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1 Introduction

To date, electrical machines (EMs) and drives have been incorporated into a vast number
of industrial processes and applications. Electrical motors are the major users of electrical
energy. They consume more than 50% of the global electrical power [1], [2]. Therefore,
the efficiency of the electric motors is crucial for sustainable industry development.
Optimization is one of the promising approaches to enhancing the efficiency of electric
motors [3].

Often, motor optimization can lead to intricate design geometries which cannot be
produced using conventional manufacturing techniques [4]. Additive manufacturing
(AM) provides wider production possibilities for complex optimized designs and opens
new ground for motor efficiency improvement [5].

In this work, the optimization of a Switched Reluctance Motor (SRM) is studied and
a novel multi-level optimization methodology is proposed and implemented. Major
elements of optimization are reviewed such as optimization models, optimization
methods, and algorithms. In the meanwhile, key steps of the SRM design and
optimization are presented. Lastly, additive manufacturing possibilities are explored and
the initial and optimal designs of the motor are manufactured.

1.1 The Motivation of the Study

SRM has been invented nearly two centuries ago, but there has not been a motivation
for its development, due to its low efficiency and loud noise production [6]. Thanks to
the rapid growth of advanced power electronics and various control possibilities,
the SRMs have now the opportunity to be implemented in the industry [7]. However,
not all the problems can be solved by applying power electronic devices to the SRM drive.
SR motors have a lot of potentials, yet they own design complications due to their salient
nature [8]. Literature shows that optimization of SRMs can help to overcome the SRMs’
design issues and considerably improve their performance. On another hand, AM is
strong support of motor optimization. Due to the vast design opportunities that AM
provides for motor manufacturing, optimization can be carried out at a more delicate
level [9]. Hence, this thesis was motivated by the optimization of an additively
manufactured SRM using sophisticated optimization techniques.

1.2 The Objectives of the Study

The objective of the study is to carry out SRM design and optimization to increase the
average torque of the motor, reduce core material consumption, and decrease the
torque ripples. This work starts with the review and assessment of the optimization
environment elements such as models, methods, and algorithms to gain a deeper
understanding of optimization principles. Prior to the optimization, this study designs an
SRM utilizing the classic SRM design method. Then, a new multi-level optimization
methodology is proposed based on a promising optimization method — topology
optimization (TO). TO is known to impose a high burden on computational resources [10].
To reduce the computational complexity of TO, the design space is compacted using
initial parameter optimization and sensitivity analysis of advanced optimization
parameters. Thanks to implementing such an approach, the design space of the whole
SRM can be minimized to a very essential and prompting area. High-performance
improvement can be noticed after the SRM optimization. Additionally, this work makes



a deep overview of the AM and highlights the AM prospects for the optimization of EMs,
in particular, SRMs. Lastly, initial and optimal designs of the SRM are produced employing
AM techniques.
The objectives of the study can be summarised as follows:
e Increase the average torque, reduce the torque ripple, and decrease the core
material consumption of an SRM using optimization techniques.
e Select an optimization environment suitable for additively manufactured
SRM.
e Propose an optimization methodology with reduced computational
complexity.
e Design an SRM taking into account AM possibilities.
e Acquire an optimal design of an SRM through the worked-out optimization
methodology.
e  Verifying results through modeling and prototyping using AM techniques.

1.3 The Novelty of the Study

One of the key elements of the motor optimization process is motor modelling. Motor
modeling method plays an important role in defining the quality of the optimization
results and time consumption [3]. In this thesis, SRM modeling methods are carefully
studied and the classification of the methods is created. Based on the major
characteristics such as accuracy, flexibility, rapidity, and simplicity, the SRM modeling
methods are compared.

Through a wide literature review, major optimization models, methods, and
algorithms of SRM optimization are defined and studied in detail. The importance of the
correct selection of these key elements of the optimization can not be overlooked, since
it plays the biggest role in the result of the optimization [11]. The models, methods, and
algorithms are carefully compared in the scope of the SRM optimization.

In this thesis, the optimization approaches are scrutinized and assessed in detail.
The TO approach is found to be promising and beneficial for SRM design, yet it yields
extremely high computational costs [4], [12]. To overcome the issue of high computing
effort, a novel optimization approach is designed. This approach considerably shrinks out
the design space of the TO by carrying out two pre-optimizations: initial design
optimization, and sensitivity analysis. The initial design optimization helps to optimize
global design parameters such as the diameters of the rotor and stator, and teeth
openings. Then, sensitivity analysis explores the influence of the shape of the rotor and
stator on the motor performance and helps to define the most crucial areas. These vital
areas of the motor geometry are then selected as search spaces of the TO. Thanks to this
approach, the search space and, consequently, the time consumption of the TO can be
reduced by more than 70%.

As a part of the optimization, sensitivity analysis provides valuable information about
the influence of motor design parameters on the average torque and torque ripple of the
SRM. This works presents the dependence of the torque characteristic on the tooth angle
of the rotor and stator both at the air gap and at the core, eccentric air gap, and additional
tooth implementation.

The outcomes of the SRM optimization are the initial optimal design, sensitivity
analysis optimal design, and TO optimal design. These three designs not only present a



significant improvement of the SRM’s torque characteristics but also contrast different
optimization methods reviling their opportunities and challenges.
As a part of this thesis, the initial and optimal designs were produced using AM

techniques.

The novelties of the study can be summarised as follows:

SRM modelling methods are classified. Based on the major characteristics
such as accuracy, flexibility, rapidity, and simplicity, the SRM modelling
methods are compared.

Various methods and algorithms are carefully compared in the scope of the
SRM optimization.

A novel optimization approach is designed. This approach considerably
shrinks out the design space of the TO by carrying out two pre-optimizations:
initial design optimization, and sensitivity analysis.

As a part of the optimization, sensitivity analysis provides valuable
information about the influence of motor design parameters on the average
torque and torque ripple of the SRM.

The outcomes of the SRM optimization are the initial optimal design,
sensitivity analysis optimal design, and TO optimal design.

As a part of this thesis, the initial and optimal designs were produced by
means of AM techniques.
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2 State of the art of optimization and additive manufacturing
of switched reluctance motor

This section is based on the publications [lI] where the optimization environment of the
SRM is investigated. Besides, a detailed study of the design and control of the SRM drive
is carried out and challenges of the SRM implementation are defined. A comprehensive
comparison of the optimization modeling methods is presented, as well as the comparison
of the optimization methods and algorithms in terms of accuracy, rapidity, flexibility, and
simplicity.

2.1 Switched Reluctance Motor-Drive

2.1.1 Design and Control of Switched Reluctance Motors

Prior to the optimization of a motor, it is important to thoroughly understand the design,
operation principle, and drive of the motor. Therefore, this chapter focuses on the
essentials of the SRM design, working principles, and control.

Key highlights of the SRM design are its simple rigid structure, and lack of windings or
permanent magnets on the rotor. As Figure 2-1 suggests, a three-phase SRM consists of
a stator with six teeth that are caring for the windings, and a rotor that has four teeth
and no magnets/windings.

Figure 2-1: Structure of three-phase 4/6 pole SRM [8].

Depending on the position of the rotor, the inductance of an active phase is
continuously altering. As can be seen in Figure 2-2 and Figure 2-3, the inductance is at its
minimum, when the rotor and stator teeth are misaligned. At a certain position, when
the corners of the stator and rotor teeth get close enough, the inductance starts
increasing. During the period, when the inductance is growing, a constant torque can be
produced. After the teeth of the rotor and stator fully align, the active phase inductance
reaches its maximum and torque becomes zero. Near this position, another phase should
get excited in order to produce the torque as in Figure 2-2.

The mathematical formulation of the described process of torque production is as
follows:

. ‘oL(6,i) . . 1
T(6,i) = fo %0 idi. .
where T is the produced phase torque, 8 denotes the rotor position angle, and i is the
phase current.

11
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Figure 2-3: Ideal inductance profile of SRM’s one phase [8].

A classic drive concept and control scheme of a three-phase SRMis presented in Figure
2-4. It can be seen from the Figure 2-4 (b) that each phase of the motor is controlled
autonomously. The SRM control requires two switches per phase, which are controlled
by the rotor position and current. The rotor position control is necessary in order to
switch the driving phases at the right moments, and the current control is required to
regulate the defined reference current value.

Frequently, the phase inductance profile of SRM defines the commutation pattern of
the drive. For the three-phase SRM, the duration of the inductance growing phase is
30 mech. deg. Consequently, each of the phases should be turned on for 30 mech. deg
with a step of 90 mech. deg. Yet, there are drive circuits that involve the overlapping of
two phases with each other (see Figure 2-5).

12
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Figure 2-5: Commutation pattern of three-phase SRM drive [8].
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2.1.2 Challenges of Switched Reluctance Motors Application

A key challenge of the SRM application is closely related to the inductance profile of the
motor phases. The inductance profile presented in the Chapter 2.1.1 is called the “ideal
inductance profile”. It can be used for simplified estimation of the motor behavior.
In reality, the inductance profile of the SRM is non-linear and called the “real inductance
profile” (see Figure 2-6). Due to the salient nature of the SRM, its phase inductance is
growing non-linearly due to the appearance of the fringing flux at the begging of the rotor
and stator teeth overlap (see Figure 2-7). The nonlinearity of the inductance leads to the
nonlinear growth of the current and torque. Therefore, the SRM is characterized by high
torque ripple and, thus, high vibration and noise levels while operating.

To overcome the issue of the torque ripple, the researchers have defined two solid
approaches. One approach is related to the control of the motor. It has been shown, that
the correct definition of the commutation parameters and currents can considerably
improve the torque characteristics of SRMs. Another approach is focused on motor
design and optimization. The literature presents many examples of torque improvement
thanks to the introduction of certain teeth shapes of both stator and rotor.

45 25 25 45

0
Tol Tol Tol Tol Tol
Qo_ ’, Qo_ ’, \\ ¢ <€ R '// Q c

2 ¥ n d
Ideal inductance
Real inductance
Real voltage

Real current

Real torque

emin einc gmax dec 6min
-45 -35 -25 -15 -5 5 15 25 35 45
Rotor position (m. degree)

Figure 2-6: Ideal and real phase inductance comparison [8].

Figure 2-7: Fringing flux at the beginning of overlap [8].
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2.2 Optimization Environment

Recent literature shows, that optimization is an effective tool that is used to improve the
performance of EMs. For the EMs, optimization is a process of finding a set of design or
control parameters that leads to the best (targeted) performance characteristics of the
motor. The key elements of an optimization are the optimization model, optimization
method, and optimization algorithm.

2.2.1 Optimization Models
An optimization model can be defined as a mathematical or numerical formulation of an
optimization task. Usually, an optimization model includes:

1. The objective function, defines the aims of optimization such as maximization
of average torque, maximization of torque density, minimization of torque
ripple, minimization of mass, etc;

2. Constraints, define curtain limits necessary for the optimal result such as iron
losses less than 10 W, average torque more than 100 N, iron volume less than
101, etc. The objective function and constraints are sometimes interchangeable
depending on their formulation and importance for the targeted designs;

3. Optimization parameters, which define the geometrical or control parameters
of the motor. By varying the optimization parameters, an optimal set of them
can be found that leads to the best-targeted performance of the motor.

The optimization model is responsible for forecasting the objectives and constraints
for a particular set of optimization parameters. The optimization model can be defined
as an analytical, numerical, or magnetic circuit (MEC) model. Basically, an optimization
model is a design model which has the freedom to change design/control parameters in
order to search for their optimal set.

In general, the design of an SRM involves several stages such as electromagnetic
analysis, structural analysis, and thermal analysis. Usually, for each of these stages,
a model should be created. In this thesis, only the electromagnetic basis of the
optimization will be covered. Therefore, this section will be focused on the
electromagnetic modeling of SRMs. Yet, some overview is given for thermal and
structural analysis.

The main task of the electromagnetic modeling of an SRM is to find out the relation of
the flux linkage ¢, phase voltage V, phase current j, and phase resistance R. Then, the key
performance characteristics can be defined such as torque, losses, and efficiency.

_— = - [ 2-2
P =V Ri

As it was mentioned in Chapter 2.1.2, the great challenge of the SRM design is the
nonlinearity of the inductance of the SRM. Together with the operation under high
saturation, these two specialties of SRMs bring a great challenge to the simulation of the
motor.

This section gives a deep overview of the SRM modeling methods such as analytical
methods, numerical methods, and the magnetic equivalent circuit (MEC) approach [13].

15



2.2.1.1 Magnetic circuit approach

The MEC method has been extensively used for modeling EMs owing to its simplicity and
fast results prediction [14]—[21]. Yet, the accuracy of this method is quite low since it
often can not take into account such processes as fringing flux or high saturation of SRMs
(see Figure 2-8). The working principle of the MIC is illustrated in Figure 2-9. As can be
seen from the figure, each core element of the SRM is represented by a gray rectangle or
permeance. Then, each winding is illustrated as a circle. Lastly, the dashed line represents
the airgap permeances [14]. Using the scheme presented in Figure 2-9, a system of
equations is built and solved based on the circuit laws.

- Stator Pole

Airgap Flux

\

—_— < ¢ Rotor Pole
overlap

(a) (b)

Figure 2-8:  (a) Fringing effect in partial overlap position; (b) Fringing effect in complete overlap
position [2].

Figure 2-9: Magnetic circuit model of SRM [2].

To overcome the issue of lower accuracy, researchers attempted to take into account
the high saturation of the rotor and stator pole tips by dividing the teeth into areas with
different permeabilities [14]. Moreover, recent literature shows that the fringing effect

16



of the stator and rotor poles can be taken into account by appending the fringing air-gap
permeance into MIC [19], [20]. For certain rotor positions, these MEC improvements lead
to an accuracy comparable with the FE method while keeping the computation efforts
low. Additionally, the MEC approach can be applied with the support of the FE method
analysis [16]-[18]. The literature review showed, a 3D MEC method successfully
combined with the FE-calculated fringing effect parameters [18]. This united technique
has been validated by experimental results with high accuracy (see Figure 2-10).

129 _a FEM unaligned
& FEM aligned
1.0 —— Experiment unaligned PAPEE. o
v Experiment aligned g ! 3 b4 T3 I3
0.8 MEC unaligned ¢~
5 «— MEC aligned _ ¥
2 :
5 0.6- e
20
5 /
4
2 P’
» 0.4+ / 7
= ,.‘ 4L an
/ PO o o
- ¥ P = = o
/ we— =
0] oot
T T T T T
o ' cun‘cﬁ?t(/\) s 5

Figure 2-10: Comparison of flux linkage curves obtained by FEM, MEC, and experiment [6].

To the author’s knowledge, no literature presented the implementation of the MEC
approach or MEC approach assistant by the FE method toward the optimization of SRM.
A possible reason can be that there are limited possibilities to comprehensively
parametrize the SRM within the MEC method. Basically, the freedom of the motor
geometry modeled with MEC is relatively low, so the results of the optimization can
hardly be significant.

2.2.1.2 Analytical approaches
For many years, analytical approaches have been broadly used for SRMs modeling.
The analytical methods can be classified as follows:
1) Maxwell’s equation-based method
2) Interpolation methods
a) Lookup table-based interpolation method [22], [23]
b) Artificial neural network (ANN) based interpolation method [24]-[27]
c) Fourier-series-based interpolation method [28]—-[31]
Maxwell’s equation-based method utilizes the magnetic potential A together with
Maxwell’s equations for solving 2D or 3D magnetic problems.
VXA=BV-4A=0 2.3
where B is the magnetic field density. Together with Maxwell’s equation, equation 2.3
becomes:
VA = —J 2.4
where J implies the current density and p presents the magnetic permeability.
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Maxwell’s method presents good accuracy and reliability, yet high computational
complexity. Much research has been done on Maxwell’s method applied to SRM
simulation [32]-[34].

To obtain the phase inductances of the SRM at arbitrary rotor positions, Sufei Li et al.
devised a method employing Maxwell’s equation and conformal mapping technique.
As it is shown in Figure 2-11, the proposed technique has a decent agreement with the
FEA [33]. The alternative method offered in [34], simulates the magnetic field of the SRM
operating under high saturation. The presented nonlinear analytical model has shown a
positive correlation with FEM unlike the linear one (see Figure 2-12).

The MEC method, Maxwell’s equation-based approaches, and FEA require separate
consideration of each operating condition of the machine. By contrast, the interpolation
techniques propose models that can predict the performance of the machine based on a
limited number of simulations or experimental tests. Therefore, a common feature of
interpolation techniques is time efficiency.

A good example of an intuitive interpolation technique is presented in [23].
The authors utilized FEM analysis to construct a lookup table of the inductance
characteristic depending on the rotor position and excitation. Using the lookup table
along with a MEC, the dynamic characterization of the SRM was obtained. The benefit of
this approach is that it is quite clear and smooth; however, its accuracy is not reasonable
for some applications [29].

Nowadays, artificial neural networks (ANNs) based techniques are one of the most
well-known tools for the interpolation of experimental or simulation data. ANNs have
been extensively employed in numerous applications from forecasting and trends to
signal processing and design optimization.

ANNs are essentially computing systems, which concept is inspired by the biological
neural networks of human brains. Figure 2-13 illustrates the ANN working principle.
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Figure 2-11: Comparison of the proposed analytical approach with FEA.
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Figure 2-12: Performances versus current density with excitation in one phase. (a) Radial peak flux
density values. (b) Flux linkage. (c) Maximum self-inductance. (d) Electromagnetic torque [22].

The neurons, which are the main components of a neural network (NN), accept inputs
Xi, i=1..n. Then, the inputs together with the bias 8 are multiplied by corresponding
weight parameters. After that, the weighted inputs can be summed up to a set called net
and then send to an activation function. Another way is to use a separate activation
function for each weighted input and then, adding the bias, sum them up. The calculated
result proceeds to the output. Additionally, Equation 3 illustrates the working principle
of NN mathematically [35].

Sziw[- Xi+wy- 6,
i=l
Q, = f(S), 2.5
92=ifl(wi' Xi)+wy- 6,
i=1

where S introduces the set of the weighted inputs or net, while Q demonstrates the
set of outputs. Particularly, Q1 illustrates the case when the activation function is applied
to the net S and Q2 illustrates the case when the activation function is applied to each
weighted input.

Parameters of a NN such as weights and threshold of the inputs are defined through
training a NN model. The activation functions are chosen by a user through experiments.

The ANN techniques have demonstrated several remarkable features, which are
particularly useful in SRM design and simulation. For example, one of the unique qualities
of ANNs is the ability to interpolate highly nonlinear systems. This quality is exceptionally
valuable for modeling the nonlinear electromagnetic characteristics of the SRM. Moreover,
previous research has demonstrated another advantage of the ANNs —the high accuracy
of the interpolation models. On the other hand, the model’s accuracy is greatly
dependent on the training process and the provided training data.

