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Abstract: Additive manufacturing (AM) or 3D printing has opened up new opportunities for re-
searchers in the field of electrical machines, as it allows for more flexibility in design and faster
prototyping, which can lead to more efficient and cost-effective production. An overview of the
primary AM techniques utilized for designing electrical machines is presented in this paper. AM
enables the creation of complex and intricate designs that are difficult or impossible to achieve using
traditional methods. Topology Optimization (TO) can be used to optimize the design of parts for
various purposes such as weight, thermal, material usage and structural performance. This paper
primarily concentrates on the most recent studies of the AM and TO of the reluctance machines. The
integration of AM with TO can enhance the design and fabrication process of magnetic components
in electrical machines by overcoming current manufacturing limitations and enabling the exploration
of new design possibilities. The technology of AM and TO both have limitations and challenges
which are discussed in this paper. Overall, the paper offers a valuable resource for researchers and
practitioners working in the field of AM and TO of electrical machines.

Keywords: additive manufacturing; topology optimization; level set; synchronous reluctance machine;
switch reluctance machine; ON-OFF method; material density; genetic algorithm; power bed fusion;
binder jetting; soft magnetic materials

1. Introduction

The future goal of reducing carbon emissions in transportation can only be achieved
by exploring and implementing new technologies and innovative designs for drive-train
components. This will require a change in the traditional approach to electrification, as
outlined in various roadmaps [1-3]. Additive Manufacturing (AM) or 3D printing tech-
nology is one of the developing technologies of the current contemporary era. AM is a
technique for fabricating physical objects in which the substrate or powdered materials are
deposited layer by layer to build the 3D object [4,5]. Compared to conventional manufactur-
ing techniques, AM has several advantages over traditional manufacturing processes, such
as the potential to decrease material waste and trash parts coupled with the conventional
method [6].

In recent years, the use of additive manufacturing has grown in the field of electri-
cal machines, providing new possibilities for design and production of these machines,
although the technology is still maturing and has the potential to progress significantly.
The manufacturers are able to save the vital resources that would be greatly wasted in
the traditional subtraction-based production since AM allows for freeform limitless shape
complexity. In addition, AM technology could provide the most affordable and frequent
prompts to fabricate small volumes of extremely complicated shapes [7]. However, a fully
assembled AM electrical machine is still a dream for large-scale manufacturing and indus-
trial applications due to a number of challenges, including slow manufacturing speed, inner
structural imperfections, constrained multi-material printing potential, and the requirement
for postprocessing printed parts [8].
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In order to maximize performance and efficiency while reducing size, weight, and
losses, optimization is required in the design of electrical machines. The two primary
sub parts in the design process for an electrical machine are design and preliminary
design optimization [9,10]. By investigating several topologies and doing muti-disciplinary
study of the machine, engineers use design optimization to determine the best essential
performance parameters for a specific application [11,12]. The objective of conventional
optimization techniques for the design of electric machines is to find the optimum values of
the parameterized geometric variables by altering them within a defined range. However,
conventional optimization is limited to optimizing shapes within predefined boundaries
and cannot change the topology of the design. Topology optimization, on the other hand,
overcomes these limitations by allowing the design of the structure to be changed during
the optimization process, resulting in more optimal solutions [13].

Furthermore, the advantages of using AM for Topology Optimization (TO) include
the ability to create complex geometries and internal structures that would be difficult
or impossible to fabricate using traditional manufacturing techniques. TO is a design
method that aims to find the optimal layout of a structure or system in order to meet certain
design objectives, such as minimizing weight or maximizing average torque. Compared
to the geometric parameterization and optimization of rotor flux barriers, TO provides a
smoother barrier design by allowing for flexible material distribution within the design
space [14]. However, the manufacturability level of the TO is lower than the conventional
optimization, but thanks to the AM technique, it makes possible the fabrication of these
complicated geometries.

Researchers work on the different techniques of AM and TO, but there is limited
literature available on the integration of AM and TO. This paper reviews the use of TO
and AM with regard to magnetic components for electrical machines. In order to provide
background for further discussing the integration of TO in a later section of the paper, the
paper initially highlights the primary AM techniques, with a particular focus on those
pertaining to electrical machines. Additionally, various soft magnetic material types are
examined for possible use in AM. The state-of-the-art current literature of AM and TO,
particularly with regard to iron cores and windings in reluctance machines, is also covered
in more detail. Some challenges and limitations in the AM and TO are also summarized
in this paper. These case studies emphasize the innovative integration of these cutting-
edge technologies and demonstrate their potential for use in electrical machine design in
the future.

2. AM Technologies Suitable for Electrical Machines

Despite being designed for low-volume manufacturing with a low manufacturing rate
(0.01-1 kg/h) and high cost (USD 0.1-10 per gram) [15], the potential for AM’s application
to expand exponentially is expected to grow. This is due to its rapid development in
terms of material accessibility and process quality, which indicates a significant increase
in the extent and diversity of its utilization. There are several printer types used for
additive manufacturing; among these, the four AM technologies listed below are the most
well-known and developed for commercial applications.

Powder Bed Fusion (PBF)

Binder Jetting Technology (BJT)
Direct Energy Deposition (DED)
Resistance Heat or Joule Printing (JP)

The Powder Bed Fusion (PBF) is also known as Selective Laser Melting (SLM) or Elec-
tron Beam Melting (EBM). The majority of current metal additive manufacturing systems
use PBF technology [16]. For building full-density products, current PBF AM techniques
often employ melting rather than sintering. However, rather than using a laser or other
energy source to fuse the powder together, binder jetting uses a liquid binding agent
to join the powder particles together [17]. Binder jetting is generally considered to be a
more cost-effective method of fabricating parts compared to electron beam melting (EBM)
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and selective laser melting (SLM). However, binder jetting typically requires extensive
post-processing after the 3D printing process is complete. The binder-bonded parts pro-
duced by binder jetting are typically weak and brittle and require additional processing
steps to achieve the desired strength, hardness, and surface finish. In order to create
high-performance superalloys, direct energy deposition (DED) has been developed. DED
employs a laser or electron beam as an energy source that is simultaneously utilized to
melt feedstock material (powder or wire) and is narrowly focused on a small area of the
platform. The difference between DED and PBF technologies is that DED does not employ
a powder bed and melts the feedstock layer by layer before deposition while using a much
larger amount of energy to melt metals. This technique enables the simultaneous deposition
of different materials and various axis [18]. When compared to PBE, it can construct less
complicated components and has a lower precision, surface quality, and manufacturing
capacity [19,19,20]. Joule heating uses direct electrical current with resistance heating for
melting and layer bonding; it is somewhat comparable to other wire feed technologies
like DED. Compared to other techniques, this method uses a single feed and melt process
and a far more basic raw material. As a result, this simplicity reduces expenses and time
saving [21-23].

Figure 1 shows the overall comparison of the aforementioned techniques. Both PBF
and BJT provide higher resolution, which is needed in most applications, but are limited by
printing speed. Further, DED and Joule printing are faster while having a lower resolution.
On the other hand, EBM and SLM are typically more expensive 3D printing methods
that use high-power lasers to melt metal, ceramic, or polymer powders into solid objects.
However, EBM and SLM can produce high-quality, high-density parts with high mechanical
strength and fine resolution, making them suitable for applications where high performance
is required.

Energy

consumption
\p —— PBF

— BIT

— DED
P

7 Resolution

Mechanical
Strength

Cost Printing speed

Figure 1. Different AM techniques comparison.

3. Soft Magnetic Materials for AM Machines

Iron cores for electrical machines are traditionally made from non-oriented electric steel
laminations and these laminations are stacked together to form the core of the electrical
machine [24]. However, the problem of low mechanical strength in thin sheets causes
bending during stamping, which in turn reduces the ability to stack the laminations at
a high stacking coefficient. Another problem is that electrical steel laminations can only
be stacked in flat sheets and cannot be molded into intricate 3D patterns, which limits its
application in 3D iron cores [25,26].

AM has the potential to bring advancements in the field of magnetic materials by
allowing for the 3D printing of high-quality powdered soft magnetic materials, resulting in
the creation of complex-shaped iron cores with improved control over the electromagnetic
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and mechanical properties [5,27]. Furthermore, these materials are typically iron-based
alloys such as iron-nickel, iron-cobalt, and iron-silicon alloys can be printed. In [28] the
author demonstrated that using Fe—6.55i alloys in the AM process of the iron cores of electric
machine components results in better magnetization properties compared to using Fe-35i
alloys with a lower silicon content. The use of Fe—6.5Si alloys also leads to a reduction of
more than 50% in eddy current losses at 50 Hz frequency. Iron cores for electrical machine
may be 3D-printed using Fe-Ni alloys with high nickel compositions (up to 80%). The
magnetic characteristics of these alloys include low saturation magnetic flux density but
exceptional properties regarding permeability and losses. Among soft magnetic materials,
Fe—Co alloys have the greatest saturation magnetic flux density, with the 50-50% Fe—-Co
alloy having a saturation magnetic flux density of 2.45 T [29]. The magnetic properties of
commonly used soft magnetic materials for AM is summarized in Table 1.

