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Introduction

Electrical machines are the cornerstone of modern industry, transportation, and energy
generation, consuming approximately 53% of the world’s electricity [1] . The accelerating
demand for higher power density, greater efficiency, and application specific
customization driven particularly by electric vehicles, drones, and aerospace propulsion
systems places stringent new requirements on machine design that are increasingly
difficult to meet with conventional manufacturing methods [2], [3].

Additive Manufacturing (AM) and in particular Laser Powder Bed Fusion (LPBF) has
emerged as a transformative technology capable of overcoming many of these
limitations [4], [5] . By building parts layer by layer directly from a 3D digital model, AM
permits almost unlimited geometric freedom without the need for tooling. Complex
internal channels, lattice structures, functionally graded materials, and topologically
optimized shapes become manufacturable in a single process. For electrical machines,
this means that the designer is no longer forced to conceive the magnetic circuit as a
mere extrusion of a 2D section, but can instead think in 3D, integrating electromagnetic,
thermal, and mechanical functions [6], [7] .

However, unlocking the full potential of AM requires more than the ability to print a
given shape, it demands a systematic methodology for determining which shape to print.
This is precisely the role of Topology Optimization (TO). TO is a computational design
method that distributes material optimally within a prescribed design domain in order to
maximize a chosen performance metric such as torque, flux linkage, or stiffness while
respecting constraints on volume, stress, or magnetic saturation. When coupled with
AM, TO can generate non-intuitive geometries that achieve significantly better
performance than conventional heuristic designs, and that can be directly fabricated
without manual simplification.

Despite the synergy between AM and TO, their integrated application to electrical
machines remains fragmented. Reviews of electromagnetic TO indicate that most
published studies have focused on Permanent Magnet (PM) machines, whereas switched
and Synchronous Reluctance Machines (SynRM) have received comparatively less
attention [8], [9] . Moreover, axial flux topologies, which offer inherent advantages in
torque density and form factor for in-wheel and propulsion applications, are rarely
subjected to TO because their 3D flux paths make full 3D TO computationally expensive
[10]. A further gap exists in experimental validation, the overwhelming majority of TO
studies for electrical machines end with a numerical simulation. Very few have
proceeded to AM of the optimized geometry, and fewer still to experimental testing
under realistic operating conditions.

The work presented in this thesis is to close these gaps. It systematically investigates
the design, TO, and AM of two distinct machine types, an outer rotor PM BLDC motor for
electric scooter applications, and an Axial Flux Dual Rotor Switched Reluctance Motor
(AFDR-SRM) intended for high-speed propulsion. Across these platforms, the thesis
develops and validates new optimization methods, demonstrates the fabrication of
optimized geometries via LPBF, and experimentally confirms that the AM built machines
perform as predicted by simulation.

1.1 Problem Definition

Conventional magnetic cores of electrical machines are generally designed using
predefined 2D cross-sections, and established manufacturing rules. Although these
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approaches simplify design and production, they restrict the efficient distribution of
magnetic material. Consequently, material may be removed in regions that make only a
limited contribution to the useful magnetic flux path. TO offers a systematic means of
identifying these regions and redistributing the material according to its electromagnetic
function.

The current state of the art in electromagnetic TO is dominated by 2D models. This is
largely due to the limitations imposed by conventional laminated core manufacturing,
which is generally restricted to planar geometries along the axial direction. AM removes
many of these geometric restrictions and enables the production of non-uniform
magnetic structures with complex 3D flux paths [11]. This expanded design freedom
creates opportunities for improved magnetic material utilization, weight reduction, and
increased torque density.

Although 2D numerical TO is less computationally demanding than its 3D counterpart,
it still requires repeated FEA, sensitivity calculations, filtering procedures, or population-
based searches. Their computational burden increases considerably when nonlinear
magnetic materials, multiple rotor positions, and different operating conditions are
considered. AM further expands the available design space by enabling complex 3D
geometries. However, exploiting this freedom requires 3D electromagnetic models,
particularly for axial flux machines with inherently 3D flux paths [12]. Consequently,
direct 3D TO becomes computationally intensive when repeated FEA simulations are
required throughout the iterative optimization process [13].