An early example of the ANN application in the SRM design is presented in [26].
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The research proposed a discrete-time model, which could simulate a faulty and
fault-free SRM. The authors constructed a reliable ANN architecture with the support of
the evolutionary algorithm (EA).

L 0 g

X1—> xw,—— N s ,1 —

Input

Qutput

X, oxw,—> [,

Activation functions

Figure 2-13: ANN working principle.

In a study conducted by W. Ding et al., the adaptive neural fuzzy inference system
(ANFIS) techniques were used for modeling the SRM [36]. The researchers have been
able to form an accurate and comprehensive SRM model verified by experimental data.
Relatively recent research successfully utilized B-Spline NNs for online modeling of the
SRM [37]. The online training of the B-Spline NN provided the obtained model with high
robustness and accuracy.

To date, researchers have developed a list of effective methods based on the Fourier
series for the SRM simulation. The following equation represents the considered Fourier
series:

2
U1i,0) = fr(B)cos(kb), 2.6
k=0

where A is the phase flux linkage, fk(B) are the series coefficients, i and 6 are the phase
current and the electric angle of the rotor, respectively.

Thanks to the possibility to change the number of Fourier terms used for interpolation,
this approach proposes high flexibility of accuracy. Another advantage of this method is
that the amount of data required for approximation is considerably lower than for the
ANN interpolation method or FEM. Using a second-order Fourier series, S. Song et al.
proposed a way to approximate the flux linkage of the SRM. Working just with 21 data
points for determining the series coefficients, this method could demonstrate a good
agreement with the test results (see Figure 2-14) [38]. A simple and reliable model of the
SRM for real-time controller implementation was introduced in [30]. Additional
consideration of the machine’s geometry and materials makes this approach suitable
within the design stage. Another good example of Fourier series usage for SRM modeling
was presented in [39]. The researchers could successfully estimate the flux linkage profile
without using complex and costly clamping devices and position sensors.
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Figure 2-14: Calculated and measured SRM magnetic and torque characteristics [38].

There are not many papers, which show the implementation of the analytical methods
within SRMs optimization. Yet, a new method called multiphase excitation used for the
calculation of static torque taking into account the cross-coupling and magnetic
saturation is introduced and utilized within the parameter optimization [40].

Another model widely utilized within the SRM optimization is a surrogate model. A
surrogate model was initially developed for reducing the computational complexity of
the optimization compared to FEM and obtain more precise results than through
analytical methods. Basically, a surrogate model is a set of mathematical expressions
which replace the FEM constructed using the design of experiment or ANN techniques.
An example of the surrogate model utilization within the SRM optimization is presented
in [41], where the flux linkage and torque characteristics are represented by the
approximate models which are based on the data gained from the FEM.

2.2.1.3 Numerical Approaches

Simulating the SRM nonlinear behavior with good accuracy is a great challenge for
researchers. Despite the merits of the MEC approach or analytical methods, the finite
element method (FEM) is the most widely used way to model the SRM.

Principally, a FE model of an electromagnetic device is made up of finite elements,
which carry the following information: geometry, materials, excitations, and constraints.
A simple variation of the electric and/or magnetic potential exists within each finite
element. Based on that, FE computing solves all the unknown electric and magnetic
potentials and the associated fields. The classic formulation of the electromagnetic
problem in FEA is A-¢ (magnetic vector potential — electric scalar potential) formulation:

B=VxA
{E =-V) Ay =¢
where B and E illustrate the magnetic and electric fields, respectively. Then, the final
mathematical expression of a FE problem is the following:

{3} + {5} + k1 = R0 + (R0 28

where the A-partition of the equation illustrates Ampere’s law, including induction and
displacement currents, while the {-partition represents the charge continuity condition.
Matrixes M, B, K are finite element matrices representing dielectric, conductivity, and
reluctivity properties. The two load vectors F1 and F2 represent volume current loads
and surface loads.

One of the primary benefits of the FEM is the ability to find an accurate solution for a

2.7
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machine with complex, intricate geometry. Furthermore, this method can easily deal
with anisotropic materials with nonlinear permeability. All these advantages make it
particularly valuable in the SRM design.

There exists a considerable body of literature on the SRM simulation using the FEM
[42]-[45]. To reduce the torque ripple of an SRM, an optimum rotor design has been
found in [42] using the 2D FEM. Later, K. Kiyota et al. researched an SRM, where 2D and
3D-FEM analysis results were carefully compared with the tests (see Figure 2-15). It has
been shown that the 3D-FEM analysis was capable of providing an accurate solution for
an SRM design with an error of less than 5% [43].
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Figure 2-15: Flux linkage curve of the SRM [43].

Unfortunately, the 3D-FEM approach results in problems related to the model’s
meshing. The mesh in a 3D-FEM model should have a high number of finite elements to
achieve good accuracy. This makes up for the problem of high computational complexity
and long execution time. This turns out to be even more problematic within an
optimization, where thousands of machine designs should be analyzed. Certainly, the
2D-FEA can obtain simulation results much quicker compared to the 3D-FEA. However,
the following limitations do not allow it to replace the comprehensive 3D-FEA:

e Alteration of material properties along the axial direction cannot be taken
into account;

e Consideration of the machines with axial-field topologies is not possible;

e The flux linkage in the end-winding region is neglected;

e  Eddy current losses related to steel lamination are not considered;

e Design features along the axial direction cannot be taken into account.

Despite the challenges of the FE implementation, many researchers have been
intensively working toward 3D-FEA optimization. Several techniques have been proposed
to improve the efficiency of 3D-FEA, some focusing on T-Q (electric vector potential —
magnetic scalar potential) problem formulation [46]—-[48], others on the domain [49] or
time decomposition [50]. These methods help to achieve a considerable reduction in the
simulation time.

A huge amount of literature focuses on SRM optimization using FEA. For example, an
SRM utilized in low-speed electric vehicles is multi-objectively optimized base on a FEM
and the vehicle balance equations in [51]. In another paper, an SRM for high-volume
traction applications is optimized by taking into account the control algorithm using FEA
[52]. For SRM optimization, FEM proposes a great opportunity to create complex intricate
geometries that is hardly possible using MEC or analytical techniques.
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2.2.1.4 Modeling approaches comparison

To summarize the strengths and weaknesses of the modeling methods discussed in this
section, Figure 2-16 is provided. In the figure, orange bubbles show the main groups of
the electromagnetic design methods, and cyan bubbles illustrate a particular method.
The methods are assessed in terms of accuracy, rapidity, flexibility, and simplicity. Each
of these specifications has a particular color, which is assigned or not to a particular
method. For instance, the highlighted attributes of the methods based on ANN are high
accuracy and flexibility.
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Figure 2-16: Comparison of electromagnetic analysis methods of SRM.

2.2.1.5 Structural and Thermal Analysis
Structural and thermal analysis are the important stages of motor development and
optimization. Sometimes, due to the optimization, structural characteristics such as
mechanical strength or manufacturability can be reduced. Therefore, for certain
optimization problems, it is worth carrying out mechanical analysis after or during
optimization. The key aspects of structural analysis are the following [53]:

e Mechanical stress/strain analysis

e Buckling analysis

e Vibration and noise analysis

Specifically, the mechanical stress/strain analysis is associated with a test of strength
and aims to reveal whether the machine’s structure and its components are able to bear
the intended load without failure. By means of the buckling test, a designer ascertains
that the machine and its components will not lose their stability. Finally, the vibration
and noise analysis not only ensures that the machine’s operation is stable but also
guarantees that the noise produced by the machine is acceptable for the work
environment.

Another key thing to remember within the structural analysis is an assessment of
manufacturability. This process involves a determination of geometric dimensions and
tolerances, setting up an appropriate fitness between mechanically mating parts of the
machine.
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It is known that one of the primary issues of SRM is the torque ripple and,
consequently, the vibration and acoustic noise. The vibration and noise not only
adversely affect the performance of the machine and its safety but also can be harmful
to a human being. Moreover, the undesired vibration can easily damage the SRM parts
such as stator windings, and rotor bearings, and even lead to failure. The vibration
problem can be solved by approaching it through electromagnetic analysis and reducing
the torque ripple. Additionally, the electromagnetic problem can be transferred to the
mechanical analysis software and the vibration characteristics can be assessed
directly[54]-[58].

Thermal analysis plays an important role in SRM design and optimization.
The temperature of the machine strongly affects its performance, insulation life,
mechanical strength, reliability, etc. Therefore, it is often important to check the thermal
stability of a final optimization design or include the thermal characteristics in the
optimization of SRM. The recent literature on EM design and analysis shows two major
approaches used to carry out a thermal analysis. The first one is based on the equivalent
heat circuit (EHC) [59], while the second employs numerical techniques such as
computational fluid dynamics (CFD) and FEM [55], [60], [61], [62].

2.2.2 Optimization Algorithms

Using the optimization model, an optimization algorithm is aimed to find optimal designs,
so-called sets of design parameters. An optimization algorithm is a set of mathematical
operations which search for the best available alternative taking into account given
constraints. So far, many optimization algorithms have been developed. Within the
optimization of electrical machines, evolutionary algorithms, and particle swarm
optimization algorithms appear to be the most prevalent.

The group of evolutionary algorithms (EAs) includes single- and multi-objective genetic
algorithms, evolution programming, and evaluation strategy. All of these are inspired by
biological evolution and use the knowledge of evolution’s mechanisms such as
reproduction, recombination, selection, and mutation. An overview of the EAs’ terms and
operations can be found in [63].

The evolutionary algorithms are widely applied in EM and electromagnetic device
optimization. An example of an optimization of geometrical and control parameters of
SRM using a non-sorting genetic algorithm Il (NSGA-II) is presented in [52]. In another
paper, the authors propose a new design optimization outline utilizing a fast-current
profile estimation method and multi-objective differential evolution algorithm (DE).

As it is shown in the literature, the EAs have exceptional qualities. High algorithm
flexibility, fast search space narrowing, and the capacity to find a global minimum are the
main advantages to name. Yet, the optimization of the SRM using EAs can be
computationally expensive.

The particle swarm optimization algorithm (PSO) is based on the birds’ flock movement
and was initially designed to simulate social behavior. This method defines a candidate
solution and using a sequence of iterations tries to improve it. A comprehensive
description of the algorithm theory and implementation can be found in [64]. There are
many examples of PSO implementation for EM optimization. However, rarely it is used
for SRM. One article presents a surrogate model coupled with the PSO algorithm for the
multi-objective optimization of an SRM [64].
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2.2.3 Optimization Methods

An optimization method is basically a procedure that solves the optimization problem
using the optimization model and algorithm. There are three main groups of optimization
methods used within the SRM design optimization: direct, indirect, and statistical
optimization methods. The direct optimization method is a method that involves the
direct interconnection of an analytical or FE model with an optimization algorithm.
The indirect optimization method is one that uses a surrogate model for solving the
optimization problem. And statistical optimization method involves a robust optimization
model. As can be noticed, the key element that defines the optimization method is the
optimization model.

2.2.4 Optimization Types and Model/Algorithm Selection
The selection of the modeling methodology and optimization algorithm strongly depends
on the type of optimization and computational resources available. There are three types
of SRM optimization:

e  Parameter optimization [10]

e Shape optimization [63], [65]

e Topology optimization [10], [12]

Parameter optimization is an optimization where the geometry is controlled by linear
and angular dimensions. Within the parameter optimization, the geometry always
remains conventional. Therefore, the analytical modeling resources or FEA can be used
for direct parameter optimization.

Shape optimization is an optimization where the geometry is controlled by surface
lines, defining the shape of the motor. And topology optimization is an optimization
where the geometry is defined by material distribution, sometimes, over the whole body
of the motor. In the case of shape and topology optimizations, it is hardly possible to use
analytical methods alone, due to the intricate shapes (or topologies) of the motor
geometry. Moreover, there is no solid knowledge regarding the influence of various
geometries of the motor on its performance. Therefore, the possible methods to be
applied within the shape and topology optimization are the numerical method — FEM and
partially numerical, partially analytical — surrogate modeling.

One of the promising but not yet widely applied optimization models within the SRM
optimization is a robust optimization model. The key feature of a robust optimization
model is that takes into account the manufacturing tolerances of a particular design and
uses them while determining an optimal solution. In contrast with other optimization
models where the aim is to define a global optimum, the robust optimization searches
for a robust minimum which has a lower sensitivity to parameter variations.
The optimization methods and algorithms associated with the robust optimization model
are usually statistical and refer to the design of experiment (DoE) and Taguchi methods.
An example of a robust optimization of an SRM is presented in [66], where the
manufacturing tolerances are taken into account to ensure the robustness of the optimal
solution.

Figure 2-17 compares the optimization models, methods, and algorithms discussed in
this section.
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Figure 2-17: Comparison of methods, models, and algorithms for SRM optimization.

2.3 Additive Manufacturing of Switched Reluctance Motor

Up to now, the key considerations that an engineer should have been taking into account
are the manufacturability of a machine element and the possibility to assemble elements
of a machine together. The restrictions of shapes and topologies have been always
accompanying the EM design. Nowadays, additive manufacturing is a promising way of
EM production thanks to the geometry freedom it proposes. AM is a great chance to
produce various shape and topology optimization solutions with enhanced performance,
which is hardly possible with conventional manufacturing techniques. An example of
topology optimization and its initial results can be found in [10].

Previous research has shown several examples of additively manufactured
electromagnetic materials and EM. The soft magnetic material properties were explored
in [67], where the rotor of an SRM was printed together with a conventional stator, and
the performance of the SRM was assessed. Figure 2-18 presents the segments of a
3D-printed SRM rotor. The methodology of soft magnetic core manufacturing using 3D
printing was presented in [68]. Moreover, the author showed the implementation of the
developed methodology for printing an induction motor (IM) and conducted a comparative
analysis with a conventional counterpart. The 3D-printed IM and the model of its inner
structure are presented in Figure 2-19.

Figure 2-18: Segments of a 3D-printed SRM [67].
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(a) (b)
Figure 2-19:  (a) 3D-printed IM; (b) rotor and stator core design [67].

Through the literature review, several challenges that AM development faces were
revealed. It is well known that using conventional manufacturing techniques, the price of
a single product decreases with the growth of the number of parts produced. In contrast
with conventional manufacturing, AM does not allow the price of a part in mass
production to decrease compared to a price of an individually produced part. In other
words, an additively manufactured part will be the same expensive in mass production
as in prototyping, because the amount of time and energy required to produce a part is
the same [69]. Another challenge more related to EM basic characteristics is the eddy
current which appears in a printed core of an EM. Due to the solid structure of the printed
core and absence of laminations, EM experiences very high eddy current which can lead
to poor performance and high core losses. Yet, there are promising possibilities of using
lattice structures or lamination-like structures to reduce the eddy currents and achieve
the performance presented by conventional EM as is presented in Figure 2-19 (b) [68],
[70], [71]. Nowadays, AM has a limitation of using only one powder material for part
production. Yet, for manufacturing automation and meeting the tolerances, it is
necessary to use several materials how, for example, in coil manufacturing [72], [73].

Nevertheless, AM is a promising manufacturing possibility that is beneficial for the
production of topologically optimized designs. Yet, the challenges presented in the
previous paragraph should be addressed in the future.
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3 Optimization and Additive Manufacturing of Switched
Reluctance Motor

3.1 Design of Switched Reluctance Motor

Creating an initial design of an SRM has a quite well-established way. Usually, the key
geometrical parameters such as bore diameter (D;), and stuck length (L¢), have a direct
relation to the output of the SRM.

T,=K-D? L, 3.1
where T, is the output torque and K implies the output coefficient which is related to the
electromagnetic loadings of the motor. The values of the output coefficient vary between
10 to 35 kN/m?>.

The next important step in creating the SRM design is to select the air gap length.
Obviously, a smaller air gap in an SRM provides a higher inductance ratio and higher
torque density. In this thesis, the air gap was set to the minimum possible to achieve
according to the available tolerance limits of the manufacturing and was equal to 0.3 mm.

After defining the air gap, the stator inside diameter Ds; and outside diameter Ds, can
be defined.

Dy =D, +2g, Dy, = (1.5 —1.8)Dy; 3.2
where g is the air-gap length. The coefficient in front of Dy; strongly depends on the
number of stator poles. In this thesis, three phases 6 stator pole and 4 rotor pole SRM
was considered. Therefore, a bigger coefficient was selected. Due to the size limitation
of the 3D-printing machine to 80 mm, D, was set t 80 mm. Other dimensions such as
Dg;, D, were derived using equations (3.2) and were equal to 45 mm and 44.4 mm,
respectively.

The stuck length of the motor is simply calculated using equation 3.3.

L.=k-D, 3.3
where k implies the length to bore coefficient and varies from 0.25 to 0.70 for non-servo
and 1 to 3 for servo applications. In this thesis, the k was set to 1 and led to L, = 44.4 mm.

Another important step of the SRM design is to define the configuration of the coil.
Due to the decision not to use any cooling elements such as fans, etc., the current density
was restricted to 5 A/mm?2. For a given current of i=4 A, the strand area of a wire was
selected as 0.823 mm?. The number of turns was selected such that the available winding
space will be filled and was equal to 58 turns per coil.

Last but not least, the stator and rotor pole arcs are selected. Usually, to minimize the
inductance at the unaligned rotor position, the total arc length of the rotor and stator
poles should be shorter than the rotor pole pitch.

21
Bs + B < N_‘r 34
where N, is the number of rotor poles. Classic stator and rotor pole values were used in

this thesis and were equal to 30 mech deg.

The FE model of the described design was created using Simcenter MagNet software.
The geometry of the initial design is illustrated in Figure 3-1. Additionally, the inductance
profiles, static and transient torque are presented in Figure 3-2.
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Figure 3-1: Initial design of SRM.
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Figure 3-2: Initial design of SRM performance characteristics: (a) real inductance profiles, (b) static
phase torques, and (c) transient torque.
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3.2 Proposed optimization method

The TO is fast becoming a key instrument in EM optimization. Compared to the other
optimization types such as parameter optimization and shape optimization, the TO
proposes a vast variety of possible designs with the freedom to change not only the
design parameters of SRM or motor shapes, but also the distribution of the material
within a whole motor. The TO can play an especially important role in addressing the
issue of SRM torque ripple, as geometrically very sensitive performance characteristics
of SRM. As it will be shown in this section, design parameters, shapes, and material
distribution within an SRM can significantly influence its performance.

In this thesis, turn-on/off topology optimization is considered. Essentially, the turn-
on/off TO technique helps to optimize the layout of material in a given design space and
includes the following steps: selection of design space, parametrization of the selected
design space, and optimization.