Table 1. Different soft magnetic material properties used for AM.

Material . Relative Resistivity . AM
Compositions Max. Saturation (T) Permeability (u,) o(uQ2em) Density (g/cc) Technique Reference
Fe-Si6.5 1.8 10,700 82 7.3-7.7 BJT [30]
Fe—Co-based alloy 2.4 20,000-66,000 40 8.12 SLM [31,32]
Fe-49Co-2V 2.23 - 494 - PBF [33]
20%Fe-80%Ni 1.08 8000-120,000 SLM [34]

4. Electrical Machines Manufacturing Using AM Techniques

With the use of 3D computer-aided design, AM is rapidly developing a collection of
new manufacturing technologies that allows for the direct manufacture of components from
powder or wire filament. AM technology should make it unnecessary to do extra processing
in order to produce intricate 3D geometries [35]. Furthermore, AM may reduce or even
eliminate the material waste and scrap components that are common in many conventional
manufacturing techniques. In general, the 3D printing process recycles wasted wire and
powder to fully use the raw material [36]. Although some efforts have been made to bring a
more holistic approach, where multiple parts are produced using AM, it is noteworthy that
the majority of work linked to the AM of electrical machines is focused on the individual
machine components and materials. In this section, the focus is on the electrical machine’s
active parts, and it includes the core and windings of the machine.

4.1. Stator and Rotor Core of Reluctance Machines

In order to build contemporary electrical machines with high specific output, magnetic
materials are necessary. There are several electrical steels and soft magnetic composites
(SMCs) used in the current procedures for creating magnetic cores. The most common
method for producing a magnetic core is to stack a number of electrical steel profiles or
lamination sheets that have been properly prepared, or to compress a mixture of metal
powder and an insulating material [37]. However, these materials are often challenging
to address using traditional methods because of their poor mechanical properties and
limitations on the manufacturing of complex geometries.

With respect to the fabrication of magnetic parts and components, AM offers a com-
pelling alternative to the well-established methods. The optimized switch reluctance
machine rotor, which has six poles of the salient type, is shown in Figure 2a. This rotor was
constructed using the PBF technique from an iron-cobalt alloy with a magnetic flux density
of 2.3T. The authors also indicate that to decrease the specific power loss, the electrical
resistivity of the developed design might be further enhanced [29]. Moreover, Figure 2b
depicts the synchronous reluctance machine’s rotor, which was fabricated using the PBF
AM approach [38].
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(a) (b)

Figure 2. Electrical machine cores manufactured through AM techniques: (a) Rotor prototype of
switched reluctance machine [37]; (b) Rotor core of synchronous reluctance machine [38].

In [39], the 3D-printed rotor of switched reluctance machine was compared with the
benchmark machine. Due to the focus being on the material performance, both rotor
prototypes’ designs and dimensions were the same. Moreover, the rotor prototype was
also manufactured in three segments owing to the height limitations of the 3D printer.
The two segments’ axial lengths are 25 mm each, the third segment is 54 mm long, and
the rotor’s total axial length is 104 mm, as shown in Figure 3a. Due to the segmentation,
the 3D-printed rotor was also ensured to have lower eddy current losses than the solid
component. In Figure 3b the fully assembled 3D-printed rotor is shown and was compared
with the laminated benchmark rotor. This study demonstrates that the 3D-printed rotor
produces results similar to those of the benchmark rotor while yet leaving a significant
opportunities for performance improvement [40].

Figure 3. 3D-printed SRM rotor: (a) 3D-printed segments of rotor; (b) Commercial and 3D-printed
assembled rotor [39,40].

In order to lessen the torque ripples and windage loss, a novel skew rotor design for
switched reluctance machines was proposed. It has 2 mm thick ribs with 0.4 mm diameter
holes in a honeycomb structure as shown in Figure 4. Using the conventional process, it
was challenging to construct this rotor design. The AM method of PBF is used to build
the prototype for this rotor design. Additionally, the 45% decrease in the machine’s torque
ripples profile was shown by the experimental results [41].

Figure 4. 3D-printed SRM rotor with honeycomb rib [41].

As the type of reluctance machine is most suited for PBF fabrication because it only
needs one alloy powder, a fully assembled, fully functional axial flux switched reluctance
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was developed utilizing this technology. Other machine types, such as permanent magnet
machines or induction machines, need several materials, making it challenging to print
them using AM owing to the use of many materials. Due to the disparity in component
sizes, the suggested machine was printed in five phases. For the whole machine with
stator halves, the printing process takes 57 h. Figure 5 [42] depicts the different parts
and fully assembled machine. Additionally, annealing was done to enhance the magnetic
characteristics. In order to do this, the toroid was heated for one hour at a temperature of
1150 C with a heating rate of 300 K/h, and then gradually cooled [43].

Figure 5. Printed axial machine having stator halved embedded teeth [42].

In addition to emphasizing the internal design and manufacture of electrical machines,
the author of [44] showed a prototype of an induction machine that was manufactured
employing additive manufacturing. The author introduces airgaps in the core in the form
of crack-like printed regions to enhance the internal resistance of the core, and these airgaps
were placed perpendicular to the core axis. The rotor and stator core were manufactured
using metal rods, and the author stated that it is the first 3D-printed machine in scientific
literature whose performance has been assessed. Figure 6 depicts the stator and rotor of a
printed induction machine. Despite the irregular airgaps between the thick material layers,
the 3D-printed induction machine exhibited the nominal torque of 0.5 N-m at an efficiency
of 34% when compared to the benchmark machine [45] whose efficiency was 52%.

Figure 6. Fully assembled AM induction machine [44].

According to [46], a line start synchronous reluctance machine was designed with
a novel, robust structure for less copper losses and vibration. As shown on the left side
of Figure 7, the flux barriers include small ribs that go both in the xy and z directions to
create a grid-like structure. Aluminum paste was placed within the cage of the line start
synchronous reluctance machine, which was then heated to produce a solid aluminum
cage as shown in Figure 7. The filling of the barriers lessens the machine’s vibration, but
this impact also lowers the saliency ratio, which reduces the torque.
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Figure 7. 3D-printed rotor of line start synchronous reluctance machine [46].

4.2. Windings

Electrical machine windings refer to the coils of wire that are used in electrical ma-
chines, to generate or utilize electromagnetic fields. These windings can be made of copper
or aluminum and are typically wound around a core made of iron or other magnetic mate-
rial. The development of modern electrical machine windings continues to be an active
area of research and development, with the goal of creating more efficient and cost-effective
electrical machines. In addition, AM is a promising technology for creating electrical
machine windings, as it allows for the creation of complex geometries and can improve the
performance and efficiency of the machine. It is important to note that the use of additive
manufacturing for winding production is still in its early stages and there are not yet many
examples in the industry, but it is considered a promising technology for the future.

In addition, the use of AM in electrical machines may serve a variety of goals, such as
improving power density by improving the fill factor [47,48], optimizing end-winding [49,50],
or integrating conductors with cooling channels [51]. The advancement in AM is the 3D
multi-material printing which offers more design freedom and a faster and unique structure
of fabricating different machines. Some examples of multi material printing are shown
in Figure 8 [52-55]. This comprises ceramic materials that, in terms of various physical
characteristics like heat resistance or thermal conductivity, outperform more traditional
organic insulating materials composed of plastic. In this approach, electrical coils with
much greater temperature resistance may be produced.

Figure 8. 3D-multi material printing technology [53-55].

The hybrid stranded concentrated winding of a high-speed traction machine is shown
in Figure 9a, the resulted machine yields 60% reduction in the overall losses [56]. These
improvements can be utilized to enhance the power density and reliability of the machine.
The author in [57] demonstrated different types of AM coils prototype using different mate-
rials for low weight and low losses applications and was compared with the conventional
manufactured coils. All four coils are shown in Figure 9b, which are then placed in the
E-core. The performance comparison of different cores is illustrated in Table 2. The high fill
factor and low AC losses were achieved as compared to the traditional one. Additionally,
AM introduced new materials that gained attention in the enhanced thermal management
method. In [58,59], the authors provide a detailed explanation about the advanced thermal
management for AM machines.
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Figure 9. AM-based coils: (a) Concentrated AM copper coils [56]; (b) Solid flat shaped coils using
different materials [57].