Despite the potential of TO and AM, the following two research problems limit their
broader integration into the design and production of electrical machine magnetic
components.

1. TO based weight reduction of quasi-static back iron regions: Most electromagnetic
TO studies focus on airgap facing geometries to improve performance parameters such
as torque and torque ripple, while back iron reduction is commonly limited to parametric
optimization of a uniform thickness. The application of TO, to identify and remove weakly
utilized material from rotor or stator back iron regions, while preserving the required
electromagnetic performance, remains underexplored.

2. Computationally efficient TO of 3D flux machines: TO is inherently computationally
intensive, and its application to machines with 3D magnetic flux paths remains
underexplored because of simulation complexity and the limitations imposed by
conventional manufacturing techniques. Additionally, AM enables the fabrication of
complex 3D magnetic structures, computationally efficient analytical and equivalent
model approaches are required to reduce the number of FE evaluations needed for their
optimization.

1.2 Hypotheses

Based on the above research problems, the following hypotheses are proposed.

1. TO of the quasi-static rotor back iron can substantially reduce rotor mass
without compromising the electromagnetic performance of PM machine.

2. AM-enabled TO can exploit the geometrical freedom available in machines
with 3D magnetic flux paths to improve electromagnetic performance.

3. For PM machines, a physics guided analytical TO method can minimize the
required back iron material and significantly reducing the computational
effort compared with iterative numerical TO methods.
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4. The physics guided analytical TO method developed for PM machine back
iron reduction can be adapted to field excited machines with 3D magnetic
flux paths to reduce rotor mass while preserving the performance.

1.3 Research Objectives

To support the hypotheses proposed in this thesis, a set of specific research objectives
were established. These objectives are directed toward the development and
experimental validation of design, TO, and AM methodologies for electrical machines,
aiming primarily at torque density enhancement and mass reduction. The detailed
research objectives are as follows.
1. Identification of research gaps through a review of the state of the art in TO
methods for electrical machines.
2. Weight reduction of PM machine for the improved torque density using the
established numerical TO methods.
3. Improvement of computational efficiency in TO through the development of a
new non-iterative physics guided analytical TO method.
4. Performance improvement of axial flux machine through a computationally
efficient 3D TO methodology.
5. Weight reduction of the rotor back iron by adapting the physics guided TO
method to field excited axial flux machine.
6. Validation of the optimized design of both machines, manufactured from Fe—
3.7%Si powder using LPBF, through experimental testing of the assembled
prototypes.

1.4 Contributions of the Thesis

This thesis makes several original contributions to the field of design and optimization of
AM electrical machines, spanning both PM and reluctance machine topologies, and
combining novel analytical method with experimental verification.

1.4.1 Scientific Novelties

1. Application of established Normalized Gaussian Network (NGNet) and density
based TO methods to the rotor back iron of an outer rotor PM BLDC motor,
enabling nonuniform material distribution for reduced rotor mass and increased
torque density without degrading airgap flux density, back EMF, and torque.

2. Development of a non-iterative, physics guided analytical TO method for
directly determining the minimum required rotor back iron distribution,
providing a substantial reduction in computational time compared with
conventional iterative TO methods.

3. Development of an analytical design methodology for a segmented, yokeless
6/4 AFDR-SRM, establishing a direct relationship between the geometric
parameters and the electromagnetic output capability of the machine.

4. Development of a 2D linearized equivalent model of the AFDR-SRM, enabling
computationally efficient NGNet based TO of the rotor pole shoe geometry
while retaining the electromagnetic characteristics of the original 3D machine.

5. Extension of the physics guided material reduction method from a PM magnetic
structure to the electrically excited rotor back iron of the AFDR-SRM,
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establishing its applicability to different excitation sources and electrical
machine configurations.

1.4.2 Practical Novelties
This thesis presents the following practical novelties, representing tangible engineering
achievements that bridge theoretical design, AM, and experimental validation.