The selection of design space for optimization is an important stage that has the
biggest influence on the computational complexity and quality of optimization.
The bigger the design space, the higher number of parameters needs to be used,
consequently, the higher the computational burden is. It is essential to define the design
space with optimal size and optimal location within a motor geometry. Depending on the
objective of the optimization, the most influencing areas of an SRM need to be included
in the design space. In this thesis, with the aim of reducing the computational complexity
of TO, the design space was compacted using initial parameter optimization and
sensitivity analysis of advanced optimization parameters. Thanks to implementing such
an approach, the design space of the whole SRM can be shrinkaged to a very essential
and prompting area of the SRM.

Parametrization of the design space essentially means that the design space is being
divided into material cells, that can be filled in with material or with air. The number of
parameters, their size, and shape can strongly influence the accuracy and the speed of
the optimization. The parameterization of the considered SRM will be explained in detail
in the following sections.

The optimization method is summarized in a flowchart (see Figure 3-3). Each of the
milestones of the optimization is reflected in this flowchart and described in the following
sections. Section 3.2.1 is dedicated to optimization model creation and initial
optimization. Then, the sensitivity analysis procedure is described in Section 3.2.2 and
the results are presented and discussed. Lastly, parametrization of the TO design space
and TO optimization of the SRM is discussed in Section 3.2.3. Additionally, Section 3.2.4
summarizes key steps of the optimization integration using Matlab — MagNET software
packages.
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Figure 3-3: SRM optimization flowcharts.

3.2.1 Initial Design Optimization

As it is mentioned in earlier chapters, the main challenge of the SRM implementation is
the torque ripples during the operation. It is well known that the reduction of the torque
ripple often leads to the reduction of the average torque. Therefore, for the initial design
optimization, it is worth finding an optimal design that can propose a good average
torque while reducing the material volume of the core. Here, the reduction of the core
volume directly affects the aim of the TO design space reduction.

3.2.1.1 Optimization model and method

The second step of the initial design optimization is to carry out the parametrization of
the SRM. Six main geometrical parameters which are presented in Table 1 and Figure
3-4 were utilized for the optimization. Then, the optimization model can be mathematically
formulated as follows.

min f(DsorDsirDstr Dy, Bs, ﬁr) = [Tpeak:V]T 3.5
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Figure 3-4: SRM initial optimization parametrization.

Table 3-1: SRM initial optimization parametrization

Parameter Notation Range

Stator outer diameter (mm) Dy, 70..80
Stator inner diameter (mm) Dy; 40..50
Stator teeth diameter (mm) Dy 60..70
Rotor inner diameter (mm) Dy 10..15
Stator pole angle (°) Bs 25..35
Rotor pole angle (°) B 25..35

The initial design optimization was carried out using DOM, where a FE model of the
SRM is optimized by an optimization algorithm. The flowchart of the initial design
optimization is presented in Figure 3-5. In this thesis non-dominated Sorting Genetic
Algorithm - Il (NSGA-II) was applied within Matlab software package. To evaluate the
torque of the SRM, a 2D FE adaptive model was constructed in Simsenter MagNET
software [74]. More details on creating an adaptive parametrized model within Matlab
— MagNET environment are presented in Section 3.2.4. Additionally, the windings of the
motor were simulated in 3D, and additional resistance and inductance due to the end-
windings were added into the 2D model. With the aim to reduce the computational
complexity only one phase of the motor was simulated (see Figure 3-6). Furthermore, to
achieve precise analysis results, the material of the core was created within MagNET
software with the additively manufactured silicon steel characteristics presented in
Figure 3-7.
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3.2.1.2 Optimization algorithm
Lately, NSGA-II has been widely utilized for EM optimization due to its unique features
such as the ability to find a global minimum of an optimization problem, handle problems
in non-analytical form, and high flexibility. NSGA belongs to the group of evolutionary
algorithms (EA) and multi-objective GA (MOGA) which defines its functional basis.
Basically, NSGA-II is a method of solving constrained and non-constrained optimization
problems using the principles of natural selection in biological evolution. A detailed
explanation of the MOGA working principle is presented in [63].
The flexibility of NSGA-II is defined by the possibility of easily controlling the following
parameters:
e  Population size
e Number of generations
e  Settings of the selection operator
e  Settings of the crossover operator
e  Settings of the mutation operator
e  Stop criteria
In this thesis, the optimization was carried out with 10 generations and a population
size 100. The stop criteria were set as the competence of all 10 generations.

3.2.1.3 Optimization Results

The optimization was successfully carried out within MagNET — Matlab environment.
The comparison of the initial and optimal design is presented in Table 3-2 in numbers and
in Figures 3-8 in the graphs listing the main performance characteristics of SRM such as
inductance, static, and transient torque.

Table 3-2: SRM initial and optimal design dimensions

Parameter Notation Initial Optimal
Stator om;r::er;;jlameter D,, 30 30
Stator |n(rr1ner|;1<):llameter Dy, 45 16.6
Stator te(i’:f%c):llameter D, 68 69.6
Rotor m(r:::‘nc;lameter D, 212 171
Stator pole angle (°) Bs 30 28.5

Rotor pole angle (°) Br 30 35
Volume (mm?3) v 136575 137384
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Figure 3-3: Comparison of the initial and optimal designs of SRM in terms of: (a) real inductance
profiles, (b) static phase torques, and (c) transient torque.
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What stands out from the presented figures is that the static torque improved its
average value after the optimization: the initial average static torque was 0.13 Nm while
the optimal was 0.14 Nm. Transient torque saw a considerable improvement as well:
the initial average transient torque was equal to 0.181 Nm while the optimal was equal
to 0.197 Nm. Moreover, with the new design, the torque ripple was significantly reduced
from 0.53 to 0.21. Volume reduction was not noticed in the results due to the initially
compact design of the motor. Yet, although the increase of the rotor pole angle was
considerable, the optimization algorithm could keep the volume literally constant.
The increase in average torque led to a 10% increase in the torque density from
1318 N/m3 to 1456 N/m3. The optimal geometry of the motor is presented in Figure 3-4.

Figure 3-4: Initial optimal design of SRM.

3.2.2 Sensitivity Analysis

The aim of the sensitivity analysis in this thesis is mainly to reduce the computational
complexity of the future TO by identifying the most crucial areas and parameters of the
SRM design for torque ripple reduction and average torque increase. Taguchi’s design of
experiment (DoE) was used to carry out the sensitivity analysis due to its simplicity,
rapidness, and reliability. A detailed description of the Taguchi DoE method is presented
in [63].

3.2.2.1 Sensitivity analysis model and method

Through the extended literature review, a list of geometrical parameters was created for
in-depth analysis of the SRM geometry. Figure 3-5 presents the parameters considered
in this thesis: rotor pole angle, rotor pole angle at the core, stator pole angle, stator pole
angle at the core, airgap shift, and additional tooth angle on the rotor. Rotor and stator
pole angles are known to expressively affect the performance of SRM due to their direct
influence on the inductance profile and duration of the minimum, maximum inductance,
and duration of the growing and decreasing phases. On the other hand, angles at the
core of both the stator and rotor were noticed in the torque ripple minimization. At the
same time, an additional tooth angle at the core can propose a solution similar to the
angles at the rotor and stator core. Last but not least, the airgap shift has shown an
enormous influence on the torque ripple reduction. An in-depth description of the
mentioned geometrical parameters is presented in [8].
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In this thesis, the parameters with the following constraints we assessed:
25° < Bs < 40°
Bs —5° < a; < B —15°
25° < B, < 40°
Br+25° < a, < B, +50°
Omm<e<1mm
0°<2-B,, <15°
Using the Taguchi method, the orthogonal array with the minimum necessary
parameters combinations was constructed and consisted only of 25 designs. Thanks to
the Taguchi method, the number of designs exploring six parameters with five levels each
(see Table 3-3) could be considerably minimized compared to the full factorial
experiment that would include more than 7000 designs.

TAZ 3.6

Table 3-3: Design parameters’ sampling.

. Level
Design Par?;’rl(::)(:r / Control symbol Factor
1 2 3 4 5
Stator pole angle (°) Bs = X1 X1 25 28.75 325 36.25 40

Stator pole angleatcore () a, =Bs-X2 X2 5 7.50 10 1250 15
Rotor pole angle (°) Br = X3 X3 25 28.75 325 36.25 40
Rotor pole angle at core (°) a, = B +Xa  Xa 25 31.25 375 4375 50
Airgap shift €=Xs Xs 0 0.25 0.50 0.75 1

Additional tooth angle (°) B, = Xs/2 Xs 0 375 750 1125 15

After all the designs were calculated and the objectives (the average torque, torque
ripple) were assessed, their peak-to-peak values and a sum of squares were estimated
for each parameter and level.
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3.2.2.2 Sensitivity analysis results

The results of the sensitivity analysis are shown in Figure 3-6. It is worth mentioning, that
these results should be considered as an example, illustrating the influence of various
parameters on the torque characteristics. The presented figures were built for an SRM
with slightly different dimensions, presented in [8].

According to the presented graphs, stator pole angle and air gap shift have the key
influence on the average torque value. With the increase of stator pole angle, the average
torque increases, while with the increase of the air gap, the average torque decreases.
On the other hand, the enhancement of the air gap shift significantly reduces the torque
ripple, while an increase in the rotor pole angle and the introduction of the additional
tooth angle increases the torque ripple. The influences of the airgap shift and stator pole
angle can be confirmed by the literature [76]. However, the negative influence of the
rotor pole angle needed to be reassessed.

Figure 3-7 presents the results of the cross-check analysis of the transient torque for
different rotor pole angles with the rest geometry of the motor fixed. It can be clearly
seen that with the increase of the rotor pole angle, the average torque slightly increases.
At the same time, the torque ripple gets impressively reduced until the rotor pole angle
reaches 40°. The values of the average torque and torque ripple can be seen in Table
3-4. One of the reasons for the opposite result in Figure 3-6 (b) can be that the initial
assessment was made with the static torque.
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Figure 3-6: Peak-to-peak values of (a) average torque; (b) torque ripple [8].
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Figure 3-7: Rotor pole angle variation results.

Table 3-5: Rotor pole angle variation results.

Angle
Characteristic
30 32.5 35 37.5 40
Average 0.186 0.192 0.197 0.199 0.200
torque, Nm
Torque ripple 0.537 0.371 0.210 0.148 0.199
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Due to the high influence of the airgap shift on both average torque and torque ripple,
it was highly beneficial to explore its influence in more detail. Within another case study,
additional designs were explored, which can be defined by Figure 3-7 and Table 3-6.
Figure 3-7 presents a slightly different but analogous definition of the air gap through the
stator inner diameter shift and Table 3-6 maps this shift. Figure 3-8 presents interesting
results obtained from this experiment. Using the airgap shift, the shape of the static
torque can be visibly controlled. For instance, with the increase of the airgap shift,
the torque becomes wider which is exactly helpful for the reduction of the torque ripple.
At the same time, an increase in the airgap shift makes the torque reduce at the
beginning and increase at the end of the torque production cycle. This way, torque can
be forced to be more constant using an appropriate airgap shift. On the other hand,
the average torque is obviously reducing with the increase of the airgap shift, which was
also shown by the Taguchi sensitivity analysis.

Figure 3-7: Schematic illustration of the second group of design modifications of the SRM.

Table 3-6: Design modifications parameters.

Design Coordinates (x; y), mm
1st design modification 1;0.30
2nd design modification 0.50; 0.15
3rd design modification 0.25; 0.07
4th design modification 0.125; 0.035
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Figure 3-8: Airgap shift variation of the SRM.

The results of the sensitivity analyses indicated the most influencing areas of the SRM
design. It was revealed that airgap shift variation, rotor and stator pole angles, and
additional tooth angle of the rotor have a major impact on the average torque and torque
ripple. To reduce the computational complexity, the following areas of the SRM were
considered within the following TO (see Figure 3-9). Moreover, to speed up the
calculations and future preparation of the prototype, only the rotor was topologically
optimized in this thesis. Additionally, through the sensitivity analysis, an update of the
rotor geometrical parameters was done with the aim to reduce the torque ripple and
increase the average torque. A comparison of the initial design, initially optimized design,
and design selected by the SA is presented in Figure 3-10. As can be noticed, transient
torque shows a slight increase in the average torque to 0.199 N/m and a reduction of the
torque ripple to 0.152. Moreover, Figure 3-9 shows not only the area of interest for future
TO but also reflects the geometry of the new design. It is important to notice, that the
results of the sensitivity analysis such as updates in the geometry and selection of the
crucial areas for the TO, lead to a more than 70% decrease of the future TO design space.
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TO design space

Figure 3-9: TO design space with SA optimal design.
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Figure 3-10: Comparison of the initial, initial optimal, and SA optimal designs of SRM in terms of:
(a) real inductance profiles, (b) static phase torques, and (c) transient torque.
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3.2.3 Topology optimization
TO is known to be a powerful tool used for motor optimization. Very well established in
mechanical design, the TO method starts opening new ground in electromagnetics as
well [77]. Several studies have shown that TO can considerably reduce the torque ripple
in reluctance motors [12], [78].

Several types of TO exist, one of the most widely applied is the On/Off TO method.
As it was mentioned before, the On/Off optimization method uses the material
distribution over the design space as optimization parameters. The design space
parametrization which was applied within this thesis is presented in Figure 3-11. As can
be seen, the design space is divided into many sections, in our case 150, which are
considered optimization parameters. To reduce the number of parameters and prevent
a chess board-like structure, parameters were grouped between each other in shapes “L”
or rotated “L”. This way, only 50 parameters were participating in the TO.
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Figure 3-11: TO design space parametrization.

A single-objective optimization was performed with the aim to minimize the torque
ripple. Due to the restrictions of the optimization algorithm of Matlab software
associated with the TO discrete nature of the parameters, only one objective could be
targeted. As in the initial optimization, NSGA-Il was utilized along with a transient model
of the SRM.

The resulting geometry is presented in Figure 3-12 as well as the main electromagnetic
characteristics are shown in Figure 3-13. As can be seen on the transient curve graph,
the average torque slightly increased to 0.201 N/m, while the torque ripple decreased to
0.123. The inductance curve and static torque did not experience many changes.
The obtained shape has formed two distinguishing islands. Gained asymmetricity of the
rotor teeth can be described by the clock-overwise rotation of the rotor during the
simulation.
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Figure 3-9: TO optimal design of SRM.
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Figure 3-13: Comparison of the initial, initial optimal, SA optimal, and TO optimal designs of SRM
in terms of: (a) real inductance profiles, (b) static phase torques, and (c) transient torque.
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Table 3-7 summarizes in numbers all the results obtained during design, initial
optimization, sensitivity analysis, and topology optimization. It can be obviously seen that
the improvement of the SRM is significant. Compared to the initial design, the latest
optimal solution helped to reduce the torque ripple by 77% while increasing the average
torque by 10%.

Table 3-7: Optimization flow results.

Design
Ch isti
aracteristic o o Sensitivity Topology
Initial Initial optimal . . optimization
analysis optimal .
optimal
Average 0.181 0.197 0.199 0.201
torque, Nm
Torque ripple 0.531 0.210 0.152 0.123

This section designed and optimized SRM. Additionally, this this section simulated the
SRM, and explored various geometrical parameters and their effect on the average
torque and torque ripple. Moreover, a novel optimization method was proposed which
reduced the computational complexity of the TO. At first, the motor was designed using
a classic design approach. Then, the main dimensions of the motor were optimized using
the DOM along with the GA. A considerable improvement of the average torque and
torque ripple were achieved. Particularly, the increase of the average torque 9% and
reduction of torque ripple by 60% were noticed. Another step of the optimization was
dedicated to the SA through which the average torque was upgraded by 10% and torque
ripple condensed by 71% comparing to the initial design. As the last step, the TO cut out
the torque ripple by 77%. It can be noticed that the main improvement of the torque
quality was completed by the initial design optimization. Not surprisingly, the global
parameters of the SRM geometry shape the performance the most. Such key dimensions
as rotor diameters, stator and rotor poles angles have a huge impact on the SRM
performance. Yet, through the application of the SA and usage of a new parameter such
as the rotor pole angle at the core, additional 11% could be gained in the reduction of
the torque ripple. Lastly, it can be seen that the TO optimization diminished the torque
ripple by additional 6%. A potential of the TO could be open more in case of 3D TO and
improvement of the additively manufactured motor characteristics considering inner
structure of the motor and its influence not only on the torque ripple, but also on the
core losses and thermal condition.
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4 Conclusion

The purpose of the current thesis was to investigate the opportunities for SRM design,
shape, and topology optimization. Moreover, this research was undertaken to explore
the prospects that additive manufacturing provides for EMs optimization. Another aim
of this study was to design and optimize a SRM, while presenting various methods of EMs
optimization.

This thesis has reviewed extensive literature to show various optimization modeling
techniques, methodologies, and algorithms. One of the most important conclusions of
the introductory part of the thesis was a comprehensive comparison of various modeling
techniques and methodologies in terms of accuracy, rapidity, simplicity, and flexibility.
These conclusions provide insights into design optimization opportunities and open up
the advantages and disadvantages of various optimization methodologies.

This research has also shown the opportunities opened up by rapidly developing
additive manufacturing techniques. The possibilities of EMs additive manufacturing have
been reviewed and presented in this thesis. This finding will be of interest to motor
design and optimization researchers.

Another chapter of this thesis was dedicated to the design and optimization of the
SRM with the aim to increase the average torque, decrease the core volume, and reduce
the torque ripple. One of the most significant results of this study is the creation of a new
multi-level optimization method. Initially, TO was selected as a promising approach
toward SRM optimization. However, high computational complexity posed a challenge
that could not be neglected. To overcome the issue of TO high time consumption, a novel
method has been proposed. The proposed approach aimed to reduce the design space
of the TO by applying initial optimization techniques and sensitivity analysis. The first step
involved initial parameter optimization, where main geometrical parameters such as the
diameters of the stator and rotor, pole angles, etc. were optimized using the direct
optimization method. The result of this optimization was an optimized structure of the
motor which could limit TO design space. Another step of the proposed approach was
SA, which could identify the most vital areas of the SRM design for the average torque
increase and reduction of the torque ripple. One of the most significant findings to
emerge from the SA was limited design space that was taking less than 30% of the initial
design space of the SRM. And final step of the optimization was TO in the selected area
of the SRM. A significant increase in the average torque by 10% and a major reduction of
the torque ripple by 70% were the results of the SRM optimization. This thesis has
provided a deep insight into SRM optimization, covering in detail the design of the motor,
selection, and setup of the optimization. These results add to the rapidly expanding field
of EMs optimization and open up a new ground for SRM development.
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5 Future studies

To benefit the highest performance of additively manufactured SRM, the 3D topology
optimization (3D TO) should come into a greater focus. The 3D TO can open up a new
ground of opportunities for the improvement of the SRM performance characteristics.
It has been shown in this thesis, that 2D geometry of the SRM significantly influences the
torque curve. On the other hand, recent literature presents the 3D modification
possibilities such as rotor skewing for SRM torque ripple reduction. Another motor
characteristic which could benefit from 3D TO is the thermal condition of the motor.
Using 3D TO, novel heat transfer ways and geometries can be found. Last but not least,
3D TO can be of a good use for reducing the core losses of additively manufactured EM.
A search for new lattice structures can be carried out by 3D TO. Taking into account the
mentioned promising benefits of 3D TO, a further study should properly assess and carry
out 3D TO.

