestingly, Fig. 7 shows quite low magnetic flux den-
sity of the optimized clutch on the bottom of driving and
driven disks. A possible explanation for this might be that
the limits defined for the changes of optimization param-
eters were too small.
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Fig. 7 Magnetic flux density of the optimized PM clutch

Table 2 illustrates the comparison of initial and opti-
mized design in terms of the volume and tangential attrac-
tion force. From Table 2 it can be concluded, the tangential
attraction force increased by 13 % and the volume was
reduced by 24 %.

4 Conclusions
The current research aimed to optimize a PM clutch
to achieve high transmitted torque and low volume of
steel material.

After the optimization with 2,500 calculations, the vol-
ume was reduced and the tangential force increased sig-
nificantly. It is worth mentioning that the intricacy of the
obtained shapes of the clutch does not pose a big obsta-
cle since modern manufacturing techniques such as addi-
tive manufacturing allow producing complex geome-
tries [17, 34]. Nevertheless, additive manufacturing may
possess several issues: geometrical imperfections and
inaccuracy in material properties, which can have a neg-
ative influence on the efficient work of the clutch [9, 35].
To ensure the accuracy of geometry and material proper-
ties, robust optimization can be applied. For this purpose,
further research might focus on robust optimization of
the PM clutch.
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Fig. 8 Optimized shapes of the PM clutch: (a) top view of the clutch, (b) side view of the clutch, (c) driven disk
Table 2 Comparison of initial and optimal design Besides, design optimization models, calculations and
Objective Initial design Optimal design results can be downloaded from the homepage of the
Volume 4.6:10 °m’ 3.5:10 °m’ project [36].
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