Table 2. Different coils comparison using different materials [57].

Type of Conductor Flat Copper Coil AM Shaped Copper Coil Flat Aluminum Coil Al?x lr\ndirslﬂir??iil
Material Commercial copper Pure copper powder Commercial aluminum Aluminum alloy powder
Insulation Enameled Class H-resin Enameled Class H-resin
Manufacturing Commercial wire 3D printed Commercial wire 3D printed
Fill factor 72.7% 77.96% 71.3% 62.4%
Cycle time <one hour 9-10h <one hour 4-5h
Mass density 8.96 g/cm3 8.95 g/cm3 2.7 g/cm? 2.67 g/cm3
Coil weight 171.2 gm 183.6 gm 55.2 gm 47.8 gm
DC losses lpu 0.83 p.u 16pu 2.68 p.u
AC losses 81.6% 76.5% 64.5% 31.4%
Total losses 4.155 p.u 4343 p.u 4371 p.u 3.902 p.u
Efficiency 98.04% 97.76% 97.52% 98.71%
Frequency Up to 900 Hz Up to 900 Hz Above 1.2 kHz Above 900 Hz

5. Optimization of AM Electrical Machines

Optimization in electrical machine design refers to the process of making improve-
ments to the design of an electrical machine in order to maximize its performance and/or
cost-effectiveness. To examine and optimize several aspects of the machine, including
various parameters such as the shape of the machine, mathematical models and algorithms
are often used. The goal is to find the optimal trade-off between design objectives and
constraints, such as power density, torque density, efficiency, size, weight, cost, and mate-
rials. Generally, optimization techniques can be classified as deterministic and stochastic
optimization. Deterministic optimization techniques, such as gradient-based methods, use
a specific mathematical formula to find the optimal solution. They are fast and reliable
but may be trapped in a local minimum while stochastic optimization techniques, such
as genetic algorithms and particle swarm optimization use random processes to explore
the solution space. They are less likely to get trapped in a local minimum but may be
slower and less reliable [60]. The choice of method depends on the specific problem and
requirements of the application.

Moreover, commonly used machine geometry templates and mathematical models for
optimization are used to shape magnetic structures in electrical machines. These methods
are well established and have been used for many years in the design and optimization of
electrical machines. The use of these methods can make the design process more efficient
and manageable, but it also restricts the design options to the predefined parameters,
limiting the possible shapes and forms that can be generated. On the other hand, topology
optimization (TO) is a more recent technique that involves the optimization of the overall
layout and structure of the magnetic components in an electrical machine, rather than just
the shape of individual components. For example, in the design of electrical machines,
flux barriers inside the rotor or stator design spaces can be added and optimized for
performance improvement. If the geometry optimization is utilized for the flux barriers,
it increases the optimization variables and is not flexible to get the optimal shape [61-64].
Nevertheless, the TO approach can lead to more efficient and lightweight designs, but it is
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generally more computationally intensive and requires specialized software [65-67]. The
integration of TO and AM is demonstrated in the flowchart depicted in Figure 10.

Design process

|
|
_ y .
Define Select desi Calculat Generat !
P elect design alculate enerate new
AR GHTEE] objective space to bge sensitivit designs using BTSN EvaAIualte !
design Function and R II B8y Ignsiusing Converged optimize |
Consiraints optimize ELELSH TO design :
|
|
|
Validation and Postprocessing Completion of STL file STL file Convert |
testing of based on AM building modification on generation design into 3D |
optimize design techniques process AM machine CAD :

Production process

Figure 10. Steps involved for the TO and AM integration.

5.1. Topology Optimization of Reluctance Machines

The main objective of most TO studies for electric machines is to improve torque
density and optimize the torque profile or cogging torque by adjusting the material dis-
tribution in the rotor. This can be achieved by using advanced optimization techniques
and algorithms to find the optimal distribution of material in the rotor that results in the
highest torque density or the desired torque profile [13]. Additionally, reluctance machines
such as synchronous reluctance and switch reluctance machines have a simple construction
compared to other types of electric machines, which makes them a good candidate for
TO [13,68-71]. Despite receiving less attention, the TO of electric machine stator design has
been reported in [72,73]. Different TO methods have been developed in the field of electrical
machines during the last few years and these techniques may be broadly categorized into
three groups: (i) the ON-OFF method, (ii) the Level set method, and (iii) the Material
density method.

5.1.1. ON-OFF Method

The ON-OFF-based TO technique divides the design space into smaller cells and
assigns each cell as either air (OFF) or iron (ON) through a discretization process using
triangular or rectangular mesh structure [74]. This technique can be combined with various
numerical optimization methods, such as evolutionary and gradient-based algorithms, to
find approximate optimal solutions. In [75-78], evolutionary-based methods that do not
require gradient information have been used. However, it may result in complex and non-
intuitive shapes with isolated or disconnected regions of material, as shown in Figure 11a.
This can lead to difficulties in fabrication or reduced performance of the final design. To
overcome this issue, the author in [79-82] proposed the ON-OFF method with an immune
algorithm to optimize the rotor of SRM, in which the filtering process is introduced to
obtain the feasible shapes and improve the torque property as shown in Figure 11b.

In [64,83], ON-OFF-based normalized Gaussian network (NGNet) is presented to
improve the torque density and reduce the iron losses. The output of the NGNet is
determined by:

y(x) = ) wibi(x) )

i=1
bix) = Gi(x) / T, Gy(x) @

where G; is the Gaussian function, w; and b; are the weight coefficient and normalized

function, respectively. N represents the number of Gaussian functions and i, j is the number
of cells. The state of the cells can be determined by:
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Figure 11. ON-OFF TO results: (a) without filter; (b) with filter using immune algorithm.

The material is configured to iron when the cell is in the on state, whereas it is
configured to air when the cell is in the off state. Three different optimization problems
were studied to improve the performance of the machine: (i) maximize torque; (ii) minimize
iron losses with constraint of average torque; (iii) maximize average torque with constraint
of iron losses. Furthermore, the Gaussian function distribution and the optimized design is
shown in Figure 12a. There should be a tradeoff between the average torque and the iron
losses because the wider rotor surface increases the torque, but also, the latter should be
made smaller to reduce the iron losses. Another filtering technique, Gabor filter combined
with ON-OFF method based on NGNet, is presented in [84]. The authors concluded that the
proposed filter provided lower torque ripples as compared to the conventional NGNet, and
the optimized design using filter gives the thinner flux barriers as depicted in Figure 12b.
The main disadvantage of the abovementioned methods is the high computational cost
because the FEA computation is needed at each generation [85].

e

Figure 12. (a) Gaussian function distribution and optimized resulted shape; (b) Gabor filter and
without filter [84].

The gradient based ON-OFF TO solves the problem of high computational cost but has
the probability that it may stop on a local optimal solution. In [86], the gradient-based TO
are applied to a 6/14 SRM to enhance the dynamic torque of the machine. The stator tooth
is selected for the design space of the TO, then utilizes the method of adjoint gradients with
respect to the material properties to optimize the material distribution for the reduction of
torque ripples. The main drawback of this method is the difficulty in the evaluation of the
non-differentiable functions [64].

5.1.2. Level Set Method

The level set method uses an implicit function known as the “level set function” to
handle interfaces and shapes numerically. The level set method was first introduced in [87]
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for the purpose of using it in TO to represent material boundaries. They demonstrated that
this method can be used to design a cantilever beam with distinct boundaries without being
dependent on a mesh or grayscale elements. Furthermore, the level set technique, which
is based on gradients, produces a solution that is more practical for the given problem
but lower convergence rate. In the level set TO, the material boundaries are shown in
Figure 13a and computationally it can be defined as [88]:

¢(x,t) >0 ferromagnetic material
p(x,t) =4 @(x,t)=0 boundary edge 4)
(x, 1) <0 Air

The objective of level set topology optimization is to find the optimal distribution of
material in a design space to meet specific design objectives, by determining the value of
¢(x,t) at each location (x, t). In [89], the rotor of the synchronous reluctance machine was
optimized using the level set method combined with the continuum sensitivity analysis.
The objective function of the problem was to improve the torque of the machine by redis-
tributing the magnetic material throughout the rotor design. The torque ripples profile of
8/6 pole SRM is enhanced by using the level set method, and sensitivity analysis having
the adjoint variable method is utilized in [90]. In the optimized design, the average torque
is improved by 12% with also the reduction in the torque ripples. The initial and optimized
model with the torque waveform comparison is shown in Figure 13b. For reducing the
iron losses and improving the torque of the synchronous reluctance machine, the level set
method with sensitivity analysis of adjoint variable method is employed [91].