More broadly, research into the control of SRM drive is also needed to fully alter the
motor performance. It has been shown in this thesis, that control of SRM is very adaptive
and flexible. Moreover, it has been observed, that the influence of the commutation
parameters of the SRM control, visibly affects the torque of the motor. Therefore,
commutation pattern parameters are suggested to be the elements of the future
optimization.
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Abstract
Design Optimization Methods of Additively Manufactured
Switched Reluctance Motor

This Ph.D. dissertation presents switched reluctance motor (SRM) design and
optimization. The study focused on the improvement of SRM torque characteristics using
topology optimization (TO). In parallel, the TO challenge such as computational
complexity was addressed.

Thanks to the rapid growth of advanced power electronics, SRMs have received a close
attention from research and industry. Due to their simple and rigid structure, they are
now considered as promising motors for various applications. However, SRMs’ torque
ripple presence slows down their development. Therefore, this thesis was motivated to
apply powerful optimization techniques to improve SRM torque characteristics. The aim
of this thesis was to optimize design of a SRM in order to increase the average torque,
reduce the volume of the core material, and shrink the torque ripple. Additionally,
additive manufacturing (AM) was proposed as a capable method of optimal designs
production. AM was shown as strong support of motor optimization, thanks to the vast
design opportunities that AM provides for motor manufacturing, optimization can be
carried out at a more delicate level.

This work started with the review and assessment of the optimization environment
elements such as models, methods, and algorithms. The SRMs modelling methods were
scrutinized and the superiorities and the drawbacks of them were recognised. Different
motor modelling approaches were studied and compared concerning their efficiency.
Key optimization methods, models, and algorithms were researched. A comprehensive
comparison of various optimization environments was carried out. Moreover, a procedure
of the optimization environment section was created baring in mind accuracy of
optimization results, computational complexity of the optimization, and manufacturability
of optimised motor.

TO was selected as a promising optimization method for SRM’s torque quality
improvement. To overcome computational burden that TO imposes, a novel optimization
approach is proposed in this thesis. The proposed method was a multi-level optimization
method and included pre-optimization that could reduce the design space of the TO and
consequently, decrease the TO computational complexity. Firstly, design optimization
was carried out to increase the average torque of the SRM and reduce the volume of the
core material. As a result, the torque characteristic of the motor was improved and the
geometry focus shifted on the rotor and stator teeth. Then, a sensitivity analysis (SA) of
unique design parameters of the SRM was carried out. The SA provided valuable
information regarding the influence of the advance shapes of the rotor and stator teeth
on the average torque and torque ripple. The design optimization and SA could help the
TO focus on the very important areas of the motor and reduced the TO design space by
more than 70%.

The resulting improvement of the SRM torque was significant. Thanks to the proposed
approach, the average torque of the motor was increased by 10% while the torque ripple
was reduced by 77%. At last, the initial and optimal designs of the SRM were
manufactured using AM techniques.
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Liihikokkuvote
Kihtlisandustehnoloogia abil toodetud samm-mootori
optimeerimise meetodid

Kédesolev doktorito6 kasitleb endas samm-mootori (SRM) projekteerimist ja
optimeerimist. Uuringus keskenduti SRM-i péérdemomendi omaduste parandamisele,
kasutades topoloogia optimeerimist (TO). Paralleelselt kasitleti ka topoloogia
optimeerimisega kaasnevaid probleeme, nagu arvutuslik keerukus.

Tanu jouelektroonika kiirele arengule on kasvanud ka teadlaste ja t66stuse suur huvi
SRMide vastu. Tanu nende lihtsale ja jaigale struktuurile peetakse neid niiid
paljulubavateks mootoriteks erinevate rakenduste jaoks. Samas liheks probleemiks on
poordemomendi pulsatsioon SRMidel, mis piirab nende arengut. SeetGttu vdetigi
I6put66 eesmargiks SRM-i péérdemomendi omaduste parandamine kasutades selleks
kaasaegseid optimeerimistehnikaid. LOputdds kasitletaksegi SRMi konstruktsiooni
optimeerimist eesmargiga suurendada keskmist podrdemomenti, vahendada
magnetsiidamiku materjali kulu ning vahendada péérdemomendi pulsatsiooni. Kuna
optimaalset disainilahendust on keerukas toota traditsiooniliste meetoditega, siis t60s
pakuti vélja ka masina tootmine kihtlisandustehnoloogia (AM) abil. AM on mootori
optimeerimisel tugevaks toeks, tdnu ulatuslikele disainivoimalustele, mida AM pakub
mootori valmistamiseks, kuna optimeerimist saab teostada keerukamal tasemel.

Esmalt teostati t66s optimeerimiskeskkonna elementide, nagu mudelid, meetodid ja
algoritmid, Ulevaatamine ja hindamine. Uuriti SRMi modelleerimismeetodeid ning
tuvastati nende eelised ja puudused. Uuriti ja vorreldi erinevaid mootorite
modelleerimise |dhenemisviise l|dhtudes nende keerukusest. Viidi labi sobivate
optimeerimismeetodite, mudelite ja algoritmide analiiis, ning teostati erinevate
optimeerimiskeskkondade pd&hjalik vordlus. Lisaks tootati vélja protseduur
optimeerimiskeskkonna jaoks, mis vGtaks arvesse optimeerimistulemuste tapsust,
optimeerimise arvutuslikku keerukust ja optimeeritud mootori valmistatavust.

SRMi péérdemomendi kvaliteedi parandamiseks leiti sobivaimaks
optimeerimismetoodikaks TO. T66s pakutatakse vadlja uudne optimeerimismetoodika,
mis lihtsustaks TO-st tulenevat arvutusliku koormust. Valjapakutud meetodika on
mitmetasandiline optimeerimismeetod sisaldades endas eeloptimeerimist, mis
vahendab TO projekteerimisruumi ja ldbi selle vdhendab TO arvutuslikku keerukust.
Esmalt teostati disaini optimeerimine, suurendamaks SRMi keskmist poérdemomenti ja
vahendades sudamiku materjali mahtu. Selle tulemusena paranevad mootori
poordemomendi omadused ning geomeetria fookus nihkub rootori ja staatori
hammastele. Seejdrel teostatakse SRMi ainulaadsete konstruktsiooniparameetrite
tundlikkuse analitis (SA). Anallits annab vaartuslikku teavet rootori ja staatori hammaste
kuju mdoju kohta keskmisele pédrdemomendile ja podrdemomendi pulsatsioonile.
Projekteerimise optimeerimine ja SA aitavad TO-l keskenduda mootori vaga olulistele
piirkondadele ja vdhendavad TO projekteerimisruumi mahtu rohkem kui 70% vérra.

To6 tulemuseks on SRMi podrdemomendi markimisvdarne paranemine. Tanu
kavandatud lahenemisviisile suudeti suurendada mootori keskmist péérdemomenti 10%
vOrra, samas kui péérdemomendi pulsatsioon viahenes 77%. Valmistati ka SRMi esialgne
ja optimaalne prototiitip AM-tehnika abil.
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Topology Optimization of a 3D-Printed

Switched Reluctance Motor
E. Andriushchenko, M. H. Mohammadi, D. A. Lowther, H. Heidari, A. Kallaste, A. Khan

Abstract -- The issue of switched reluctance motor (SRM)
torque ripple has received close attention in the last decade. One
of the most promising methods for addressing the torque ripple
problem is topology optimization (TO). Two main challenges of
the TO method are the high computational burden and
manufacturing constraints. This paper proposes a new three-step
approach to SRM optimization which includes initial shape
optimization, sensitivity analysis, and TO. The three-step
procedure of the SRM optimization significantly reduces the TO
design domain, saving the calculation resources and allowing to
obtain an optimal design faster. Moreover, the TO is
geometrically unrestricted due to the projected use of additive
manufacturing techniques for motor fabrication. The current
study achieved a notable improvement of the SRM performance:
the torque ripple reduction. Moreover, the computational
burden for the optimization process saw a considerable decrease.

Index Terms-- Optimization methods, switched reluctance
motor, torque ripple, topology optimization.

L INTRODUCTION

WITCHED reluctance motors (SRMs) are widely utilized

within high-speed and high-performance applications [1].
Thanks to the absence of permanent magnets, the SRM offers
an economical and environmentally friendly alternative to the
permanent magnet synchronous motor (PMSM). Moreover,
the lack of magnets or windings on the rotor makes the SRM
advantageous  for  high-speed and high-temperature
applications. Furthermore, SRMs have a great potential to
produce high torque density. On the other hand, they suffer
from a serious drawback of torque ripple, which leads to
vibration and noise during motor operation.

The SRM’s torque ripple has long been a question of great
interest. It has been discovered that the key reasons for the
SRM’s torque ripple are the high saturation of the rotor/stator
poles and the fringing flux. These two factors affect the
inductance profile of the motor and lead to the nonlinear
growth of the phase current and phase torque. Several studies
have attempted to suppress the torque ripples using simple
modifications of the rotor and stator poles [2]-[5]. The major
approach of the recent studies is to punch triangle shaped holes
on the tip of the rotor to eliminate the fringing flux effect [6]—
[8]. Additionally, the control parameters can play a crucial
role in torque ripple suppression in SRM. A large and growing
body of literature has investigated the influence of the
commutation parameters on the torque ripple of the motor [9].
Recently, there has been an increasing number of studies that
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of Electrical Power Engineering and Mechatronics, Tallinn University of
Technology, Estonia (e-mail:ekandr@taltech.ee)

978-1-6654-1432-6/22/$31.00 ©2022 IEEE

pay particular attention to both design and control aspects of
the motor. For example, a study on pole-shape optimization
has revealed that by changing the air-gap profile, a more
steady current curve can be achieved resulting in less torque
ripple at the motor’s shaft [7].

Recently, researchers have attempted to employ topology
optimization (TO) to improve the performance of the motor
[10]. The TO has shown itself a powerful tool able to
considerably reduce the torque ripple. One of the major issues
of TO is its considerable computational burden. To reduce the
calculation time, the search space of the TO should be
carefully defined. A solution to this problem is suggested in
this study. Apart from the computation burden, the
conventional manufacturing methods used for the optimized
motor can constrain the topological choices. This research
proposes additive manufacturing (AM) as a solution that can
allow innovation through novel topologies. Moreover, the
usage of AM allows to carry out a nearly unrestricted TO in
terms of stator and rotor geometry.

This paper presents a new TO methodology, which
effectively narrows the search space of the TO and,
consequently, accelerates the overall optimization process.
The reduction of the search space was achieved using
preliminary initial shape optimization and sensitivity analysis.
Within the initial shape optimization, the classic geometrical
parameters of the motor were optimized. Then, the sensitivity
analysis of a group of unique parameters assisted in defining
the optimal design space for the TO. Based on the obtained
search space, the ON/OFF TO method has been implemented

[11].

II.  FINITE ELEMENT ANALYSIS OF SRM

A.  Problem Statement

The control scheme of a three-phase 6/4-pole SR motor
drive is presented in Fig. 1. Traditionally, the SRM is fed by
an asymmetric bridge converter, where each phase is
controlled independently. A switching pattern directs the DC
voltage to one of the phases depending on the rotor’s position.
To ensure the correct commutation, the 6/4-pole SRM drive
includes six position- and current-controlled switches.

Since the operation of SRM is based on reluctance torque
the phase inductance of the SRM plays a crucial role in the
operation of the motor. Fig. 2 illustrates the variation of the
ideal inductance profile for one phase according to the
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position of the rotor. The phase inductance is minimum when
the rotor and stator teeth are unaligned. From the beginning of
the rotor and stator teeth overlap, the phase inductance starts
growing until its maximum value. Near the aligned position of
the teeth, the phase inductance experiences a plateau and then
symmetrically falls until its minimum value. Fig. 2 shows that
the voltage is supplied to the phase at the period of the
increasing inductance to produce a positive torque. The torque
production can be formulated by the following expression.
YaL(e,i) . .
T = J;) 20 idi. (1)

Where L represents the phase inductance, i characterizes
the instantaneous current and 6 denotes to the rotor position.

A key reason for the torque ripples is the nonlinearity of the
real inductance profile. The comparison of the ideal and real
inductance profiles obtained by finite element (FE) model can
be seen in Fig. 2. Due to the variation of the inductance near
to the stator and rotor teeth overlap, the torque is produced
leading to the nonlinear growth of current and torque ripples.
The stator and rotor geometries define the real inductance
profile curve. Therefore, the TO of the SRM can be highly
beneficial for its performance improvement.

B.  Finite Element Analysis

To carry out the optimization, two FE models of the motor
were created in 2D within the Simcenter MAGNET software
[12]. Fig. 3 illustrates the static and transient models. The
static model was used for the real inductance profile and static
torque estimation. The model was sufficient for the initial
shape optimization and sensitivity analysis, meantime being
less computationally demanding compared to the transient
model. To further reduce the computational complexity of the
static simulation only 1/3rd of the motor was modeled,
resulting in a reduction of the calculation time by more than
four times. The transient model was created for estimation of
the torque ripple. The model simulated the operation of the
motor together with the converter. To speed up the overall
optimization, the transient model was utilized only within the
TO.

L]
Converter
-
Voc
Position and — Bz Ly Lc
Current
feedback
Command
Controller
a) b)
Fig. 1. a) SRM drive; b) asymmetric bridge converter.
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Fig. 2. Ideal and real inductance, voltage, current, and torque profiles.

During design and optimization, automated modeling,
solving, and post-processing was required.  This was
accomplished using MAGNET scripting within the MATLAB
optimization process.

C. Initial Design

The initial design of the SRM was created using normally
applied geometrical proportions. The motor characteristics
and geometrical parameters are listed in Table I. The stator
and rotor material was electrical steel with 6.5% silicon
content. Since the motor was intended to be 3D printed, the
electromagnetic and mass characteristics of the printed sample
were taken into account within the model. The average torque
of the initial design was 0.77 Nm, the volume of the utilized
steel reached 351 ¢m?, and the torque density achieved 2.19
Nm/m®.

‘Within the converter model, the choice of the turn-on and
turn-off angles depended on the real inductance profile. For all
the models, the turn-on angle of each phase was 5° earlier than
the beginning of the growing inductance stage. The duration
of one phase commutation was 30°.

III.

This study proposes a TO procedure with reduced
computational burden and the possibility to reach an optimal
design faster. The method involved three steps which allowed
to compact the search space and carry out the TO. To identify
the classic SRM design parameters, the initial shape
optimization was carried out. Then, using the Taguchi method,
a sensitivity analysis was executed.

The sensitivity analysis of the advanced design parameters
helped to define the base shape of the motor. Using the
obtained search space and the base design, the TO was
accomplished.

OPTIMIZATION METHODOLOGY

A.  Initial Shape Optimization

The initial shape optimization of the SRM considered six
major geometrical parameters presented in Fig. 4 together
with their limits. The optimization model of the SRM is
formulated as follows.

b

a)
Fig. 3. SRM FE models: a) static model; b) transient model.
TABLE I
MOTOR SPECIFICATIONS

Specification Symbol  Value
Stator outer diameter (mm)  Dso 120
Stator inner diameter (mm) Dy, 60
Stator slot depth (mm) Sp 214
Rotor inner diameter (mm) Drgs 30.4
Stator/rotor pole angle (*) Ps/Br 23/27.7
Air gap length a 0.5 mm
Stack length L 60 mm
Phase resistance R 5Q
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min  f(Dso, Dg;, Sp, Dri, Bs, Br) = [_Tpeak: V]T 2)

Where maximization of the peak torque (7pest) and
minimization of the volume of the motor steel material (/) are
the objectives of the optimization. The initial shape
optimization was carried out using the static FE model at the
maximum torque rotor position along with the Non-dominated
Sorting Genetic Algorithm IT (NSGA-II).

The shape optimization flowchart is shown in Fig. 5 (a).
The optimization was terminated when the number of
complete generations (NG) reached to 10. Fig. 5 (b) presents
the Pareto front of the initial shape optimization. Table II lists
the optimal design parameters of the motor. It can be seen
from the table, that the torque density achieved a 20%
improvement. Moreover, the volume of the stator and rotor
material was reduced by 10%. The initial shape optimization
allowed to fix the main dimensions of the motor, thereby,
decrease the search space by 10% for the further optimization
steps.

B.  Sensitivity Analysis

To reduce the TO design space and find the most crucial
design parameters of the SRM, a sensitivity analysis was
accomplished. The sensitivity analysis used a simplified static
model of the motor along with the Taguchi design of
experiments (DOE) method. The Taguchi DOE is a widely
applied sensitivity analysis approach that ensures low
computational complexity and robust results. The Taguchi
method is a statistical approach that helps to explore design
spaces. For a particular number of design parameters and their
levels, Taguchi proposed a particular orthogonal array that
consists of a minimum necessary combinations of the design
parameters enough to analyze the results. The detailed
explanation of the Taguchi method application is presented in
[13]. Using the Taguchi DOE, the six unique geometrical
parameters chosen through the literature review were analyzed
together with their influence on the average torque and torque
ripple.

The parameters (i.e. control factors) utilized within the
sensitivity analysis are presented in Fig. 6 (a). The design
space of the sensitivity analysis was sampled based on the
parameters number and their levels using the Las (65) design
matrix (i.e. orthogonal array) proposed by Taguchi.

The control factors, as well as their levels, are listed in
Table III. For each design of the Los (65) matrix, a static 2D
simulation was carried out at different positions to obtain a full
curve of the static torque. The peak-to-peak values of the
average torque and torque ripple at zero speed were calculated
for each factor and level.

Parameter Limits

Dso 100..120
Dy 50..60
Sn 10..20
Dy 20..30
fs 27..30
s 28.31

Fig. 4. Shape optimization parameters.
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Fig. 5 Initial shape optimization: a) flowchart; b) simulated individuals in the
objectives plane and Pareto front.