1. Physical realization of a TO outer rotor PM BLDC back iron from Fe-3.7 wt% Si
powder using LPBF, including manufacturability adaptation, heat treatment,
and integration into a complete motor assembly.

2. LPBF manufacture of the complete AFDR-SRM magnetic structure, comprising
six segmented stator units and two four pole rotors, followed by their assembly
into a functional machine prototype.

3. Implementation of parallel laminated sections in the AM AFDR-SRM stator teeth
and rotor poles to restrict eddy current paths.

4. Experimental validation of the LPBF BLDC motor and AFDR-SRM prototypes
under different operating conditions, demonstrating close agreement between
measured performance and 3D FEA predictions.

1.5 Thesis Outline

The remainder of this thesis is organized as follows.

Chapter 2 reviews parametric, shape, and topology-optimization methods used in
electrical machine design. Particular attention is given to ON/OFF, level-set, density
based, and machine learning assisted TO methods. The chapter also reviews the
application of AM to PM and reluctance machines and identifies the limited number of
studies that combine TO, LPBF fabrication, and experimental validation.

Chapter 3 investigates TO of the rotor back iron of an outer rotor PM BLDC motor. Three
approaches are applied and compared, ON/OFF NGNet with a genetic algorithm, density-
based Solid Isotropic Material Penalization (SIMP) with adjoint sensitivity analysis, and a
newly developed physics guided analytical method. The optimized geometry is adapted
for LPBF manufacturing, fabricated from Fe-Si material, integrated into a complete
motor, and experimentally evaluated against FE predictions.

Chapter 4 presents the analytical design and nonlinear 3D FEA validation of a 6/4 AFDR-
SRM. The axial flux machine is transformed into an equivalent 2D linearized model to
enable NGNet-based TO of the rotor pole shoe geometry. The physics guided back iron
reduction method developed in Chapter 3 is subsequently expanded to the electrically
excited AFDR-SRM rotor. The chapter also describes the LPBF manufacturing strategy,
laminated and segmented stator construction, prototype assembly, and experimental
validation of the optimized machine.

Chapter 5 summarizes the key findings of the thesis, evaluates them in relation to the

proposed hypotheses and research objectives, and presents recommendations for future
research.
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Abbreviations

AM
AFDR
AFDR-SRM
AFM
AFSRM
BLDC
CAD
CcC
CNN
CPU
EDM
EDX
EMF
FE

FEA
FDM
FEM
GA
GCMMA
IPM
IPMSM
LBM
LPBF
LSRM
MMA
MMF
NGNet
PCB
PDE
PM
PMSM
RMS
SIMP
SLM
SMPM
SPC
SRM
SynRM
TO
YASA

Additive Manufacturing

Axial Flux Dual Rotor

Axial Flux Dual Rotor-Switched Reluctance Motor
Axial Flux Machine

Axial Flux Switched Reluctance Motor
Brushless DC Motor
Computer-Aided-Design

Current Chopping Control
Convolutional Neural Network

Central Processing Unit

Electrical Discharge Machining
Energy-Dispersive X-ray Spectroscopy
Electromotive Force

Finite Element

Finite Element Analysis

Fused Deposition Modelling

Finite Element Method

Genetic Algorithm

Globally Convergent Method of Moving Asymptotes
Interior Permanent Magnet

Interior Permanent Magnet Synchronous Motor
Laser Beam Melting

Laser Powder Bed Fusion

Linear Switched Reluctance Motor
Method of Moving Asymptotes
Magnetomotive Force

Normalized Gaussian Network

Printed Circuit Board

Partial Differential Equation

Permanent Magnet

Permanent Magnet Synchronous Motor
Root Mean Square

Solid Isotropic Material Penalization
Selective Laser Melting

Surface Mounted Permanent Magnet
Single Pulse Control

Switched Reluctance Motor
Synchronous Reluctance Machine
Topology Optimization

Yokeless And Segmented Armature
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Symbols

Acond Conductor cross-sectional area (mm?)

A Specific electrical loading (A/mm)

Agp Stator pole area (mm?)