Additionally, this technique does not need the creation of intermediary materials or
rely on the mesh that is used to discretize the design domain [92]. The level set approach for
TO of EM devices has become quite well-liked as a result of these benefits [93]. However,
this approach has certain limitations, including the need for an initial definition for the
level set representation, convergence to local optima, and difficulties in computing the form
gradients necessary to develop the interface [94].

«e= Initial model ==-Optimal model —Traget torque

Torque [Nm]

0.1 0.101 0102 0.103 0.104 0.105 0.106 0.107 0.108

(b)

Figure 13. Level set TO: (a) Different domain of level set method [90]; (b) Initial and optimized model
with torque waveform.

5.1.3. Material Density Method

The density method is a technique that was originally developed for solid mechanics
TO [14]. It is a simple method that has recently gained popularity for electromagnetic TO,
even for multi-material problems. This method is based on the idea of using a density
function to represent the material distribution in the design domain, then using opti-
mization algorithms to find the optimal density distribution that satisfies certain design
constraints and objectives. This method has been found to be effective for a wide range
of electromagnetic optimization problems and has been applied to a variety of different
types of electromagnetic structures [70,73,95-98]. It is based on interpolation, filtering,
and projection schemes, and originally used the simple power-law as the material pe-
nalization function. This leads to the SIMP (Solid Isotropic Material with Penalization)
approach [99]. A schematic flowchart of procedures in the material density method is
presented in Figure 14.
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Figure 14. Flowchart of the TO using the material density-based method.

By solving the magnetic flux density and integrating the Maxwell tensor stress using
(5) to determine torque, the material density approach is used to optimize the 8/6 pole
rotor of the SRM [100].

T = ([ darx (Sn) ®)

The objective of the optimization problem is to determine the function density and is
defined as:

1 xeQy
P(x) - {0 erﬂ (6)
where (2, and (2, represents the ferromagnetic region and air region, respectively. In the
material density method, the p(x) gives the values between 0 and 1 but practically, the
distribution of the material is either 0 or 1, due to which the discontinuity exists in the final

shape. To make the material distribution feasible, the magnetic reluctivity is defined by the
smooth heaviside function [101]:

R R RS0 R,

where & represents the one half of the transition width between p(—h) = 0 and p(h) = 1.
The magnetic reluctivity is defined as:

o (i [B2]) = (1= ()7 * v + (0 ()" x o | B2)) ®)
where v (|B?|) is the magnetic reluctivity and is a function of the mgnetic flux density
and v;, v, is the reluctivity of the it" element and reluctivity of air, respectively. The
penalization coefficient is represented by the variable p. By choosing the proper value of p,
the gray elements can be eliminated. In [102], the material density-based TO was utilized
for the torque ripple minimization and the design space include the stator teeth and rotor
poles. The optimized design showed a significant amount of reduction in the profile of
torque ripple with the cost of a slight reduction of 7.22% in the average torque. In addition,
the initial and optimized design of 6/4 pole SRM is depicted in Figure 15a. The TO of
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material density was applied in [103] to minimize the torque ripple and the final design
reach to the target torque value. The design space includes the half of the rotor pole as
shown in Figure 15b, and after optimization, the torque reached the target value. The
overview of TO applied to the reluctance machine for performance enhancement is shown
in Table 3.

(b)
Figure 15. (a) Initial and optimized design of 6/4 SRM; (b) Initial design geometry and optimized design.

Table 3. Summary of TO used in reluctance machines for performance improvement.

. e e . . o e . Prototype
Machine Type Optimization Method Design Space Objective Function Fabrica)trs)n Reference
SRM Material density method Stator te;’gllee;nd rotor Min. torque ripples Yes [101]
Max. average torque
SRM Level set method Rotor poles and min. torque No [89]
ripples
SynRM Level set method The rotor Max. average torque No [88]
SynRM ON-OFF The rotor Max. torque No [63]
SRM NGNet Stator teeth Min. iron losses No [85]
SRM Gradient based ON-OFF The rotor Min. torque ripples No [99]
SRM Material density + GCMMA The rotor Max. torque No [102]
SynRM Material density + GCMMA The rotor Max. torque No [83]
SRM ON-OFF NGNet The rotor Max. torque No [78]
SynRM Using Gabor filter The rotor Min. torque ripples No [74]

6. Challenges and Opportunities

AM and TO have the potential to revolutionize the way electrical machines are de-
signed and manufactured. However, there are several challenges associated with the AM
and TO of electrical machines, including:

Simulation Time and Geometry Complexity

The use of AM technology in the manufacturing of electrical machines is now facing
significant challenges due to simulation time and geometric complexity. Additionally, the
design of electrical machines is a non-convex optimization problem, meaning that gradient-
based optimization techniques may not always produce the global optimal solution. In
order to confront these challenges, researchers have come up with methods that utilize
machine learning and deep learning to reduce simulation time and improve the accuracy
of the global optimal solution. These techniques utilize the power of machine learning
algorithms and deep neural networks to improve the simulation process and reduce the
time required to find the optimal solution [85,104-107]. However, while these techniques
have shown promise in reducing simulation time and improving the accuracy of the
solution, they also require significant computational resources and specialized expertise to
implement effectively.

Manufacturability

AM offers a solution to the challenges posed by TO designs with unpredictable char-
acteristics, rough faces, and uneven material distribution that are difficult to manufacture
using traditional methods. However, the current state of AM technology presents a chal-
lenge in achieving the desired performance, especially when it comes to magnetic materials,
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which have low magnetic properties. Therefore, further development and improvement of
AM technology is necessary to fully realize its potential in overcoming the limitations of
optimized designs in traditional manufacturing methods.

Structural Integrity

TO is an important tool in the design of electromagnetic performance, but it has a
significant limitation. It focuses primarily on improving electromagnetic performance and
may result in designs that are not mechanically robust. Especially when it comes to syn-
chronous reluctance machines, where the optimum design may have excessively thin ribs
that are not practical from a structural integrity perspective. To overcome this limitation,
it is necessary to perform a TO with structure analysis, which takes into account the me-
chanical restrictions of the machine. This will ensure that the optimized design is not only
optimal in terms of electromagnetic performance but also has sufficient structural integrity.

Multi-Materials

To optimize different materials and manufacture multi-material machines, AM and
TO are still in their early stages of development. As in case of reluctance machines, the
materials are homogenous and the optimization process may be simplified. However, TO
can become more difficult when dealing with multi-material machines, such as permanent
magnet machines, since it is necessary to take into account various materials and their
interactions. The usage of several materials may also lead to additional possible design
alternatives and better performance characteristics, making it a desirable challenge for
TO efforts. Despite notable developments in the area of AM, it is still very difficult for
researchers to fabricate whole machines using this technology. Even while multi-material
AM has been the subject of a few reports, it has not lived up to expectations. Future growth
of this technology depends on the development of AM for manufacturing multi-material
electrical machines.

To enhance the implementation of AM and TO in the design of electrical machines,
research should focus on addressing these challenges. This could include developing new
manufacturing techniques to produce the optimized designs, exploring new materials and
designs to achieve the desired properties, and developing new optimization algorithms
to reduce simulation time and complexity. Additionally, guidelines and design rules for
the AM-based electric machine TO should be developed to assist designers in applying
these techniques.

7. Conclusions

The paper reviewed various techniques used in modern AM and compared them, with
a focus on the application of AM in the manufacturing of electric machines. In addition to
highlighting examples of multi-material AM, also covered were various core and winding
types that can be produced using AM. The paper also presented a detailed discussion
on TO and how it can be used to optimize the design of electric machines for improved
performance and reduced weight. Both gradient- and non-gradient-based TO methods are
discussed, with an emphasis on reluctance machines. The ON-OFF TO produces complex
geometries that are impossible to manufacture. To address these problems, various filtering
techniques were used, and these were discussed in the study. The paper concluded that
while the combination of AM and TO has the potential to fundamentally change the design
of electrical machines, certain challenges such as manufacturability, geometric complexity,
and structural integrity must be addressed before this technique can be feasibly adopted in
practical machine designs. Overall, the paper suggests that there are many opportunities for
future research in AM and TO to improve the design and manufacture of electric machines.