GEEWI ) )
Where i represents the parameter number, j shows the level
number, 7 is the number of experiments, and f(i,) denoted
the value of an objective function. To explore the effect of

each parameter on the objective function, the sums of squares
were assessed as follows.
SSy(F) =n- Y (Myy = M)? @

Where M is the total mean value of the objective function.
The results of the sensitivity analysis are shown in Fig. 7. It
can be seen that the stator pole angle and airgap shift had a
major influence on the average torque. Moreover, the rotor
pole and additional tooth angles had a major impact on the
torque ripple.

The trade-off design and the search space for the TO were
selected as shown in Fig. 6 (b). Thanks to the proposed
procedure, the design space was reduced considerably.
Through the sensitivity analysis, it had been revealed that only
25% of the motor geometry had a considerable influence on
its performance.

C.  Topology Optimization

The ON/OFF method of TO was employed in this study.
The method operated on 320 discrete design variables. Each
design variable represented a particular cell within the defined
design space, which had a material property able to switch
from air to steel.

A single-objective optimization was performed to
minimize the torque ripple. The optimization utilized transient
models of the SRM operation at the speed of 500°/sec along
with the NSGA-II. The number of individuals within the
NSGA-II was set as 200 and number of generations was 5.

TABLE II
OPTIMAL PARAMETERS

Parameter Notation Limits
Stator outer diameter (mm) Dso 103
Stator inner diameter (mm) Dg; 60
Stator slot depth (mm) So 14.8
Rotor inner diameter (mm) Dry; 22
Stator pole angle (*) Ps 28.5
Rotor pole angle (°) b 29.1
Volume (cm?) v 315
Average torque (Nm) T 0.84
Torque density (kNm/m®) w267

1978
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TABLE III

CONTROL FACTORS
. Level
Parameter Notation Factor I > 3 4 5
Stator pole angle (*) B X 25 28.7532.536.2540
Stator pole angle at core (*)  a,= f,-X> X 5 75 10 12515
Rotor pole angle (°) b Xs3 25 28.7532.536.2540
Rotor pole angle at core (°) =B +Xs Xy 25 31.2537.543.7550
Airgap shift e Xs 0 025050751
Additional tooth angle (°) Prs X 0 375 7.511.2515

It is important to highlight that this TO was accomplished as
a test run to determine the convergence of the GA.

Fig. 8 presents the results of the optimization. The obtained
geometry shows that the material density of the stator teeth
was higher on the side of the overlap beginning. Moreover, the
airgap profile was descending. The density of the rotor teeth
material was relatively constant. It can be concluded that the
TO could be run for more generations in order to achieve a
more specific shape. Nevertheless, the obtained geometry
offered a considerable improvement: the torque ripple
dropped by more than 50%, while the average torque
decreased by 30%.

IV. CONCLUSION

This research work aimed to introduce an optimization
methodology which reduces computational complexity. The
computational burden reduction was achieved by narrowing
the TO search space using preliminary shape optimization and
sensitivity analysis. The reduction of the TO design space was
more than 75%, which led to a notable decrease of the TO
computational burden. Moreover, the improvement of the
SRM performance was significant. The obtained geometry of
the SRM suggests exploring of the convergence of the TO in
order to achieve more specific shapes.

a) b)
Fig. 6. Sensitivity analysis: a) optimization parameters; b) design space.
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Fig. 7. Sensitivity analysis results: a) peak-to-peak values of average torque;
b) parameters’ effect on average torque; c) peak-to-peak values of torque
ripple; d) parameters’ effect on torque ripple.
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Fig. 8. TO results: a) obtained geometry; b) torque comparison.
Moreover, the question raised by this study is

manufacturability of the topologically optimized designs. It is
important to highlight that the structural integrity and loses
within a topologically optimized 3D printed motor are needed
to be taken into account. Therefore, in the future study,
additive manufacturing possibilities and restrictions will be
studied and addressed within the topology optimization.
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Abstract: The main issue of the switched reluctance motor (SRM) is its noise and vibration caused
by high torque ripples on the rotor’s shaft. Many methods have been developed for improving the
torque characteristic of the SRM. For example, design optimization is one of the promising approaches
to the noise and vibration reduction of the SRM. Particularly, topology optimization (TO) of the
stator and rotor can be highly beneficial to addressing the torque ripple issue. However, the TO of
the SRM appears to be computationally demanding. To overcome this issue, this study proposes a
method aiming to reduce the computational complexity of the TO through the reduction of the design
space. Particularly, this paper presents a sensitivity analysis of a list of unique design parameters
of the SRM and their influence on the average torque of the motor and the torque ripple of the
motor. By applying the sensitivity analysis, the design space of the TO could be reduced, leading to a
considerable decrease in the TO computational burden. Additionally, valuable conclusions on the
geometrical parameters’ influences on the SRM torque and torque ripple have been drawn.

Keywords: design of experiments; electric motors; optimization; optimization methods; switched
reluctance motor; Taguchi methods

1. Introduction

Recently, there has been increasing interest in switched reluctance motors (SRMs)
due to the benefits they provide. Within the SRMs’ structure, no permanent magnets or
rotor windings are used. For this reason, the SRMs are highly suitable for high-speed and
high-temperature applications. However, the performance of the SRMs is limited by high
torque ripple and consequent vibration and noise [1,2].

Previous research has established that the design of the SRM plays an important role
in addressing the issue of the torque ripple [3-5]. Many studies on SRM have utilized
various design optimization techniques to achieve high and stable torque characteristics.
Several authors have investigated the possibilities of rotor pole modifications to reduce
the torque ripples [6-10]. Another group of studies presents the optimization of classic
linear and angular dimensions of the motor [11,12]. The majority of the methods propose
simple yet effective modifications of the rotor and stator, aiming to reduce the fringing flux
effect and avoid the oversaturation of the pole’s tips. Nevertheless, a wider search for more
beneficial shapes is possible with topology optimization (TO).

Nowadays, TO has been shown as a feasible approach for electric motor improvement.
Many researchers have successfully obtained advantageous shapes of the motors, enhanc-
ing their performance characteristics [13,14]. In this sense, SRMs are not an exception.
A considerable improvement in the torque and reduction of the torque ripple of the SRMs
have been achieved using TO techniques [15,16]. Yet, a key challenge of the TO application
is its high computational complexity. This is especially critical if a finite element model is
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utilized to calculate the objective function. For instance, the application of the ON/OFF
topology optimization method requires a high-density discretization of the motor geometry.
The discretization of the motor geometry defines the number of optimization parameters.
To carry out TO for the SRM considering all the core body, around 1500 discrete parameters
should be involved. This leads to a high number of calculations being needed to analyze
the influences of these parameters on the objective function [17].

To overcome the issue of the high computational complexity of the TO, many methods
have been developed by researchers in the fields of electromagnetic calculations and motor
design. The first group of researchers attempts to replace a FE model of the electrical
machine with a surrogate model [18]. The surrogate model represents the motor FE
model with high precision but requires the application of complex and computationally
demanding methods. Another group of researchers defined crucial areas of the motor
geometry based on the fringing flux behavior [13]. Yet, the defined crucial areas are mainly
defined approximately and can lead to an improper design space definition.

This paper proposes a method that helps to minimize the design space of the SRM TO
using sensitivity analysis (SA). The method involved the definition of the potentially crucial
geometrical parameters of the SRM based on a literature review. Then, the SA was applied
to determine which parameters have a major impact on the average torque and torque
ripple of the motor. Lastly, based on the results of the SA, an optimal and minimal design
space of the motor was defined to be utilized within the TO. The SA was accomplished
using the Taguchi method. For many years this method has been applied for different
purposes, from sensitivity analysis and robust optimization to the design of experiments. It
has been recalled by many scientists as a relatively simple, fast, and reliable approach to
the SA for motor design problem.

The proposed approach helps to efficiently reduce the design domain of the TO, and
consequently decrease the computational complexity of the TO. This allows the speeding up
of the overall SRM development and optimization process. To the authors’ knowledge, there
have been no studies focused on the TO design domain definition using the Taguchi method.
Additionally, this study provides a comprehensive overview of the SRM’s geometric
parameters and their influences on the average torque and torque ripple.

The paper is organized as follows. First, the structure and operation principle of the
motor are discussed in Section 2. Then, Section 2 gives insights into the torque ripple
origins and considers the SRM’s geometrical parameters. Section 3 is dedicated to the
design model definition and Taguchi method’s theory with its application. The following
chapter concentrates on the results of the SA and the selection of the optimal design space
of the TO. Lastly, Section 5 concludes and discusses the research work.

2. Switched Reluctance Motor
2.1. SRM Working Principle

This section briefly introduces the basics of the SRMs which are essential for the
average torque and torque ripple improvement. The basic structure, operation principle,
electromagnetic characteristics, and control are covered in the following paragraphs.

SRMs have been widely applied for electric propulsion, fan, pump, and servo applica-
tions. They possess a simple, robust structure without windings on the rotor, which makes
them beneficial for high-speed and high-temperature applications.

There is a list of SRM structures that are primarily defined by the number of stator
phases. In this paper, a three-phase 6-stator-pole and 4-rotor-pole SRM is considered.
A simplified structure of the motor is presented in Figure 1. As can be seen in the figure,
the stator carries the windings of three phases (A, B, and C) and the rotor has a simple
4-pole or 4-tooth structure.
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Figure 1. Three-phase 4/6 pole SRM structure.

The working principle of the motor is based on the rule of minimum reluctance. This
rule is closely connected to the term “phase reluctance” or the opposite of it—"phase
inductance.” During the motor operation phase, inductances are constantly changing
depending on the effective airgap length between the rotor and stator poles as a function of
the rotor position. The operation principle of the SRM is presented in Figure 2, where red is
dedicated to the energized phase C, green the energized phase B, and blue the energized
phase A. Additionally, Figure 3 gives a detailed representation of the ideal phase inductance
variation in relation to the rotor position. The involved stator and rotor teeth are marked
with red. As can be seen, the phase inductance is minimum when the rotor teeth are not
aligned with the considered stator teeth. When the considered phase is excited, the rotor
teeth try to align themselves with the stator teeth to decrease the reluctance (increase the
inductance) by reducing the effective air gap length. When the teeth of the stator and rotor
are aligned, the phase inductance appears at its maximum. To ensure continuous rotation
and operation of the motor, one phase gets turned on after other switches off. Prior to
the area of maximum inductance, the phase voltage switches of and the current falls to
zero. If the voltage continues to be supplied to the considered phase, a negative torque will
be produced.

C

L,
Ry A
2 N
A\NECE My

Figure 2. SRM operation principle.

As shown in Figure 3, the DC-voltage is supplied to a phase at the rotor position
when the inductance is at its growing phase. To illustrate this process mathematically, the
following equation can be considered.

T(6,i) = /O i aLéZ'i) idi. (1)

where T is the produced phase torque, 6 denotes the rotor position angle, and i is the
phase current.

To maintain continuous torque production, the control scheme of a three-phase 6/4-
pole SR motor drive is applied (see Figure 4). Usually, the SRM is run by an asymmetric
bridge converter, where each phase is controlled independently. A switching pattern directs
the DC voltage to one of the phases depending on the rotor’s position. For this purpose,
the SRM drive often comprises six position-controlled and current-controlled switches.
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Figure 3. Ideal inductance profile of one SRM phase.
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Figure 4. SRM drive: (a) SRM drive concept; (b) asymmetric bridge converter. Ly_c denote to the

phase inductances.

Traditionally, the commutation pattern of the SRM motor is defined based on the static
representation of the phase inductance profile. Assuming the symmetricity of the stator
and rotor poles, the classic commutation pattern for the 6/4 pole SRM can be illustrated by
Figure 5. It is important to highlight that a phase winding should be excited during of the
phase inductance growth. Therefore, the duration of the phase voltage application is 30° of

the mechanical position of the motor.

0c)

Voltage (V)

-30 0 30 60

Figure 5. Commutation pattern of three-phase SRM drive.
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2.2. Torque Ripple

A main challenge of the SRM drive is high levels of vibration and noise during
operation. It has been revealed that the key reasons for the SRM’s vibrations are the
unstable, fluctuating torque at the motor shaft. Numerous studies have proved that the
SRM’s torque ripples are mainly caused by the fringing flux which appears just before
the rotor and stator teeth overlap, as shown in Figure 6. The consequence of the fringing
flux is the nonlinear growth of the phase inductance profile, which triggers the torque
also to grow nonlinearly. The nonlinearly of the magnetic torque negatively influences the
phase current and leads to unstable torque production. Figure 7 illustrates the described
process graphically.

45

0
p 1;.:* Ly
PP PSP \‘?‘,\,\,«Q-

Ideal inductance
—— Real inductance

0 —— Real voltage
—— Real current
‘\ — Real torque
25" S
A A | J
I I [
emin einc gmax gdec emin
-45 -35 -25 -15 -5 5 15 25 35 45

Rotor position (m. degree)
Figure 7. Ideal and real phase inductance comparison.

There are various methods in the literature that address the torque ripple issue from
different points of view. The most well-known approaches are motor design modification
and control algorithm adjustment. It has been shown that particular geometries of the rotor
and stator poles reduce the fringing flux, improve the inductance profile, and consequently,
suppress the torque ripples. These geometries are considered in the following section.

2.3. Geometrical Parameters of SRM

This section describes in detail the crucial geometrical parameters of the SRM which
are illustrated in Figure 8. In the figure, Dgr is the diameter of the rotor additional teeth
and Dg; is the stator inner diameter.
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Figure 8. Design parameters.

The phase inductance profile of the SRM is highly dependent on the geometry of the
rotor, stator, and the airgap—particularly, on the rotor and stator pole angles, 8, Bs. The
duration of the minimum inductance 6,,;,,, the duration of the maximum inductance 0,,,y,
and the duration of the growing 0;,,. and falling inductance 6;,. phases can be defined

as follows.
Omin = (’X - (/35 +/37))/2
gmax = ﬁr - ﬁs . (2)
Oine = edec = ,Bs

where & = 27t/ N; is a rotor pole pitch and N; is the number of the rotor poles.

The stator and rotor pole angles at the core (a5, &, respectively) have an indirect
influence on the torque ripple minimization. It has been shown by many studies that the
variation of a5 and «, creates beneficial sharp angles at the beginning of stator and rotor
teeth overlap, avoiding the fringing flux appearance [10] and reducing the torque ripple.

The additional tooth angle 8, proposes a similar solution to s and «,. The additional
tooth angle makes a big difference in terms of the wider distributed magnetic flux saturation.
Moreover, this parameter addresses torque fall during the excitation transition.

One of the key design parameters influencing the inductance profile is the air-gap
shape between the rotor and stator poles. As illustrated in Figure 8, air-gap shift ¢ helps
achieving a variable air-gap length (L,¢) with a bigger value at the beginning of the overlap
and a smaller value at the end of the overlap. Applying an appropriate value of the air-gap
shift allows one to obtain the torque, which grows together with the teeth overlap.

In this sensitivity analysis, the vector of the design parameters is defined as follows:

X = [‘BS/ Xs, ,Br/ Ky, €, ‘Br+] (3)

To avoid unfeasible designs, geometrical constraints are set for the entire space, de-
noted by Fjx.
25° < By < 40°
,65_5O < as S,Bs_15o
25° < B, < 40°
Br+25° < ay < By +50°
O0mm <A <1mm
0° <2AB,+ <15°

Fa= 4)

3. Case Study
3.1. Design Model of SRM

With the aim of studying the defined design parameters and carrying out the SA, the
design model of the motor was created within the Simcenter MAGNET software. Only
1/3 of the motor was modeled in 2D to reduce the computational complexity. The static
simulation was carried out and resulted in a full torque curve being obtained. The SRM’s
FE model is presented in Figure 9. The mesh characteristics of the model were as follows:
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maximum element size: 1, curvature refinement angle: 1. Only one phase of the motor
was included in the static model. The full stator core and rotor were modelled to close the
magnetic circle. The coils specifications were the following: 257 number of turns, strand
area: 0.326 mm?.

Figure 9. SRM’s 2D FE model for one phase.

The specifications and geometry characteristics of the SRM’s initial design are pre-
sented in Table 1 and Figure 10. The torque ripple coefficient (Table 1) was calculated
as follows. T T

Tr — leXT min (5)
av

It is important to mention that prior to the SA, the main geometry characteristics were
optimized with respect to the average torque. The material of the stator and rotor core
was electrical steel with 6.5% silicon content. It was projected that the SRM would be
manufactured using additive manufacturing techniques. Therefore, the electromagnetic
characteristics of a printed sample were utilized in the FE model (see Figure 11).

In order to assess the torque ripple of the SRM, a full curve of the torque had to be
obtained. Therefore, each design was simulated at different positions, as shown in Figure 12.
The simulations were carried out starting at the position —45° to 0° with the step of 1°.

3.2. Taguchi Method

In this paper, the SA of the design parameters was carried out using the Taguchi
method and analysis of variance (ANOVA). Detailed descriptions of the Taguchi and
ANOVA methods are presented in the following papers [11,12,19].

Table 1. Motor specifications and geometry characteristics.

Specification/Geometry Characteristic Symbol Value
Phase resistance R 50

Stack length L 60 mm

Stator outer diameter Dso 103 mm

Stator inner diameter Dg; 60 mm

Stator slot depth Sp 14.8 mm

Rotor inner diameter Dgy 22 mm
Stator/rotor pole angle Bs/Br 28.5/29.1°
Air-gap length a 0.25 mm

Average three-phase torque Tav 1.34 Nm

Torque ripple coefficient K 2.03
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Figure 10. Geometry of the SRM’s initial design.
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Figure 11. B-H curve of printed steel [19,20].

(b)

Figure 12. Static simulation positions (a) beginning position; (b) end position.

The Taguchi method provided a plan of experiments for the SA with a reduced number
of required simulations. Moreover, by employing the Taguchi method, the best level of
each variable could be defined. Then, the ANOVA helped to define the influence of each
variable on the objective function.

The Taguchi approach is a statistical method that helps to effectively discover the
parameter space. For a certain number of design parameters and their levels, Taguchi
proposed a certain orthogonal array consisting of the minimum necessary combinations
of the design parameters to be able to fully analyze the results. Each combination of the
design parameters is called an experiment. Aiming to obtain the values of the objective
functions, these experiments can be both carried out as real tests or simulations. Then,
based on the results of the Taguchi experiments, the ANOVA can be carried out [19]. The
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sensitivity analysis was carried out using the six design parameters discussed in Section 4.
The design parameters or so-called “control factors” were sampled within the design space,
as shown in Table 2.

Table 2. Design parameters’ sampling.