Author Contributions: Conceptualization, S.H. and A K.; methodology, S.H. and A K; validation,
S.H. and A K; writing—original draft preparation, S.H.; writing—review and editing, A.K. and T.V,;
visualization, A K. and S.H.; supervision, A K,; project administration, A.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Estonian Research Council grant (PRG-1827).



Energies 2023, 16, 3840 15 of 19

Data Availability Statement: All data related to this work are included in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Madonna, V.; Migliazza, G.; Giangrande, P.; Lorenzani, E.; Buticchi, G.; Galea, M. The Rebirth of the Current Source Inverter:
Advantages for Aerospace Motor Design. IEEE Ind. Electron. Mag. 2019, 13, 65-76. [CrossRef]

2. Madonna, V,; Giangrande, P; Migliazza, G.; Buticchi, G.; Galea, M. A Time-Saving Approach for the Thermal Lifetime Evaluation
of Low-Voltage Electrical Machines. IEEE Trans. Ind. Electron. 2019, 67, 9195-9205. [CrossRef]

3.  Giangrande, P.; Madonna, V.; Nuzzo, S.; Galea, M. Moving Toward a Reliability-Oriented Design Approach of Low-Voltage
Electrical Machines by Including Insulation Thermal Aging Considerations. IEEE Trans. Transp. Electrification 2020, 6, 16-27.
[CrossRef]

4. Guo, N.; Leu, M.C. Additive manufacturing: Technology, applications and research needs. Front. Mech. Eng. 2013, 8, 215-243.
[CrossRef]

5. Naseer, M.U.; Kallaste, A.; Asad, B.; Vaimann, T.; Rassolkin, A. A Review on Additive Manufacturing Possibilities for Electrical
Machines. Energies 2021, 14, 1940. [CrossRef]

6. Ian, G,; Rosen, D.; Stucker, B. Rapid tooling. In Additive Manufacturing Technologies: 3D Printing, Rapid Prototyping, and Direct
Digital Manufacturing; Springer: Berlin/Heidelberg, Germany, 2015; pp. 437—449.

7. Wu, E; El-Refaie, A.M. Towards fully additively manufactured permanent magnet synchronous machines: Opportunities and
challenges. In Proceedings of the 2019 IEEE International Electric Machines & Drives Conference (IEMDC), San Diego, CA, USA,
12-15 May 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 2225-2232.

8. Tiismus, H.; Kallaste, A.; Belahcen, A.; Rassolkin, A.; Vaimann, T. Challenges of additive manufacturing of electrical machines. In
Proceedings of the 2019 IEEE 12th International Symposium on Diagnostics for Electrical Machines, Power Electronics and Drives
(SDEMPED), Toulouse, France, 27-30 August 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 44-48.

9.  Abetti, PA.; Cuthbertson, W.J.; Williams, S.B. Philosophy of applying digital computers to the design of electric apparatus. Trans.
Am. Inst. Electr. Eng. Part I Commun. Electron. 1958, 77, 367-379. [CrossRef]

10. Bramerdorfer, G.; Tapia, J.A.; Pyrhonen, J.J.; Cavagnino, A. Modern electrical machine design optimization: Techniques, trends,
and best practices. IEEE Trans. Ind. Electron. 2018, 65, 7672-7684. [CrossRef]

11.  Orosz, T. Evolution and Modern Approaches of the Power Transformer Cost Optimization Methods. Period. Polytech. Electr. Eng.
Comput. Sci. 2019, 63, 37-50. [CrossRef]

12.  Sizov, G.Y,; Ionel, D.M.; Demerdash, N.A.O. Modeling and design optimization of PM AC machines using computationally
efficient—Finite element analysis. In Proceedings of the 2010 IEEE Energy Conversion Congress and Exposition, Atlanta, GA,
USA, 12-16 September 2010; IEEE: Piscataway, NJ, USA, 2010; pp. 578-585.

13.  Wang, B. Topology Optimization of Electric Machines: A Review. In Proceedings of the 2022 IEEE Energy Conversion Congress
and Exposition (ECCE), Detroit, MI, USA, 9-13 October 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 1-8.

14. Bendsee, M.P. Optimal shape design as a material distribution problem. Struct. Multidiscip. Optim. 1989, 1, 193-202. [CrossRef]

15. Wu, E; El-Refaie, A.M. Toward Additively Manufactured Electrical Machines: Opportunities and Challenges. IEEE Trans. Ind.
Appl. 2019, 56, 1306-1320. [CrossRef]

16.  Wohlers, T.T. Wohlers Report: 3D Printing and Additive Manufacturing, State of the Industry, Annual Worldwide Progress Report;
Wohlers Associates Incorporated: Washington, DC, USA, 2014.

17.  Lamichhane, T.N.; Sethuraman, L.; Dalagan, A.; Wang, H.; Keller, J.; Paranthaman, M.P. Additive manufacturing of soft magnets
for electrical machines—A review. Mater. Today Phys. 2020, 15, 100255. [CrossRef]

18. Ngo, T.D,; Kashani, A.; Imbalzano, G.; Nguyen, K.T.; Hui, D. Additive manufacturing (3D printing): A review of materials,
methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172-196. [CrossRef]

19. Available online: https:/ /www.interempresas.net/FeriaVirtual /Catalogos_y_documentos /244423 /pl1uk14-lasertec-65-3d-pdf-
data.pdf (accessed on 12 April 2023).

20. Gibson, I.; Rosen, D.; Stucker, B. Directed energy deposition processes. In Additive Manufacturing Technologies; Springer:
Berlin/Heidelberg, Germany, 2015; pp. 245-268.

21.  Chen, X,; Shang, X.; Zhou, Z.; Chen, S.-G. A Review of the Development Status of Wire Arc Additive Manufacturing Technology.
Adv. Mater. Sci. Eng. 2022, 2022, 1-28. [CrossRef]

22. Available online: https://3dprinting.com/news/joule-printing-by-digital-alloys-fast-and-low-cost-metal-printing/ (accessed
on 12 April 2023).

23. Klobcar, D.; Balo$, S.; Basic, M.; Djuric, A.; Lindic, M.; Scetinec, A. WAAM and Other Unconventional Metal Additive Manufac-
turing Technologies. Adv. Technol. Mater 2020, 45, 1-9. [CrossRef]

24. Bali, M. Magnetic material degradation due to different cutting techniques and its modeling for electric machine design. In
Proceedings of the More Drive 2017: “Megatrend Effizienz” in Industrie und Mobilitdt, Wien, Austria, 26 January 2017.

25.  Jack, A.; Mecrow, B.; Dickinson, P.; Stephenson, D.; Burdess, J.; Fawcett, N.; Evans, ]. Permanent-magnet machines with powdered

iron cores and prepressed windings. IEEE Trans. Ind. Appl. 2000, 36, 1077-1084. [CrossRef]


https://doi.org/10.1109/MIE.2019.2936319
https://doi.org/10.1109/TIE.2019.2956378
https://doi.org/10.1109/TTE.2020.2971191
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.3390/en14071940
https://doi.org/10.1109/TCE.1958.6372814
https://doi.org/10.1109/TIE.2018.2801805
https://doi.org/10.3311/PPee.13000
https://doi.org/10.1007/BF01650949
https://doi.org/10.1109/TIA.2019.2960250
https://doi.org/10.1016/j.mtphys.2020.100255
https://doi.org/10.1016/j.compositesb.2018.02.012
https://www.interempresas.net/FeriaVirtual/Catalogos_y_documentos/244423/pl1uk14-lasertec-65-3d-pdf-data.pdf
https://www.interempresas.net/FeriaVirtual/Catalogos_y_documentos/244423/pl1uk14-lasertec-65-3d-pdf-data.pdf
https://doi.org/10.1155/2022/5757484
https://3dprinting.com/news/joule-printing-by-digital-alloys-fast-and-low-cost-metal-printing/
https://doi.org/10.24867/ATM-2020-2-001
https://doi.org/10.1109/28.855963

Energies 2023, 16, 3840 16 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Szabd, L.; Fodor, D. The Key Role of 3D Printing Technologies in the Further Development of Electrical Machines. Machines 2022,
10, 330. [CrossRef]

Tiismus, H.; Kallaste, A.; Vaimann, T.; Rassolkin, A. State of the art of additively manufactured electromagnetic materials for
topology optimized electrical machines. Addit. Manuf. 2022, 55, 102778. [CrossRef]

Stornelli, G.; Faba, A.; Di Schino, A.; Folgarait, P; Ridolfi, M.R.; Cardelli, E.; Montanari, R. Properties of Additively Manufactured
Electric Steel Powder Cores with Increased Si Content. Materials 2021, 14, 1489. [CrossRef]

Metsd-Kortelainen, S.; Lindroos, T.; Savolainen, M.; Jokinen, A.; Revuelta, A.; Pasanen, A.; Ruusuvuori, K.; Pippuri, J]. Manu-
facturing of topology optimized soft magnetic core through 3D printing. In Proceedings of the NAFEMS Exploring the Design
Freedom of Additive Manufacturing through Simulation, Helsinki, Finland, 22-23 November 2016.