Level
Design Parameter/Control Factor Symbol Factor

1 2 3 4 5
Stator pole angle (°) Bs =X X 25 28.75 325 36.25 40
Stator pole angle at core (°) ws= s — Xp X5 5 7.5 10 12.5 15
Rotor pole angle (°) Br=X3 X3 25 28.75 325 36.25 40
Rotor pole angle at core (°) = Br+ Xy Xy 25 31.25 37.5 43.75 50
Airgap shift, mm e=Xs X5 0 0.25 0.5 0.75 1
Additional tooth angle (°) Br+ = X4/2 X6 0 3.75 7.5 11.25 15

Based on the number of parameters and their levels, Taguchi proposed the design
matrix constituted of a minimum and a sufficient number of experiments. For six parame-
ters and five levels of each, a matrix Lys (6°) of twenty-five experiments was utilized. In
case of the full factorial experiment, the 7776 experiments would have been required. The
orthogonal array or matrix of experiments is presented in Table 3.

Table 3. Taguchi orthogonal array Lys (6%) for 6 control factors and 5 levels and simulation results.

Control Factor

Experiment Average Torque Torque Ripple Coefficient
p X, X2 Xs Xa Xs Xe g q q 14 Y
1 1 1 1 1 1 1 0.851 1.22
2 1 2 2 2 2 2 0.838 1.06
3 1 3 3 3 3 3 0.790 1.36
4 1 4 4 4 4 4 0.716 1.55
5 1 5 5 5 5 5 0.614 1.73
6 2 1 2 3 4 5 0.808 1.16
7 2 2 3 4 5 1 0.792 1.06
8 2 3 4 5 1 2 0.899 1.37
9 2 4 5 1 2 3 0.850 1.39
10 2 5 1 2 3 4 0.812 0.95
11 3 1 3 5 2 4 0.887 1.53
12 3 2 4 1 3 5 0.829 1.55
13 3 3 5 2 4 1 0.837 1.19
14 3 4 1 3 5 2 0.796 0.92
15 3 5 2 4 1 3 0.930 1.25
16 4 1 4 2 5 3 0.936 1.52
17 4 2 5 3 1 4 0.878 1.72
18 4 3 1 4 2 5 0.907 1.30
19 4 4 2 5 3 1 0.855 0.92
20 4 5 3 1 4 2 0.856 1.02
21 5 1 5 4 3 2 0.935 1.52
22 5 2 1 5 4 3 0.847 0.94
23 5 3 2 1 5 4 0.826 1.00
24 5 4 3 2 1 5 0.901 143
25 5 5 4 3 2 1 0.910 1.26

Using the Taguchi orthogonal array, twenty-five experiments were carried out, and
the results are listed in Table 3 as well.

The peak-to-peak values of the average torque and torque ripple at zero speed were
calculated for each factor and level.

My(f) = - G0 )) ©

where i denotes the parameter number, j represents the level number, 1 is the number of
experiments, and f(i,j) is the value of an objective function.
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To study the effect of each parameter on the objective function, the sums of squares
were calculated as follows.

2
$8ij(f) = n- Y- (My; — My) )
where Myis the total mean value of the objective function.

4. Results
4.1. Results of the Sensitivity Analysis

The results of the sensitivity analysis, such as peak-to-peak values of the average
torque and torque ripple, are shown in Figures 13 and 14. Moreover, Figure 15 presents the
overall influences of the design parameters on the objective functions.

Stator pole angle Stator pole angle at core Rotor pole angle
-~ 096
=
Z
g
& 0488
& o8
=
g
< 0.72
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Levels of parameters
Rotor pole angle at core Airgap shift Additional tooth angle
= 096
Z
g
S 088
e
&
s 0.8
4
<
0.72
I. 2 3 4 5 1 2.3 & 3 1 2 3 4 5

Levels of parameters
Figure 13. Peak-to-peak values of the average torque.

It can be seen in the graphs above (see Figures 13 and 15a) that the stator pole angle
and the airgap shift variations have major influences on the average torque. The parameter
effect value of the stator pole angle (X;) and airgap shift (X5) are 42% and 28%, respectively.
Figure 13 suggests that the growth of the stator pole angle makes the average torque
increase rapidly. This fact correlates with Equation (2), which defines 6;,. and the duration
of torque production as a direct function of the stator pole angle. Meanwhile, the growth in
the airgap shift reduces the average torque. One of the reasons could be a torque fall at the
beginning of the overlap. On the other hand, the average torque has a nonlinear response
to the change in the stator pole angle at the core and additional tooth angle on the rotor.
There was a slight reaction noticed from the change in the rotor pole angle and the rotor
tooth angle at the core.
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Torque Ripple Coefficient

Torque Ripple Coefficient

Stator pole angle Stator pole angle at core

1.6
1.4 =
1.2
1
1 23 4 5 I 2 3 4 35

Levels of parameters
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1 2 8 4 8§ I 2 3 4 §
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Figure 14. Peak-to-peak values of the torque ripple.
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Figure 15. Control factors’ effects on the objectives: (a) average torque; (b) most influential parameters

If we now turn to the torque ripple analysis, we can conclude that the rotor pole angle

has a principal influence on the torque ripple (see Figures 14 and 15c). The parameter effect
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value of the rotor pole angle (X3) is more than 50%. Particularly, with the growth of the
rotor pole angle, the torque ripple swiftly increases. The same tendency can be noticed
for the growth of the additional tooth angle. This fact correlates with Equation (2), which
illustrates that the duration of the maximum inductance 6,,,; grows together with the rotor
pole angle. One of the reasons that torque ripple increases along with the rotor pole angle
could be that the SRM reaches the maximum inductance too fast and moves to a phase
with no positive torque production. The air gap shift had a positive influence on the torque
ripple reduction, as was expected. On the other hand, the advance in the stator pole angle
and the reduction in the stator angle on the core slightly reduced the torque ripple.

It is worth taking a look at additional graphs which illustrate the influences of the
changes in stator pole angle Xy, airgap shift X5, and rotor pole angle X3 on the average
torque. For that reason, Figure 16 presents the static torque curve for designs 1, 6, 11, 16,
and 21 with the stator pole angle levels 1, 2, 3, 4, and 5, respectively (see Table 3).

2.5
2

135

Torque, Nm

0 10 20 30 40
Position, (m. degree)

——Design | —=—Design 6 ——Design 11 Design 16 ——Design 21
Figure 16. Static torque curve for Taguchi designs with different levels of stator pole angle.

It can be seen in the graph above that the increase in the stator pole angle leads to a
wider area of torque production and consequent larger average torque. The drop in the
torque at the beginning of the overlap in designs 6, 11, and 16 attracts particular attention.
It may indicate the coeffect of the rotor pole angle X3 and rotor additional angle X¢, which
are higher in designs 6, 11, and 16.

Figure 17 presents the variation in the static torque with the change in both air-gap
shift X5 and rotor pole angle X3. It is apparent from the figure that the average torque
decreases. On the other hand, the area of the torque production shifted to the beginning of
the overlap due to the growth of the rotor pole angle. Therefore, the area of zero torque
enlarges at the end of the growing inductance phase when 6,,,; = [30, 45]. It is important
to highlight that the biggest improvement in the width of the torque and constancy of the
torque at its maximum can be noticed between Design 1 and Design 2; 6,5, = [18, 30] and
Omax = [22, 32], respectively. Due to the introduction of the airgap shift, the torque in design
2 became more stable at its maximum. However, further increase in the air-gap shift did
not have a positive influence on the torque characteristic due to the possible influences of
other parameters, such as additional tooth angle Xg.

Due to the coeffect of the analyzed parameters on the resultant torque, it is impor-
tant to keep in mind that Figures 16 and 17 should be considered only together with
Figures 13 and 14.

The findings of the analysis of the results can be summarized as follows.

1.  Stator pole angle has a major influence on the average torque. The increase in the
stator pole angle leads to a wider torque production region and higher average torque.
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2. The growth of the airgap shift has a positive influence on the torque ripple reduction
and a negative influence on the average torque. The airgap shift raises the torque at
the end of the growing inductance phase. However, the air-gap shift is a sensitive
parameter, and its value should be selected carefully.

3. Theincrease in the rotor pole angle has a negative effect on the torque ripple. With the
growth of the rotor pole angle, the torque curve shifts to the beginning of the torque
production phase. To avoid the torque ripple with the increase in the rotor pole angle,
the control turn-on and turn-off angles should be adjusted according to the area of
torque production.

4. The introduction of the rotor pole angle within this SRM design leads to an increase
in torque ripples. The possible explanation can be an improper selection of its values.

25

2

—
Lh

—

Torque, Nm

<
n

0 10 20 30 40
Position, m. degree

——Design | ——Design 2 ——Design 3 Design 4 ——Design 5

Figure 17. Static torque curve for Taguchi designs with different levels of air-gap shift and rotor
pole angle.

4.2. Topology Optimization Design Space Definition

With the aim of reducing the computational load during the topology optimization,
the base design can be defined using the SA results. Moreover, the design domain of the
topology optimization can be created based on the results presented in Section 3.

Table 4 and Figure 18 summarize the optimal designs according to the Taguchi SA.
Based on Figures 13-17, the best control factor sets in terms of average torque improvement
and torque ripple reduction were chosen: first optimal design and second optimal design,
respectively. The trade-off between these designs is defined in Table 4 as well. The trade-off
design performed the average one-phase torque of 0.875 Nm, the total average torque of
1.31 Nm, and the torque ripple coefficient of 1.48.

Table 4. Optimal designs according to the Taguchi SA.

Control Factor 1st Optimal Design ~ 2nd Optimal Design Trade-Off Design
X1 4 2 5
X2 1 5 3
X3 4 1 2
X4 2 2 2
X5 1 4 2
X6 3 1 2
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Figure 18. (a) First optimal design; (b) second optimal design; (c) trade-off design.

To determine the design domain of the topology optimization, the following steps
were performed:

1.  Stator pole angle was set to 40°, pursuing the best combination of maximum average
torque and minimum torque ripple.

2. Stator pole angle at the core was set to 30°, insuring almost the lowest torque ripple
and reasonably high torque.

3. The rotor pole angle and rotor pole angle at the core were set to 28.75° and 60°,
respectively, trying to achieve the minimum torque ripple and keep the average
torque ripple at the average level.

4. Due to the high influence of the airgap shift and the low influence of the core angles
on the objective functions, the depth of the TO domain was set to 5 mm.

5. The possible additional angle for the rotor teeth was set to +1.875° due to the highly
negative influence of the additional teeth after 1.875 on both the average torque and
torque ripple.

The base design for the future topology optimization will possess the following vector
of the design parameters:
x = [40,10,28.75,31.25,0,0] (8)

Based on the results of the sensitivity analysis, the design domain of the topology
optimization is defined in Figure 19a. Additionally, the torque comparison between the
initial design and the trade-off design is presented in Figure 19b.

Torque, Nm
- N w

o

40 60 80

Position, m. degree

N
=]

—e—Taguchi Trade-Off ~—e—Initial Design
(b)

Figure 19. (a) Topology optimization design domain; (b) Torque comparison of initial and trade-

off designs.

5. Conclusions

TO can be used as a powerful tool for design optimization while pursuing high perfor-
mance for an SRM. On the other hand, TO is computationally expensive and geometrically
restricted. To overcome the geometry restrictions, additive manufacturing techniques are
proposed to be used for the optimized SRM. To overcome the issue of the computational
complexity of the TO, the present research proposed a method of the TO design space
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reduction. To reduce the design domain of the SRM TO, and consequently reduce its com-
putational burden, this research carried out SA to identify the minimum necessary design
domain. To carry out the SA, the authors applied the Taguchi approach. The proposed
method allowed the reduction of the design domain of the future TO considerably. Thanks
to the applied SA, the most crucial areas of the three-phase SRM for future optimization
were identified. Thereafter, the SA helped to define the TO design space that included only
25% of the whole body of the SRM. Thanks to the obtained minimum necessary design
space of the motor, the computational complexity of the future TO was reduced by more
than a half. The proposed method has significant implications for the TO computational
burden reduction. Additionally, the proposed approach can be utilized for SRMs with
different numbers of phases, stators, and rotor poles. Moreover, the presented SA of the
motor design parameters can give a good overview of their influences on the average
torque of the SRM and its torque ripple.

A natural progression of this work is to study the possibilities and restrictions of
additive manufacturing for producing a topologically optimized SRM. As the second step,
a we plan to carry out TO with respect to the results of the SA and additive manufacturing
potentials and constraints. After obtaining the topologically optimized SRM, a prototype is
to be manufactured and tested. More broadly, this research work could also focus on the
application of the proposed approach for other motors’ TO.
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Abstract: In recent decades, the genetic algorithm (GA) has been extensively used in the design
optimization of electromagnetic devices. Despite the great merits possessed by the GA, its processing
procedure is highly time-consuming. On the contrary, the widely applied Taguchi optimization
method is faster with comparable effectiveness in certain optimization problems. This study explores
the abilities of both methods within the optimization of a permanent magnet coupling, where the
optimization objectives are the minimization of coupling volume and maximization of transmitted
torque. The optimal geometry of the coupling and the obtained characteristics achieved by both
methods are nearly identical. The magnetic torque density is enhanced by more than 20%, while the
volume is reduced by 17%. Yet, the Taguchi method is found to be more time-efficient and effective
within the considered optimization problem. Thanks to the additive manufacturing techniques, the
initial design and the sophisticated geometry of the Taguchi optimal designs are precisely fabricated.
The performances of the coupling designs are validated using an experimental setup.

Keywords: design optimization; genetic algorithms; Taguchi designs; electromagnetic coupling;
additive manufacturing

1. Introduction

The term permanent magnet (PM) coupling or clutch refers to a device that is used to
transmit torque between two shafts without mechanical contact. Torque transmission is
served by the magnetic field induced by PMs placed on the driving member. Throughout
the years, PM couplings have been widely employed in blowers and compressors, convey-
ors and pumps, and food processing equipment due to their unique qualities [1,2]. For
instance, the highlighted features of the PM couplings are the ability to transmit torque
through a separator and easy maintenance. Still, there are several important aspects to
take into account in PM couplings design. Among these concerns, mass characteristics,
transmitted torque, and their balance remain challenging.

Nowadays, the design optimization is extensively used for enhancing the performance
of PM couplings. The majority of the studies on PM coupling optimization have utilized
coupling dimensions as optimization parameters [3-5]. On the other hand, the optimization
of coupling shapes may propose a better improvement of the device performance.

Researchers have been avoiding the optimization of coupling shapes due to the
restricted abilities of conventional manufacturing techniques. Presently, additive man-
ufacturing (AM) is considered a constructive alternative to the conventional ways of
fabrication [6-9]. Being a flexible and low-material waste technique, the AM can construct
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geometrically intricate components. Overall, the AM techniques provide an opportunity to
discover more favorable shapes of PM couplings and greatly enhance their performance.

To date, several methods have been developed to optimize the design of electrical ma-
chines and devices. The direct and indirect optimization methods (DOM and IOM), multi-
level optimization methods, and robust optimization methods are the main approaches.
In this study, two methodological approaches are selected: the DOM accompanied by the
genetic algorithm (GA) and the Taguchi optimization method [10,11]. The DOM presents a
clear and intuitive structure, since it simply utilizes a finite element model (FEM) along
with the GA [12-16]. The unique features of the GA, such as the ability to obtain the
global minimum, handle non-analytic formulation of optimization problems, and high
flexibility, justify its popularity among researchers. This algorithm not only considerably
narrows the solution space during optimization but also presents an impressive searching
ability. Regardless of the great advantages of DOM-GA optimization, it often appears
time-consuming [17-19]. In contrast with the DOM-GA, the Taguchi method requires a
considerably lower number of calculations that significantly reduces the execution time [20].
This method takes into account the manufacturing variations of the optimization parame-
ters within the optimization model and, consequently, reaches the high reliability of the
optimization results [21-23]. However, far too little attention has been paid to the Taguchi
method within the design optimization of electromagnetic devices.

This paper aims to carry out the optimization of the PM coupling shapes with the
following optimization objectives: minimization of the coupling volume and maximization
of the transmitted torque. Additionally, the study compares the DOM-GA and the Taguchi
method in terms of the obtained optimization results and the required execution time.
The importance and originality of this study is that it explores complex shapes of the PM
coupling design and proposes a great improvement of the device performance. Moreover,
the comparative analysis of the DOM-GA and Taguchi method should make an important
contribution to the field of design optimization of electromagnetic devices.

The paper is organized as follows. First, the initial design of the PM coupling and
definition of the optimization model is presented in Sections 2 and 3, respectively. It will
then go on to Section 4, which is dedicated to GA optimization, and Section 5, which
presents the Taguchi optimization. Next, Section 6 provides a comprehensive comparison
of the applied optimization methods. Then, Section 7 describes the experimental setup and
provides the test results for the initial and optimal designs of the coupling, respectively.
Finally, the discussion and conclusion of the study are presented in Section 8.

2. Permanent Magnet Coupling Design

This paper considers an optimization problem of a face type PM coupling. Before
proceeding to the optimization, it is important to overview the concept of the PM coupling
design and operation principle. To illustrate the structure of the coupling, Figure 1 is
presented. The figure shows two main components of the coupling: driving and driven
members. The driving member possesses magnetic teeth, while the driven member has
steel teeth. Along with the structure, Figure 1 demonstrates the main dimensions of the
coupling. Additionally, Figure 1 shows the angle of deviation of the coupling members 6.
To demonstrate 6, the centers of the disks C1 and C2 are specified. Table 1 lists the main
parameters of the coupling geometry.



Electronics 2021, 10, 494

30f16

Driven member

Steel teeth

Figure 1. The initial design of the permanent magnet (PM) coupling.

Table 1. Coupling specifications.

Dimension/Materials Value
Outer diameter Doyt 30 mm
Inner diameter Dy, 12.5 mm
Thickness of the disks tg 1.2 mm
Steel teeth height 1.6 mm
Steel teeth width 5mm
Steel teeth length 8 mm
Magnets thickness 3 mm
Magnets width 5mm
Magnets length 8 mm
Air gap 1.5 mm

The operation concept of the PM coupling is based on the attraction efforts that appear
between the magnets placed on the driving disk and the driven member made of steel.
The magnetic torque induced in the driven disk depends on the angle of deviation of the
coupling members 0, magnetic flux density B, and magnetic field intensity H [24]:

s/, [FBaHAV
7= 2, PAHEY

50 1)

For prototyping, the steel material with 6.5% silicon content was utilized for the
disks and driven member’s teeth. The neodymium magnets N52 (Sintered Nd-Fe-B) were
employed to provide the magnetic force.

The finite element analysis of the coupling initial design was carried out through
Symcenter MagNet. According to the initial design modelling, the volume of the coupling
was 2.31 x 107® m® and the maximum magnetic torque was 73.0 X 1073 Nm. Figure 2
presents the dependence of the torque on the angle of deviation. The static simulation
results and their approximation are provided. The approximation was carried out by fitting
the smoothing spline within the Matlab Curve Fitting Toolbox.

It is important to notice that the magnetic torque reached its maximum when the angle
of deviation of the coupling members 6 was 17°. Therefore, this position was chosen for
static simulations within the optimization.
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Figure 2. Magnetic torque versus angle of deviation of the initial design of the coupling.

3. Permanent Magnet Coupling Optimization Model

Figure 3 shows the distribution of the magnetic flux density obtained through the
MagNet for the initial design of the coupling. It can be seen that the flux density saturation
is quite low in particular areas of the coupling disks. Here, the low saturation is a sign that
the material of the coupling is not utilized efficiently. Therefore, the coupling design needs
to be improved to enhance the effectiveness of material usage. For this purpose, the design
optimization can be employed.

149
119

0.89

g
0.29 Parameters
' — 7-12

Figure 3. Initial design of the coupling with the distribution of magnetic flux density and illustration
of the optimization parameters.

Many researchers have optimized PM couplings paying particular attention to the
torque output and volume of the utilized materials [1,4]. Traditionally, linear dimensions,
such as diameters of the disks or sizes of magnets, are chosen as optimization parame-
ters. This might be due to the restrictions of the conventional methods of fabrication on
design production.

Since AD techniques allow producing complex geometry, the search for optimal
dimensions can be replaced with the search for optimal shapes. Therefore, this paper aims
to obtain an optimal shape of the PM coupling disks to minimize the material usage and
maximize the transmitted torque.

In solving an optimization problem, the first step is to create an optimization model,
which involves defining objectives, constraints, and parameters. This study considers
the optimization problem, in which the objective functions were non-analytical. More
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specifically, the volume and the magnetic torque were obtained using FEA within Simcenter
MAGNET. The optimization problem was unconstrained. To find an optimal shape of the
clutch disks, the vector of optimization parameters was formed by twelve elements, which
represented geometrical locations of the points. Figure 3 shows a set of the geometrical
points used as the optimization parameters. As can be noted, the points were placed
within the area of low saturation of the coupling disks. Within this area, the material
could be potentially removed in order to increase the effectiveness of material usage. The
demonstrated set was repeated along the circumference of the coupling disks. Within the
optimization, the variation of the parameters had the following limits: [0 ... 1] mm. The
disks” general thicknesses t4 were not included in the group of the optimization parameters,
since they were minimized beforehand and their further reduction negatively influenced
the torque.

4. Optimization Using Genetic Algorithm
4.1. Genetic Algorithm

To carry out a multi-objective optimization, an optimization model should be formu-
lated in the following view:

minimize f(x) = [f (* ) f2(x), o fa(0)]T,
subject to g;(x) < 0,i={1...m}, ()
hi(x) = 0,j = {1...p},

where the vector f (x) is formed from objective functions, and the vector x presents a set of
k optimization parameters. The functions g; (x) and ; (x) are constraint functions.

In solving multi-objective problems (MOPs), the ultimate goal is to find good compro-
mises between the objective functions. Traditionally, this goal is achieved using the concept
of Pareto Optimality.

To understand the idea of the Pareto Optimality, several definitions should be pre-
sented. First, a classic definition of Pareto Optimal Solution can be expressed as follows. A
solution x € () is called a Pareto Optimal Solution if there is no x” € Q) for which the objec-
tive vector fi (x”) dominates fi (x). Here, Q) implies the feasible region of the optimization
problem. The feasible region is an area of the parameter space, where all constraints are
satisfied. Second, Pareto Dominance can be defined as follows. A vector fi (x) is said to
dominate another vector fj (x”) only if fi (x) is partially less than fi (x").

Essentially, the main functions of the multi-objective genetic algorithm (MOGA) are
to obtain a set of Pareto Optimal Solutions (P*). The set P* is a set of optimal values of
the optimization parameters. Mathematically, the Pareto Optimal Set can be defined as
follows [19]:

Px:={xe Q|-3x € Q|f(¥) <flx)}, 3)

The second function of the MOGA is to construct the Pareto Front (PF*). At first, many
points within the feasible region should be calculated. If the number of the points is high
enough, the GA finds the non-dominated points and identifies PF*:

PFx:= {u = f(x) | x € Px}. 4)

The procedure that allows the MOGA to explore the solution space is presented in
Algorithm 1 [19]. The specific terms used within the MOGA procedure are the following:

e  The term “gene” implies an optimization parameter;
e  The term “individual” defines a set of optimization parameters;
e  The term “population” presents a group of different parameter sets.
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Algorithm 1 MOGA

Initialize Population;

Evaluate Objective Values;

Assign Rank based on Pareto Dominance;

Compute Niche Count;

Assign Linearly Scaled Fitness;

Assign Shared Fitness;

for i = 1 to number of Generations do;
Tournament Selection;
Single-Point Crossover;

RN I SAIRC LI I N

10: Uniform Mutation;

11: Evaluate Objective Values;

12: Assign Rank based on Pareto Dominance;
13: Compute Niche Count;

14: Assign Linearly Scaled Fitness;

15: Assign Shared Fitness;

16:  end.

The first steps in the MOGA are to generate the initial population and to compute the
values of optimization objectives. The next phase involves ranking based on the Pareto
Dominance and assigning the fitness values using the niching technique. Fitness value
expresses how “good” an individual is. It is a positive real value and, therefore, is often
easier to use than the values of the objectives. The niching technique (also called the fitness
sharing technique) is responsible for maintaining diversity in the population. To use the
niching technique, the size of the neighborhood (niche radius) of each individual should
be calculated first. Then, the linearly scaled fitness value of each individual is decreased
proportionally to the number of individuals sharing the same neighborhood.

Using the obtained fitness values, the cycle of the evolutionary search starts with the
following operators: selection, crossover, and mutation. The general functions of these
operators are the following:

e  The selection operator selects individuals from the current population based on their
fitness values; the selected individuals are called “parents”;

e  The crossover operator is applied to the “parents” to create new individuals
called “offspring”;

e  The mutation operator broadens the search space by making changes in the current
population; then, the “offspring” and mutated individuals form a new generation.

There are many types of selection, crossover, and mutation operators. In this optimiza-
tion problem, the tournament selection, single-point crossover, and uniform mutation were
used. Figure 4 illustrates the basic ideas of the applied operators [19].

The tournament selection acts in the following way: first, it randomly chooses four
individuals from the population, and then picks the individual with the higher fitness
value for using in the next generation. As for the crossover, it takes two individuals from
the current generation and combines them at a random point. The uniform mutation takes
an individual and selects one or more random mutation points (genes). Then, this operator
replaces the values of the selected genes with a uniform random value between the upper
and lower bounds defined for this gene.

After that, the new generation is formed and assessed using fitness values. In the next
step of the procedure, the algorithm checks if a stop criterion is satisfied. If it is, then the
algorithm stops working. Otherwise, it continues the cycle of creating new generations.

To date, the MOGA has been integrated to different computing environments, such
as Matlab and Artap [25-27]. In this study, the MOGA was applied through the Matlab
optimization toolbox.



Electronics 2021, 10, 494

7 of 16

Parent 1 [ TN
Parent 2 [ I | I |

Offspring 1 [ TN | [1 ]
Offspring 2

Mutation point
Crossover point

(b) (©)

Figure 4. (a) Tournament selection; (b) single-point crossover; (¢) uniform mutation.

4.2. Optimization Method

The optimization was carried out using the procedure illustrated in Figure 5. The
interaction between Matlab, SolidWorks, and MagNet software programs was organized
within Visual Studio as follows. The optimization cycle started with a set of parameters
defined by the GA within the Matlab optimizer. Then, these parameters were used to build
a 3D model using SolidWorks. Once it was complete, MagNET calculated the maximum
torque and directed it together with the coupling volume to the Matlab optimizer. Using
the obtained values of the objectives, the Matlab optimizer refined the parameters, and
the same cycle was executed until the stop criterion had been satisfied. The number of
generations and individuals defined the stop criterion. Particularly, the optimization was
performed with 30 generations constituted by 50 individuals. Consequently, the cycle was
repeated 1500 times.

Geome :
Geometrical . Uy FEM analysis Maxi
generation in ithi L aximum
parameters SolidWorks usin, W torque
Pra ) Sng MagNET
Visual Studio

Coupling
volume

Figure 5. Optimization flowchart.

4.3. Simulation Results of the GA Optimization

The optimal design and the magnetic flux density distribution are presented in Figure 6.
The figure shows that the coupling members were deeply saturated. For the driving member
body, the average value of flux density | B! was near 0.83 T, and for the driven member it
was slightly lower—about 0.78 T. The obtained values of the maximum magnetic torque and
the volume are reported in Table 2. A significant reduction in the volume can be noticed from
the table. However, no difference greater than 2% was observed in the torque value.

Overall, the GA showed constructive results; however, the execution time was quite
high. Fifty hours were required to resolve the optimization problem.
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Figure 6. GA optimal design with the distribution of magnetic flux density.

Table 2. Simulation results of genetic algorithm (GA) optimization.

Objective Initial Design GA
Timax 73.0 x 1073 Nm 745 x 1073 Nm
%4 231 x 107 m3 1.91 x 1076 m?

5. Optimization Using Taguchi Method
5.1. Taguchi Methodology

The Taguchi method is a statistical method that discovers the parameter space to find
a design with better performance. The parameter space in Taguchi’s terminology is called
the orthogonal array. Essentially, the orthogonal array is a matrix that includes various
combinations of optimization parameters. Each combination is called an experiment.
The experiments should be carried out in a real test or simulation to obtain values of
optimization objectives. A major advantage of the Taguchi method is that the procedure of
forming the orthogonal array ensures the minimization of experiment quantity.

In the Taguchi method, once the orthogonal array is formed, the experiments are
carried out, values of optimization objectives are obtained, and analysis of the results starts.
Essentially, this analysis intends to reveal the effect of the optimization parameters and
their levels on the objectives using average peak-to-peak values of the objectives.

5.2. Conducting the Taguchi Experiments

Within this study, a standard L50 orthogonal array was used. It included fifty experi-
ments that involve eleven parameters with five levels and one parameter with two levels.
The parameters and their levels are listed in Table 3.

Table 3. Optimization parameters and their levels.

Parameter Level 1 Level 2 Level 3 Level 4 Level 5
1 0.8 1 - - -
2-12 0.6 0.7 0.8 0.9 1

The experiments were carried out using MagNET software. The obtained values of
the magnetic torque and the volume were organized into the cost function:

T

f=5 )
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To find the best combination of parameters levels, the mean values were calculated
and analyzed. The mean values of the objectives and the cost function were as follows.

1 50 1 50
my= a5y V;=198-10"%m?, m, = & ¥ 1 = 75.0- 10~ >Nm,
k=1 - k=1 (6)
mp = Siokgl fr =379

Then, the average peak-to-peak values of the cost function were calculated for each
factor at each level:

mi(f) = - L) )

where i is the parameter number, j is the level number, 1 represents the number of experi-
ments, and f(i,j) denotes the value of the objective function for experiments that involved
the parameter i at the level j. Figure 7 shows the average peak-to-peak values depending
on the parameters and parameters’ levels.
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Figure 7. Parameter effects on the objective function.

As can be seen, the parameters combination [p12, pis,] i =2 ... 12 gives the minimum
value of the cost function. The optimal design provided the value of the magnetic torque
0f 75.0-107% Nm and the value of the volume 1.91-107¢ m?.

The last step of the Taguchi optimization is the analysis of variance (ANOVA). Using
the sum of squares ss, the effect of each parameter on the objective function was computed:

ssij=n-Y_ (m;; —mp)?, ®)

It can be seen from Table 4 that the influence of the parameters on the cost function
was nearly equal. Only the parameters pg and pj» made the exception. This might be
because the saturation of the disks near these points was the smallest for all the designs.

5.3. Simulation Results of the Taguchi Optimization

The optimal design of the coupling was obtained by the Taguchi method. The cor-
responding geometry and the magnetic flux distribution are shown in Figure 8. Closer
inspection of the figure reveals that the bodies of the driving and driven member were
highly saturated. For the driving member body, the average value of flux density |BI
was near 0.86 T, and for the driven member, it was slightly lower—about 0.8 T. Table 5
compares the magnetic torque and volume values of the initial and optimal designs. Using
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the Taguchi optimization method allowed us to reduce the volume by 17% and to enhance
the torque by 2.2% compared to the initial value.

Table 4. Effects of different parameters on the cost function.

Variable Sum of Factor Effect Variable Sum of Factor Effect

Squares (%) Squares (%)
1 0.0001 0.5 7 0.0023 10.0
2 0.0019 8.7 8 0.0025 109
3 0.0023 10.1 9 0.0025 10.7
4 0.0025 11.1 10 0.0027 11.7
5 0.0021 8.9 11 0.0024 10.5
6 0.0008 3.8 12 0.0007 3.1

ol S —

Figure 8. Taguchi optimal design with the distribution of magnetic flux density.

Table 5. Simulation results of Taguchi optimization.

Objective Initial Design Taguchi Design
Timax 73.0 x 1073 Nm 75.0 x 103 Nm
v 231 x 1070 m3 1.91 x 1070 m?

6. Comparison of the Simulation Results of the GA Optimization and the
Taguchi Optimization

The designed PM couplings were compared in terms of the volume, magnetic torque,
and magnetic torque density. The highlighted characteristics of the couplings are listed
in Table 6. It is apparent from this table that the optimal designs showed a considerable
improvement in the magnetic torque density—more than 20%. Similarly, the volume of the
coupling disks was significantly reduced using both optimization methods. However, only
a slight increase in torque was found after optimization—about 2%.

Table 6. Simulation results of GA and Taguchi optimization.

Objective Initial Design GA Design Taguchi Design

Timax 73.0 x 1073 Nm 745 x 1073 Nm 75.0 x 1073 Nm
Vv 231 x 1070 m? 1.91 x 1076 m? 1.91 x 1076 m?
Timax/V 31.6 kN-m/m? 39.0 kN-m/m? 39.3 kN-m/m?

The 3D models of the initial and optimal designs are presented in Figure 9. Addition-
ally, Table 7 provides the thickness values of the disks at the optimization parameters points
locations. A comparison of the GA and Taguchi designs reveals that the obtained geometry
and volume of the PM coupling were identical. Similarly, the maximum value of the
magnetic torque, as well as the magnetic torque density, were quite close for both designs.
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Figure 9. Comparison of initial and optimal design geometries.

Table 7. Discs thicknesses values for initial and optimal designs.

Parameter Number Initial Design GA Design Taguchi Design
1 1.2 mm 0.21 mm 0.2 mm
2 1.2 mm 0.2 mm 0.2 mm
3 1.2 mm 0.2 mm 0.2 mm
4 1.2 mm 0.2 mm 0.2 mm
5 1.2 mm 0.4 mm 0.2 mm
6 1.2 mm 0.2 mm 0.2 mm
7 1.2 mm 0.5 mm 0.2 mm
8 1.2 mm 0.2 mm 0.2 mm
9 1.2 mm 0.2 mm 0.2 mm
10 1.2 mm 0.2 mm 0.2 mm
11 1.2 mm 0.2 mm 0.2 mm
12 1.2 mm 0.6 mm 0.2 mm

To provide a more comprehensive comparison of the coupling designs, the dependence
of the magnetic torque on the deviation angle 6 was explored. Figure 10 illustrates the
approximated results of the simulations. As can be seen from the figure, the torque curves
of the optimal and initial designs were quite close. Yet, the variation of the torque in the
Taguchi design was more stable in the region of § change from 0° to 5°.

0.08 T T
@ initial design

® Taguchi optimal design |
@ GA optimal design

0.07

0.06

Torque r (Nm)
e 4 =) o
5 8 2 g

j=4
=)
=

L L 1 L L

0 5 10 15 20 25 30
Angle of deviation & (*)

Figure 10. Comparison of three designs in terms of magnetic torque versus angle of deviation.
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Moreover, the Taguchi optimization method was considerably more effective in terms
of time consumption. Particularly, the GA optimization was performed within 50 hours,
while the Taguchi method required just 1.5 hours of calculations. Therefore, these results
taken together indicate that the Taguchi optimization had better performance compared to
the GA in the scope of PM coupling optimization.

7. Experimental Setup
7.1. Test Bench

To validate the performance of the coupling, an experimental setup was designed.
First, the initial design of the coupling was printed from electrical steel with 6.5% silicon
content by selective laser melting printing [28]. Similarly, the Taguchi optimal design was
manufactured. Three-dimensional printed prototypes are presented in Figure 11.

Figure 11. (a) Prototype of the initial design of the coupling; (b) prototype of the optimized design on the coupling.

The second step was to construct a test bench with an adjustable air gap and ability
to measure the torque in various relative positions of the coupling members. Figure 12
illustrates the experimental design of the coupling together with the designed setup for
the test. The driving and driven disks were inserted into two shafts which hold them in
a certain position. The shafts were supported by a pair of angular contact ball bearings.
The bed components were designed in such a way that the air gap could be regulated.
Particularly, the following values of the air gap could be selected: 1,1.5,2 ... 3.

Moreover, a mechanism was proposed to vary the angle of deviation between the
driving and driven member. As shown in Figure 12, the mechanism included three
elements: two disks with holes and one stick. The green disk was placed on the driving
member shaft and could be rotated. The beige disk was placed on the support and fixed.
The green disk was divided into 36 sectors with the step of 10°. The beige disk was divided
into 12 sectors with the step of 11°. In each sector of both disks, a hole was placed to
adjust the angle 0 with the step 1° using the stick. All components were printed from PLA
material using a 3D-printing machine.

The implemented setup was prepared for measuring the torque on the driven member
shaft. Utilizing the scale provided the measurement basis for the setup (see Figure 13). In
this test, the rotation of the driving member shaft induced torque on the driven member
shaft. The last one had the arm, which was in contact with the scales. Essentially, the scales
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here acted as a measuring device of the force produced by the arm Fr. This force had a
particular relation with the torque described by Equation (9).

T=F X7,
r=r-sin(p), FR=mg, ¢ =1/2 = T=Fg 71,

)

where the constant r is the length of the arm, 6 represents the angle of deviation between
coupling members, and ¢ implies for the angle between vectors r and Fg.

Figure 12. First view of the experimental setup. 1—PM coupling; 2—driving member shaft; 3—
driven member shaft; 4 and 5—bearings; 6—mechanism for the angle 8 variation; 7—stick for fixing
the angle 0; 8 and 9—bed components; 10—arm.