Cramer, C.L.; Nandwana, P; Yan, ]J.; Evans, S.F; Elliott, A.M.; Chinnasamy, C.; Paranthaman, M.P. Binder jet additive man-
ufacturing method to fabricate near net shape crack-free highly dense Fe-6.5 wt.% Si soft magnets. Heliyon 2019, 5, e02804.
[CrossRef]

Kustas, A.B.; Susan, D.F,; Johnson, K.L.; Whetten, S.R.; Rodriguez, M.A.; Dagel, D.]J.; Michael, ].R.; Keicher, D.M.; Argibay, N.
Characterization of the Fe-Co-1.5 V soft ferromagnetic alloy processed by Laser Engineered Net Shaping (LENS). Addit. Manuf.
2018, 21, 41-52.

Kustas, A.B.; Fancher, C.M.; Whetten, S.R.; Dagel, D.J.; Michael, J.R.; Susan, D.E. Controlling the extent of atomic ordering in
intermetallic alloys through additive manufacturing. Addit. Manuf. 2019, 28, 772-780. [CrossRef]

Riipinen, T.; Metséd-Kortelainen, S.; Lindroos, T.; Kerédnen, J.S.; Manninen, A.; Pippuri-Mékeldinen, J. Properties of soft magnetic
Fe-Co-V alloy produced by laser powder bed fusion. Rapid Prototyp. J. 2019, 25, 699-707. [CrossRef]

Nam, Y.G.; Koo, B.; Chang, M.S,; Yang, S.; Yu, J.; Park, Y.H.; Jeong, J].W. Selective laser melting vitrification of amorphous soft
magnetic alloys with help of double-scanning-induced compositional homogeneity. Mater. Lett. 2020, 261, 127068. [CrossRef]
Pham, T.Q.; Foster, S.N. Additive Manufacturing of Non-homogeneous Magnetic Cores for Electrical Machines Opportunities
and Challenges. In Proceedings of the 2020 International Conference on Electrical Machines (ICEM), Gothenburg, Sweden, 23-26
August 2020; 2020; Volume 1, pp. 1623-1629.

Gibson, I.; Rosen, D.; Stucker, B.; Khorasani, M. Additive Manufacturing Technologies; Springer: Berlin/Heidelberg, Germany, 2021.
Shokrollahi, H.; Janghorban, K. Soft magnetic composite materials (SMCs). . Mater. Process. Technol. 2007, 189, 1-12. [CrossRef]
Zhang, Z.-Y.; Jhong, K.J.; Cheng, C.-W.; Huang, P.-W.,; Tsai, M.-C.; Lee, W.-H. Metal 3D printing of synchronous reluctance motor.
In Proceedings of the 2016 IEEE International Conference on Industrial Technology (ICIT), Taipei, Taiwan, 14-17 March 2016;
IEEE: Piscataway, NJ, USA, 2016; pp. 1125-1128.

Gargalis, L.; Madonna, V.; Giangrande, P.; Rocca, R.; Hardy, M.; Ashcroft, I.; Galea, M.; Hague, R. Additive Manufacturing and
Testing of a Soft Magnetic Rotor for a Switched Reluctance Motor. IEEE Access 2020, 8, 206982-206991. [CrossRef]

Gargalis, L.; Madonna, V.; Giangrande, P.; Rocca, R.; Ashcroft, I.; Hague, R.; Galea, M. Development and Testing of Soft
Magnetic Rotor for a Switched Reluctance Motor Built Through Additive Manufacturing Technology. In Proceedings of the 2020
23rd International Conference on Electrical Machines and Systems (ICEMS), Hamamatsu, Japan, 24-27 November 2020; IEEE:
Piscataway, NJ, USA, 2020; pp. 263-268.

Tseng, G.-M.; Jhong, K.-J.; Tsai, M.-C.; Huang, P.-W.; Lee, W.-H. Application of additive manufacturing for low torque ripple of
6/4 switched reluctance motor. In Proceedings of the 2016 19th International Conference on Electrical Machines and Systems
(ICEMS), Chiba, Japan, 13-16 November 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 1-4.

Tiismus, H.; Kallaste, A.; Vaimann, T.; Rassolkin, A.; Belahcen, A. Additive Manufacturing of Prototype Axial Flux Switched
Reluctance Electrical Machine. In Proceedings of the 2021 28th International Workshop on Electric Drives: Improving Reliability
of Electric Drives IWED), Moscow, Russia, 27-29 January 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 1-4.

Tiismus, H.; Kallaste, A.; Belahcen, A.; Rassolkin, A.; Vaimann, T. Hysteresis loss evaluation of additively manufactured soft
magnetic core. In Proceedings of the 2020 International Conference on Electrical Machines (ICEM), Gothenburg, Sweden, 23-26
August 2020; IEEE: Piscataway, NJ, USA, 2020; Volume 1, pp. 1657-1661.

Tiismus, H.; Kallaste, A.; Naseer, M.U.; Vaimann, T.; Rassolkin, A. Design and Performance of Laser Additively Manufactured
Core Induction Motor. IEEE Access 2022, 10, 50137-50152. [CrossRef]

Elektrimootor, F. Available online: https://www.felandia.eu/media/veelandia/product/eu.erply.com/1052-ms-561-4-0-06
_tehnilised_andmed_v1.pdf (accessed on 9 May 2022).

Huang, P-W.,; Tsai, M.-C.; Jiang, I.-H. 3-D structure line-start synchronous reluctance motor design based on selective laser
melting of 3-D printing. IEEE Trans. Magn. 2018, 54, 1-4.

Lorenz, F.; Rudolph, J.; Werner, R. High temperature operation and increased cooling capabilities of switched reluctance machines
using 3D printed ceramic insulated coils. In Proceedings of the 2018 IEEE transportation electrification conference and expo
(ITEC), Long Beach, CA, USA, 13-15 June 2018; IEEE: Piscataway, NJ, USA, 2018; pp. 400—405.

Lynch, M.E,; Tangudu, J.; Jagdale, V.; El-Wardany, T.I.; Schmidt, W.R.; Veronesi, W.A. Strand Cross-Section for High Fill-Factor
Electric Machine Windings. U.S. Patent Application 14/450,520, 4 February 2016.

Jagdale, V.; Tangudu, J. Topology Optimized End Winding for Additively Manufactured Induction Motor with Distributed Winding; SAE
Technical Paper; SAE: Warrendale, PA, USA, 2016.

Wawrzyniak, B.L; Tangudu, ]. Design Analysis of High Power Density Additively Manufactured Induction Motor; SAE Technical Paper;
SAE: Warrendale, PA, USA, 2016.


https://doi.org/10.3390/machines10050330
https://doi.org/10.1016/j.addma.2022.102778
https://doi.org/10.3390/ma14061489
https://doi.org/10.1016/j.heliyon.2019.e02804
https://doi.org/10.1016/j.addma.2019.06.020
https://doi.org/10.1108/RPJ-06-2018-0136
https://doi.org/10.1016/j.matlet.2019.127068
https://doi.org/10.1016/j.jmatprotec.2007.02.034
https://doi.org/10.1109/ACCESS.2020.3037190
https://doi.org/10.1109/ACCESS.2022.3173317
https://www.felandia.eu/media/veelandia/product/eu.erply.com/1052-ms-561-4-0-06_tehnilised_andmed_v1.pdf
https://www.felandia.eu/media/veelandia/product/eu.erply.com/1052-ms-561-4-0-06_tehnilised_andmed_v1.pdf

Energies 2023, 16, 3840 17 of 19

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wohlers, C.; Juris, P.; Kabelac, S.; Ponick, B. Design and direct liquid cooling of tooth-coil windings. Electr. Eng. 2018, 100,
2299-2308. [CrossRef]

Ayat, S.; Simpson, N.; Daguse, B.; Rudolph, J.; Lorenz, E; Drury, D. Design of Shaped-Profile Electrical Machine Windings
for Multi-Material Additive Manufacture. In Proceedings of the 2020 International Conference on Electrical Machines (ICEM),
Gothenburg, Sweden, 23-26 August 2020; 2020; Volume 1, pp. 1554-1559.

Lorenz, E; Rudolph, J.; Wemer, R. Design of 3D printed High Performance Windings for switched reluctance machines. In
Proceedings of the 2018 XIII International Conference on Electrical Machines (ICEM), Alexandroupoli, Greece, 3-6 September
2018; IEEE: Piscataway, NJ, USA, 2018; pp. 2451-2457.

Trnka, N.; Rudolph, J.; Werner, R. Magnetic properties of ferromagnetic materials produced by 3D multi-material printing. In
Proceedings of the 2020 IEEE 29th International Symposium on Industrial Electronics (ISIE), Delft, The Netherlands, 17-19 June
2020; IEEE: Piscataway, NJ, USA, 2020; pp. 326-331.

Available online: https://www.tu-chemnitz.de/etit/ema/AMMM/ (accessed on 12 April 2023).

Simpson, N.; Jung, J.; Helm, A.; Mellor, P. Additive manufacturing of a conformal hybrid-strand concentrated winding topology
for minimal AC loss in electrical machines. In Proceedings of the 2021 IEEE Energy Conversion Congress and Exposition (ECCE),
Vancouver, BC, Canada, 10-14 October 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 3844-3851.

Selema, A.; Ibrahim, M.N.; Sergeant, P. Additively-Manufactured Ultra-Light Shaped-Profile Windings for HF Electrical Machines
and Weight-Sensitive Applications. IEEE Trans. Transp. Electrif. 2022, 8, 4313-4324. [CrossRef]

Ghahfarokhi, P.S.; Podgornovs, A.; Kallaste, A.; Cardoso, A.J.M.; Belahcen, A.; Vaimann, T.; Tiismus, H.; Asad, B. Opportunities
and challenges of utilizing additive manufacturing approaches in thermal management of electrical machines. IEEE Access 2021,
9, 36368-36381. [CrossRef]

Sarap, M.; Kallaste, A.; Ghahfarokhi, P.S.; Tiismus, H.; Vaimann, T. Utilization of Additive Manufacturing in the Thermal Design
of Electrical Machines: A Review. Machines 2022, 10, 251. [CrossRef]

Cavazzuti, M. Optimization Methods: From Theory to Design Scientific and Technological Aspects in Mechanics; Springer:
Berlin/Heidelberg, Germany, 2012.

Cupertino, F.; Pellegrino, G.; Gerada, C. Design of synchronous reluctance motors with multiobjective optimization algorithms.
IEEE Trans. Ind. Appl. 2014, 50, 3617-3627. [CrossRef]

Barta, J.; Ondrusek, C. Rotor Design And Optimization Of Synchronous Reluctance Machine. MM Sci. . 2015, 2015, 555-559.
[CrossRef]

Pellegrino, G.; Cupertino, E; Gerada, C. Barriers shapes and minimum set of rotor parameters in the automated design of
Synchronous Reluctance machines. In Proceedings of the 2013 International Electric Machines & Drives Conference, Chicago, IL,
USA, 12-15 May 2013; IEEE: Piscataway, NJ, USA, 2013; pp. 1204-1210.

Sato, S.; Sato, T.; Igarashi, H. Topology Optimization of Synchronous Reluctance Motor Using Normalized Gaussian Network.
IEEE Trans. Magn. 2015, 51, 8200904. [CrossRef]

Kano, Y;; Terahai, T.; Kosaka, T.; Matsui, N.; Nakanishi, T. A new flux-barrier design of torque ripple reduction in saliency-based
sensorless drive IPM motors for general industrial applications. In Proceedings of the 2009 IEEE Energy Conversion Congress
and Exposition, San Jose, CA, USA, 20-24 September 2009; IEEE: Piscataway, NJ, USA, 2009; pp. 1939-1945.

Fei, W,; Luk, P.C.K; Shen, ].X,; Xia, B.; Wang, Y. Permanent-magnet flux-switching integrated starter generator with different
rotor configurations for cogging torque and torque ripple mitigations. IEEE Trans. Ind. Appl. 2011, 47, 1247-1256.

Valavi, M.; Nysveen, A.; Nilssen, R. Characterization of radial magnetic forces in low-speed permanent magnet wind generator
with non-overlapping concentrated windings. In Proceedings of the 2012 XXth International Conference on Electrical Machines,
Marseille, France, 2-5 September 2012; IEEE: Piscataway, NJ, USA, 2012; pp. 2943-2948.

Credo, A.; Fabri, G.; Villani, M.; Popescu, M. Adopting the Topology Optimization in the Design of High-Speed Synchronous
Reluctance Motors for Electric Vehicles. IEEE Trans. Ind. Appl. 2020, 56, 5429-5438. [CrossRef]

Guo, F; Brown, I.P. Simultaneous Magnetic and Structural Topology Optimization of Synchronous Reluctance Machine Rotors.
IEEE Trans. Magn. 2020, 56, 1-12. [CrossRef]

Korman, O.; Di Nardo, M.; Degano, M.; Gerada, C. On the Use of Topology Optimization for Synchronous Reluctance Machines
Design. Energies 2022, 15, 3719. [CrossRef]

Cederlund, J.; Nategh, S.; Lennstrom, D. Topology Optimization of Electrical Machines for NVH Purposes in E-mobility
Applications-Part 1. In Proceedings of the IECON 2021-47th Annual Conference of the IEEE Industrial Electronics Society, online,
13-16 October 2021; IEEE: Piscataway, NJ, USA, 2021; pp. 1-6.

Choi, ].S.; Izui, K.; Nishiwaki, S.; Kawamoto, A.; Nomura, T. Topology Optimization of the Stator for Minimizing Cogging Torque
of IPM Motors. IEEE Trans. Magn. 2011, 47, 3024-3027. [CrossRef]

Thabuis, A.; Ren, X.; Burnand, G.; Perriard, Y. Density-Based Topology Optimization of Conductor Paths for Windings in Slotted
Electrical Machines. In Proceedings of the 2019 22nd International Conference on Electrical Machines and Systems (ICEMS),
Harbin, China, 11-14 August 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 1-6.

Zhao, E; Yan, R. Topology Optimization of Magnetic Actuator Using the Improved ON/OFF Method. In Proceedings of the
2012 Sixth International Conference on Electromagnetic Field Problems and Applications, Dalian, China, 19-21 June 2012; IEEE:
Piscataway, NJ, USA, 2012; pp. 1-4.


https://doi.org/10.1007/s00202-018-0704-x
https://www.tu-chemnitz.de/etit/ema/AMMM/
https://doi.org/10.1109/TTE.2022.3173126
https://doi.org/10.1109/ACCESS.2021.3062618
https://doi.org/10.3390/machines10040251
https://doi.org/10.1109/TIA.2014.2312540
https://doi.org/10.17973/MMSJ.2015_03_201504
https://doi.org/10.1109/TMAG.2014.2359679
https://doi.org/10.1109/TIA.2020.3007366
https://doi.org/10.1109/TMAG.2020.3014289
https://doi.org/10.3390/en15103719
https://doi.org/10.1109/TMAG.2011.2158572

Energies 2023, 16, 3840 18 of 19

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Watanabe, K.; Suga, T.; Kitabatake, S. Topology Optimization Based on the ON/OFF Method for Synchronous Motor. IEEE Trans.
Magn. 2017, 54, 1-4. [CrossRef]

Ishikawa, T.; Nakayama, K.; Kurita, N.; Dawson, EP. Optimization of Rotor Topology in PM Synchronous Motors by Genetic
Algorithm Considering Cluster of Materials and Cleaning Procedure. IEEE Trans. Magn. 2014, 50, 637-640. [CrossRef]
Takahashi, N.; Yamada, T.; Shimose, S.; Miyagi, D. Optimization of rotor of actual IPM motor using ON/OFF method. IEEE Trans.
Magn. 2011, 47, 1262-1265. [CrossRef]

Choi, N.-S.; Kim, D.-H.; Lee, H.-B.; Byun, J.-K. Topology Optimization of Dielectric Resonator in 3-D Waveguide Structure
Considering Higher Mode Incidence. IEEE Trans. Magn. 2012, 48, 559-562. [CrossRef]

Shiyang, F.; Watanabe, K. Topology optimization of rotor design in switched reluctance motor using immune algorithm. Int. J.
Appl. Electromagn. Mech. 2020, 64, 413-420. [CrossRef]

Watanabe, K.; Campelo, E; Igarashi, H. Topology optimization based on immune algorithm and multigrid method. IEEE Trans.
Magn. 2007, 43, 1637-1640. [CrossRef]