Figure 13. The measurement setup.
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7.2. Experimental Results

To certify the optimization results, the initial and optimal designs were tested and
compared. Each design was tested four times, and the means of the torque values were
used for further analysis. Figure 14 provides the experimental data on the initial and
optimal designs together with the data approximation. Particularly, the graph shows the
relation of the torque, induced on the driven member shaft, and the angle 6. It can be seen
that the curves were quite close within the change of the deviation angle from 0° to 17°.
Yet, there was a slight difference in torque values of initial and optimal designs at the point
of the torque maximum (6 = 17°).
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.

0.07 - @ optimal design

0.06 L ... testresults
. : approximation
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% L)
.
v 0.04 - -
E]
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o 0.03
[_4
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0 5 10 15 20 25 30
Angle of deviation & (*)

Figure 14. Test results for the initial and optimal designs of the coupling.

Additionally, Figure 15 summarizes the results obtained from the simulation and the
experiments. The figure shows that the simulation and test curves were adjacent within
the change of 6 from 0° to 7°. However, around 6 = 7° ... 17°, the torque, obtained from
the test, was slightly lower. Moreover, it should be noted that the experimental curves
appeared to be steep which indicated the rapid torque change. An explanation might
be that the measured torque was not only dependent on the coupling design but also
experienced the influence from the setup structure and the bearings. Additionally, the
accuracy of the scales, used for measuring the torque, was not high enough.
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== optimal design - simulation
initial design - simulation

0.07 = optimal design - test

— initial design - test
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Figure 15. Comparison of simulation and experimental results for the initial and optimal designs of
the coupling.
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To provide a comprehensive comparison of the designs, Table 8 presents the torque-to-
volume ratio according to the experiment. The table demonstrates that the optimal design
achieved considerably higher performance compared to the initial design. Particularly, the
difference in the torque-to-volume ration was above 20%.

Table 8. Test results of GA and Taguchi optimization.

Specification Initial Design Taguchi Design
Tmax 71.0 x 1073 Nm 72.0 x 1073 Nm

1% 231 x107°m? 1.91 x 1076 m3
Tmax!/V 30.7 kN-m/m? 37.7 kN-m/m?

8. Discussion and Conclusions

This study presented the optimization of the PM coupling shapes with the following
objectives: minimization of the coupling volume and maximization of the transmitted
torque. For this optimization problem, two methodological approaches were employed:
the DOM accompanied by the GA and Taguchi optimization method. The results of the
PM coupling optimization using both approaches were impressive. The DOM and the
Taguchi method led to identical geometry and the same reduction in the coupling volume.
Consequently, the increase in the magnetic torque density was also quite high for both
optimized designs.

Compared to the DOM-GA, the key advantage of the Taguchi method was the sig-
nificant reduction in the execution time. Taking into account that the obtained results of
the optimization by both methods were the same, the overall performance of the Taguchi
method optimization was concluded to be higher. However, the major limitation of the
Taguchi approach is the incapability to solve multi-objective problems with a high number
of the optimization parameters and complex relations between the optimization objectives,
constraints, and parameters. Therefore, the findings of this study are not generalizable to
all optimization problems. Still, considering the obtained results, the Taguchi optimiza-
tion method offers a reasonable alternative to the time-consuming DOM-GA for certain
optimization problems.

Another portion of this study was dedicated to the performance validation of the
initial and Taguchi optimal design of the coupling. For this purpose, the experimental setup
was constructed, and both designs were tested. The experiments showed that the couplings
achieved relatively similar torque values, while the torque density was improved. These
experiments confirmed that the coupling design obtained from the Taguchi optimization
had a comparable performance with the simulation results. Yet, to obtain a better accuracy
of the torque measurements, further experimental tests need to be carried out using more
precise measurement devices.

This study suggests that the capabilities of the Taguchi optimization method can be
examined within the optimization of other electromagnetic devices. For example, further
research will focus on the design optimization of a switched reluctance motor using the
Taguchi optimization method.
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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.

Keywords

electromagnetic coupling, optimization, additive manufacturing, Artap framework, NSGA-II

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

Cite this article as: Andriushchenko, E., Kaska, J., Kallaste, A., Belahcen, A., Vaimann, T., Rassdlkin, A. "Design Optimization of Permanent Magnet Clutch with
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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 /. The axial
force is a force that attracts clutch members to each other.

/‘T'— —_—

e d Driven 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 00, magnetic flux density
B, and magnetic field intensity H [4]:

o[, [ Banar "
50 ’

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

T=F-R,, ?2)

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-(uVy,, —B,)=0, ®)

where y is the magnetic scalar potential, B is the
remanent magnetic flux density and x is the material

VAYay: =
"‘""‘,"Aﬁ%'% avi
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Fig. 2 Meshed design model of the clutch at 7/16 angular deflection



108 | Andriushchenko et al.
Period. Polytech. Elec. Eng. Comp. Sci., 65(2), pp. 106-112, 2021

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.

=

o
o

Magnetic flux density (T)
=
(o]

=
'S

o
N

0 0.5 1 1.5 2 25
Magnetic field strength (A/m) x10%

/

m

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 32.5mm
Inner radius R, 12.5 mm
Mean radius R, 21.5 mm
Thickness of the disks /1, 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 |
'y
o

Back side of the driven disk |
o

Y
°
- -0 - —

c— — — - - - - —

InEn

-
|

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": "2, ‘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,
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. 6 Simulated individuals in the objective plane and Pareto front
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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.



110

Andriushchenko et al.
Period. Polytech. Elec. Eng. Comp. Sci., 65(2), pp. 106-112, 2021

Y
M

(@ (b)

=

[~
L

(©)

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

Objective Initial design Optimal design
Volume 4.6:10"°m’? 3.5:10"°m?
Maximum tangential
attraction force F, 97N HON
Maxngum axial 1056 N TN
attraction force F,
Torque T 2.09 Nm 2.37 Nm
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Design Optimization of Permanent Magnet
Clutch

E. A. Andriushchenko, A. Kallaste, A. Belahcen, H. Heidari, T. Vaimann, A. Rassdlkin

Abstract — Design optimization of permanent magnet
clutches can be an effective solution for minimization of the
volume at a given torque output. This study proposes an
optimization method for permanent magnet clutch, which
allows obtaining a complex and detailed design. Design and
optimization model of the clutch, optimization method and
algorithm are comprehensively discussed. Optimization using
2D finite element analysis, combined with a genetic algorithm
is demonstrated. The obtained optimal shapes reduced the
volume of clutch discs by 31% while the maximum integral
attraction force met the limit.

Index Terms — electromagnetic
optimization, genetic algorithms.

coupling, design

1. INTRODUCTION

ERMANENT MAGNET (PM) clutches have been

widely applied for torque transition between two shafts

without mechanical contact. The lack of mechanical
contact denotes the air-gap between driving and driven
member. This design feature brings several advantages to
PM clutches over mechanical clutches [1], [2]. Firstly, the
lack of friction reduces the risk of mechanical failures,
reduces vibration and proposes easier maintenance.
Additionally, the isolation of the driving and driven
members is desired for a list of applications [3]-[5]. For
instance, they are highly suitable for usage in a damaging,
corrosive environment. Additionally, biological and food
processing equipment such as mixers or agitators often
requires torque to be transmitted through a separator.

One of the key requirements for clutches is a minimum
volume of magnetic and non-magnetic materials with the
desired torque output. These requirements can be satisfied
by means of design optimization of PM clutches. So far, a
considerable amount of literature has been published on
design optimization of electromagnetic devices [6]-[8].
Besides, several studies have optimized design of PM clutch
with different approaches [9], [10]. Up to now, most
researchers have carried out optimizations using only linear
dimensions as decision variables, for instance, diameters of
discs or thickness of magnets [5]. However, it may be
beneficial to exploit the designs that are more precise by
defining optimal shapes instead of dimensions, since modern
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manufacturing techniques allow obtaining highly complex
structures. For instance, additive manufacturing provides a
wide range of opportunities to more sophisticated design
production. Therefore, this paper is focused on the
optimization of a PM clutch shapes with the aim of
obtaining the lowest weight while keeping the torque above
the defined limits. As a first approximation, only shapes of
the iron disks are considered in this study.

This paper begins by formulating the operation principle
of the clutch and defining the design and optimization
models. Later on, Section II. continues with the
optimization method and algorithm description. Towards the
end, results of the optimization are reported and discussed.

II.  DESIGN OPTIMIZATION

A.  Design model

The first step in any optimization is to create a design
model. In this study, the design model of the clutch was
made in program Finite Element Method Magnetics
(FEMM). Fig. 1 illustrates the initial design of the clutch (a)
and the model of the clutch (b), where magnets are
highlighted in beige colour. In principle, the clutch consists
of driving and driven member. The driving member
possesses PM teeth placed on the disc made from printed
steel. The magnets are magnetized as it is shown in Fig. 1.
On the other hand, the driven member is fully made from
printed steel. Working principle of PM clutch is based on
attraction force between magnetic and steel teeth. The
attraction force is a vector that includes two components:
axial attraction force F. and tangential attraction force F.
The axial attraction force allows two members to couple and
move synchronously. The angle between the members and
subsequent tangential attraction force are responsible for
transmitted torque. This is due to the fact that the tangential
attraction force arises between the members when one
member spins relative to the other one. When this force
reaches the maximum value, the driven member shifts to
another stable position, where its teeth are aligned with the
magnetic teeth of the driving member. However, if the
torque on the driving member exceeds the maximum value
that clutch can handle, the driven member slips.
Consequently, the maximum value of the tangential
attraction force defines the torque that the clutch is able to
transmit [4], [11]. Therefore, the considered clutch was
optimized with respect to the transmitted torque.

For a given system, the dimensions of the initial design
are reported in Table I. As a first approximation, the volume
of the clutch was reduced by means of the reduction of the
volume of discs, particularly, by optimizing the discs
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shapes.

The flux distribution in discs in the radial direction was
not changing significantly. Therefore, it was acceptable to
optimize only a cross-section of a circle type (A-A) and use
an obtained optimal geometry along the radial direction. In
order to simplify the model for making 2D analysis, the
cross-section was considered with straightened air gap. To
simulate the geometrical continuity of each disk, periodic
boundary conditions were implemented on the sides of each
disk. They are shown as red and green lines in Fig. 1. The
clutch was placed in the air box. The length of the disks L

was calculated as the length of the circle with a diameter of

D,,. Consequently, the shift in this design model represented
the angular deflection between clutch halves. Particularly,
the used shift value was equal to 5 mm and denoted the
position when the attraction force between the halves of the
clutch was maximum. The members of the clutch were
separated by the air gap equal to 1 mm.

B.  Materials

As it was mentioned before, the driving part teeth were
permanent magnets, while the material of the driven member
was printed steel [12]. Fig. 2 illustrates B-H magnetization
curve, which characterises the magnetic properties of the
utilized material. Particularly, the properties were obtained
from the sample made from the gas-atomized pre-alloyed
powder of Fe-Si by selective laser melting printing.

Sintered Nd-Fe-B (N52) magnets were utilized in the
optimized clutch since these magnets are the strongest
permanent magnets available in today’s market [13]-[15].

C.  Optimization model

The first step in optimization is to constitute an
optimization model. An optimization model includes
objective functions, constraints and decision variables [16]—
[18].

In order to obtain optimal shapes of the discs, the points
on the discs’ end faces were chosen as decision variables
(see Fig. 3). Particularly, by changing the position of each
point in z and z -direction, different complex shapes could

LT LT LT LT LT [1
I N R ' Y o Y N o A '

H

m

Air gap

Hy L

)
Fig. 1. Initial design (a) and model (b) of the clutch.

TABLE 1
MAIN DATA OF THE CLUTCH UNDER OPTIMIZATION

Dimension Symbol / formula Value
Outer diameter D 65 mm
Diameter in the Dm 44.6 mm
middle of magnets

Clutch length in L=m-Dm 140 mm
developed view

Magnet length L, 20 mm
Magnet height H, 5 mm
Magnet width w,, 10 mm
Space between /8 7.5 mm
magnets

Discs height H, 4 mm

be formed. Only six points on each disc were satisfactory
(pj,i=1..12), for the reason that flux lines were
symmetric with respect to the axes of clutch’s teeth (7, #,;
). The variation limits of decision variables p;_¢ in z-
direction and p;_;, inz’-direction were [0, 3.5].

The objective function of the optimization model was the
volume of the discs. The integral tangential attraction force
F; was used as a constraint. During the optimization, the
force was kept above 95% of the initial value with a
maximum reduction of the volume. The values of objective
and constraint were calculated in FEMM. The initial values
of objective and constraint are reported in Table II.

D.  Optimization method and algorithm

Optimization method can be described as a strategy or
procedure within which an optimization model is optimized.
Optimization method applied in this problem is called a
direct optimization method since it uses design model
accompanying by optimization algorithm [16], [19].

1.6 T T ! :

14

1.2

0.8

0.6

Magnetic flux density (T)

0.4

25
x10*

0.5 1 1.5

Magnetic field strength (A/m)

2

Fig. 2. B-H magnetization curve for printed steel.
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Fig. 3. Decision variables mapped on design model.

The considered optimization model had a high number of
decision variables — twelve. Generally, it is rather difficult
to optimize this kind of a model [16], [20]. Therefore, in
order to prevent the overloading of the applied algorithm
and reduce execution time, the optimization was made in
two steps. More specifically, the shapes of the driving and
driven disc were optimized one after another.

The optimization models were as follows:

min: Vl(pl7"7p6);
st. Ftl(pmpe)Z[E,], |:Ft,:':119N; O]

min: V(P75 P12);

st B (prp)2[F, ], [F]F117N. )

Fig. 4 shows the applied optimization method in detail
and provides the settings of the algorithm. The objective and
constraint were calculated in the design model and
optimization algorithm was proposing decision variables.

The algorithm used here was a single-objective genetic
algorithm (GA) [21], [22]. Nowadays, GAs are widely
applied due to the high number of advantages such as [23]:

1) ability to find a global minimum,
2) ability to handle non-analytic problem definition,
3) possibility to be adjusted to a particular problem,
4) robustness to noisy evaluation functions.
GA includes several operators that justify the flexibility of
the algorithm as long as can be easily adjusted to a

particular problem. To name, crossover, mutation, selection
TABLE I
INITIAL SPECIFICATIONS OF THE CLUTCH

Specification Symbol/formula Value
The maximum

integral tangential F, 124N
attraction force

Driving disc volume Vi 11200 mm?
Driven disc volume &) 11200 mm?

Number of static FEA
per design

Change the shape of the
driving disc

constraint:
Attraction force

Decision vanables’ value

Define: objective function,
nonlinear constraint function,
decision variables’ bounds

Estimate objective:
Volume of the driving disc

Algorithm settings:
Initial population: constraint
dependent, 30;

Fitness scaling: ranking;
Selection: tournament;
Mutation: constraint dependent;
Crossover: heuristic;
Constraint algorithm:
Augmented Lagrangian,
Number of generations: 5

Number of static FEA
per design

Change the shape of the
driven disc

2]

Estimate constraint:
Attraction force

Estimate objective:
Volume of the driven disc

Fig. 4. Scheme of applied optimization method.

and fitness scaling are the operators. Fitness scaling is used
to calculate the performance of each individual (decision
variables set). The function of selection is to choose the best
individuals. Further, the selected individuals constitute a
new generation together with crossover fraction, which is
generated by the operator crossover. This operator is
applied to two individuals in order to create a new one.
Finally, the operator that provides diversity and broadens
the search space is mutation. It is important to mention that
GA can be directly applied only to unconstrained
optimization. Therefore, it is necessary to use additional
techniques, such as constraint- handling methods, that can
keep solutions in the feasible region [24], [25]. It is worth
mentioning that algorithm settings, i.e. operators’ functions,
have a direct effect on optimality of the results. Therefore,
for a defined problem, algorithm settings were chosen
according to the common settings used in electrical devices
optimization [26]-[28].

As it is shown in Fig. 4, the augmented Lagrangian was
applied to handle the constraint. This method combines the
objective function with constraint function using the
Lagrangian [29]. Consequently, the final formulation of the
problem was as follows:

V=4 -s;-log(s; = F, |+ F,), 3)
where the elements 4; >0 are known as Lagrange multiplier
estimates and the components s; >0 are known as shifts and

s =p-A >0,
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The number of individuals was 300 (=30-5-2), where
30 is the size of each generation and 5 is the number of
generations. Consequently, it required 300 evaluations of
the optimization model that resulted in 4 hours of
calculations.

III. RESULTS

Fig. 5 shows the optimal geometry of the clutch and
presents the optimal values of decision variables. Overall,
the volume of the driving disc was reduced significantly by
36%, while the maximum value of the integral tangential
attraction force met the limit //=119 N. The second step of
optimization demonstrated considerable changes in the
driven disc volume as well (25%). Overall, there was a
significant difference (31%) between initial and optimal
design volumes. What is interesting about the results is that
there were no changes in the attraction force after the driven
disc optimization. Therefore, it may be assumed that the
geometry of the driving disc had a stronger effect on the
attraction force.

In addition, the dependence of the integral attraction
force on the increase in the shift was built (see Fig. 6). In
Fig. 6, blue line illustrates the attraction force in initial
design configuration, red line demonstrates the force after
the driving disc optimization, and black line denotes the
final optimized design configuration. As it was noticed
before, the maximum integral attraction force did not
experience radical changes after optimization. This effect
remained the same way during changing of the shift.

IV. CONCLUSION

The purpose of the current study was to optimize PM clutch
shapes in order to obtain the lowest weight while keeping
the torque above the defined limits.

The problem had a single-objective optimization model,
where the volume of clutch’s discs was the objective and the
tangential attraction force was considered as a constraint.
The applied method was based on the interaction between
the design model and the genetic algorithm. The
optimization was made in two steps, i.e. the driving and
driven disc were optimized separately. It allowed preventing
the overloading of the applied algorithm and reducing
execution time.

0 Optimal
parameters:

7 =1.00 mm

P> =093 mm
;=093 mm
py=115mm

Ps=221mm
P =2.86 mm
P =129 mm

P =1.02 mm

Po =101 mm
Pro =1.67 mm

Pry =2.89 mm

0

Fig. 5. Optimized geometry and optimal values of parameters.

P12 =251 mm

439

140

120

100

80

60

The integralradial attration force (N)

40

20 - : - : - :
1 2 3 4 5 6 7 8

Shift (mm)

Fig. 6. Optimization results. Blue: the initial design. Red: the driving disc
optimization. Black: the final optimized design.

The result of this optimization was the significant
reduction in the volume of the discs (31%), while the
tangential attraction force experienced a small change from
the initial value.

The present study lays the groundwork for future
research into PM clutches optimization. Specifically, a
natural progression of this work is to obtain optimal shapes
of the permanent magnets, teeth, and discs in 3D.
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