Watanabe, K.; Campelo, F; lijima, Y.; Kawano, K.; Matsuo, T.; Mifune, T.; Igarashi, H. Optimization of Inductors Using
Evolutionary Algorithms and Its Experimental Validation. IEEE Trans. Magn. 2010, 46, 3393-3396. [CrossRef]

Midha, C.; Mohammadi, M.H; Silva, R.C.P.,; Lowther, D.A. Selection of Spatial Filters for ON/OFF Based Topology Optimization
of a C-Core Electromagnetic Actuator. IEEE Trans. Magn. 2019, 55, 1-4. [CrossRef]

Sato, T.; Watanabe, K.; Igarashi, H. Multimaterial Topology Optimization of Electric Machines Based on Normalized Gaussian
Network. IEEE Trans. Magn. 2015, 51, 7202604. [CrossRef]

Otomo, Y.; Igarashi, H. Topology Optimization Using Gabor Filter: Application to Synchronous Reluctance Motor. IEEE Trans.
Magn. 2021, 57, 1-4. [CrossRef]

Sasaki, H.; Igarashi, H. Topology Optimization Accelerated by Deep Learning. IEEE Trans. Magn. 2019, 55, 7401305. [CrossRef]
Sayed, E.; Bakr, M.H.; Bilgin, B.; Emadi, A. Gradient-Based Design Optimization of a Switched Reluctance Motor for an HVAC
Application. In Proceedings of the 2020 IEEE Transportation Electrification Conference & Expo (ITEC), Detroit, MI, USA, 23-26
June 2020; IEEE: Piscataway, NJ, USA, 2020; pp. 1031-1037.

Sethian, J.A.; Wiegmann, A. Structural Boundary Design via Level Set and Immersed Interface Methods. J. Comput. Phys. 2000,
163, 489-528. [CrossRef]

Osher, S.; Fedkiw, R.P. Level Set Methods: An Overview and Some Recent Results. ]. Comput. Phys. 2001, 169, 463-502. [CrossRef]
Kim, Y.S.; Park, L.H. Topology Optimization of Rotor in Synchronous Reluctance Motor Using Level Set Method and Shape
Design Sensitivity. IEEE Trans. Appl. Supercond. 2010, 20, 1093-1096.

Zhang, H.; Wang, S. Topology Optimization of Rotor Pole in Switched Reluctance Motor for Minimum Torque Ripple. Electr.
Power Components Syst. 2017, 45, 905-911. [CrossRef]

Yamashita, Y.; Okamoto, Y. Design Optimization of Synchronous Reluctance Motor for Reducing Iron Loss and Improving Torque
Characteristics Using Topology Optimization Based on the Level-Set Method. IEEE Trans. Magn. 2020, 56, 1-4. [CrossRef]

Park, S.-I.; Min, S.; Yamasaki, S.; Nishiwaki, S.; Yoo, ]. Magnetic Actuator Design Using Level Set Based Topology Optimization.
IEEE Trans. Magn. 2008, 44, 4037-4040. [CrossRef]

Campelo, F; Ramirez, ].; Igarashi, H. A survey of topology optimization in electromagnetics: Considerations and current trends.
Academia 2010, 46, 2010.

Midha, C. A Study of Topology Optimization Methods for the Design of Electromagnetic Devices; McGill University: Quebec City, QC,
Canada, 2019.

Luo, J.; Luo, Z.; Chen, L.; Tong, L.; Wang, M.Y. A semi-implicit level set method for structural shape and topology optimization.
J. Comput. Phys. 2008, 227, 5561-5581. [CrossRef]

Sanogo, S.; Messine, F.; Henaux, C.; Vilamot, R. Topology Optimization for Magnetic Circuits Dedicated to Electric Propulsion.
IEEE Trans. Magn. 2014, 50, 1-13. [CrossRef]

Mohamodhosen, B.B.S.; Gillon, F.; Tounzi, M.; Chevallier, L. Topology optimisation using nonlinear behaviour of ferromagnetic
materials. COMPEL Int. |. Comput. Math. Electr. Electron. Eng. 2018, 37, 2211-2223. [CrossRef]

Gauthey, T.; Gangl, P.; Hassan, M.H. Multi-Material Topology Optimization with Continuous Magnetization Direction for
Permanent Magnet Synchronous Reluctance Motors. arXiv 2021, arXiv:2107.04825.

Rozvany, G.I.; Zhou, M.; Birker, T. Generalized shape optimization without homogenization. Struct. Optim. 1992, 4, 250-252.
[CrossRef]

Manninen, A.; Kerdnen, J.; Pippuri-Makeldinen, J.; Metsd-Kortelainen, S.; Riipinen, T.; Lindroos, T. Topology Optimization for
Additive Manufacturing of Switced Reluctance Machines. In Proceedings of the 18th Biennial IEEE Conference Electromagnetic
Field Computation (CEFC), Hangzhou, China, 28-31 October 2018.

Okamoto, Y.; Hoshino, R.; Wakao, S.; Tsuburaya, T. Improvement of Torque Characteristics For a Synchronous Reluctance Motor
Using MMA-based Topology Optimization Method. IEEE Trans. Magn. 2017, 54, 1-4. [CrossRef]

Lee, J.; Seo, J.H.; Kikuchi, N. Topology optimization of switched reluctance motors for the desired torque profile. Struct.
Multidiscip. Optim. 2010, 42, 783-796. [CrossRef]

Manninen, A.; Kerédnen, J.; Pippuri-Mikeldinen, J.; Riipinen, T.; Metsa-Kortelainen, S.; Lindroos, T. Impact of topology optimiza-
tion problem setup on switched reluctance machine design. In Proceedings of the 2019 22nd International Conference on the
Computation of Electromagnetic Fields (COMPUMAG), Paris, France, 15-19 June 2019; IEEE: Piscataway, NJ, USA, 2019; pp. 1-4.


https://doi.org/10.1109/TMAG.2017.2751653
https://doi.org/10.1109/TMAG.2013.2282365
https://doi.org/10.1109/TMAG.2010.2085033
https://doi.org/10.1109/TMAG.2011.2176109
https://doi.org/10.3233/JAE-209347
https://doi.org/10.1109/TMAG.2006.892259
https://doi.org/10.1109/TMAG.2010.2044986
https://doi.org/10.1109/TMAG.2019.2919152
https://doi.org/10.1109/TMAG.2014.2359972
https://doi.org/10.1109/TMAG.2021.3057402
https://doi.org/10.1109/TMAG.2019.2901906
https://doi.org/10.1006/jcph.2000.6581
https://doi.org/10.1006/jcph.2000.6636
https://doi.org/10.1080/15325008.2017.1310769
https://doi.org/10.1109/TMAG.2019.2954468
https://doi.org/10.1109/TMAG.2008.2002784
https://doi.org/10.1016/j.jcp.2008.02.003
https://doi.org/10.1109/TMAG.2014.2340374
https://doi.org/10.1108/COMPEL-12-2017-0522
https://doi.org/10.1007/BF01742754
https://doi.org/10.1109/TMAG.2017.2669198
https://doi.org/10.1007/s00158-010-0547-1

Energies 2023, 16, 3840 19 of 19

104. Tahkola, M.; Keranen, ].; Sedov, D.; Far, M.F.; Kortelainen, J. Surrogate Modeling of Electrical Machine Torque Using Artificial
Neural Networks. IEEE Access 2020, 8, 220027-220045. [CrossRef]

105. Sasaki, H.; Igarashi, H. Topology optimization of IPM motor with aid of deep learning. Int. J. Appl. Electromagn. Mech. 2019, 59,
87-96. [CrossRef]

106. Asanuma, J.; Doi, S.; Igarashi, H. Transfer Learning Through Deep Learning: Application to Topology Optimization of Electric
Motor. IEEE Trans. Magn. 2020, 56, 1-4. [CrossRef]

107. Doi, S.; Sasaki, H.; Igarashi, H. Multi-Objective Topology Optimization of Rotating Machines Using Deep Learning. IEEE Trans.
Magn. 2019, 55, 7202605. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/ACCESS.2020.3042834
https://doi.org/10.3233/JAE-171164
https://doi.org/10.1109/TMAG.2019.2956849
https://doi.org/10.1109/TMAG.2019.2899934

	Introduction 
	AM Technologies Suitable for Electrical Machines 
	Soft Magnetic Materials for AM Machines 
	Electrical Machines Manufacturing Using AM Techniques 
	Stator and Rotor Core of Reluctance Machines 
	Windings 

	Optimization of AM Electrical Machines 
	Topology Optimization of Reluctance Machines 
	ON–OFF Method 
	Level Set Method 
	Material Density Method 


	Challenges and Opportunities 
	Conclusions 
	References