A, Axial component of magnetic vector potential (Wb/m)
B Magnetic flux density (T)

By, Rotor back iron flux density (T)

B, Airgap flux density (T)

Bimag Magnitude of magnetic flux density (T)
Bragnet Normal magnetic flux density in the magnet (T)
B, Normal component of magnetic flux density (T)
B, Permanent-magnet remanent flux density (T)
B; Saturation flux density (T)

Bgy, Pole-shoe flux density (T)

Bg: Stator-tooth flux density (T)

B, x-component of magnetic flux density (T)

B, y-component of magnetic flux density (T)

b; (x) Normalized Gaussian basis function (-)

d Axial magnet length (mm)

d, Copper density (kg/m3)

d; Iron density (kg/m?3)

d,, Wire diameter (mm)

Davg Average active diameter (mm)

D; Inner diameter (mm)

D, Outer diameter (mm)

e, (t) Back EMF of phase k (V)

Faxe Excitation magnetomotive force (A-turn)
Fripple Thrust-force ripple (%)

F, Thrust force (N)

g Physical airgap length (mm)

Jeft Effective airgap length (mm)

G;(x) Gaussian basis function (=)

H Magnetic field strength (A/m)

H; Magnetic field strength in region j (A/m)

i Instantaneous phase current (A)

im Peak phase current (A)

I Current (A)

Irms RMS phase current (A)

j Equivalent magnet surface-current density (A/m)
Jflux Magnetic-flux objective term (Wb/m)

Jtree Impressed current density (A/m?)

Im Equivalent magnetization current density (A/m?)
Jems RMS current density (A/mm?)

Jiot Total current density (A/m?)

Jvol Material-volume objective term (m?)
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Machine coefficient (-)

Machine coefficient (-)

Machine coefficient (-)

Airgap correction coefficient (-)

Duty cycle (-)

Copper fill factor (-)

Magnetic stacking factor (-)

Effective out-of-plane depth (mm)

Length of magnetic region j along the flux path (m)
Axial stack length (m)

Active length of one turn (mm)

Aligned saturated inductance (H)

Developed circumference at the average radius (mm)
Rotor back-iron axial length (mm)

Inner end-winding length (mm)

Outer end-winding length (mm)

Rotor-pole axial length (mm)

Pole-shoe axial length (mm)

Stator-tooth axial length (mm)

Mean length of one turn (mm)

Unaligned inductance (H)

Number of phases (-)

Permanent-magnet magnetization vector (A/m)
Magnetization magnitude (A/m)
Permanent-magnet magnetization magnitude (A/m)
x-component of magnetization (A/m)
y-component of magnetization (A/m)
z-component of magnetization (A/m)

Unit normal vector (-)

x-component of the unit normal vector (-)
y-component of the unit normal vector (-)
Number of evaluation positions (-)

Number of turns per phase (-)

Number of rotor poles (-)

Rotor speed (r/min)

Number of stator teeth (-)

Number of turns per coil

Number of turns per phase (-)

SIMP penalization factor (-)

Copper loss (W)

Power density (W/kg)

Output power (W)

Number of simultaneously conducting phases (-)
Radial coordinate (mm)

Average active radius (mm)

Airgap torque-integration contour radius (m)
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Phase resistance (Q)
Element material state ()

Phase sign function over the winding region (-)
x-component of the Maxwell stress vector (Pa)
y-component of the Maxwell stress vector (Pa)

Electromagnetic torque (N-m)
Torque per unit axial length (N)
Average torque (N-m)

Torque density (N-m/kg)
Translator velocity (m/s)

Phase voltage (V)

DC-link voltage (V)

Back-iron cut width (mm)

Coil width (mm)

Pole-shoe depth (mm)

Minimum gap between adjacent coils (mm)
Weight of the ith Gaussian basis function (-)

Minimum back-iron width (mm)
Rotor-pole width (mm)
Pole-shoe width (mm)

Stator-slot width in the linearized model (mm)

Stator-tooth width (mm)

Rotor-track slot width in the linearized model (mm)

Total active-material mass (kg)
Rotor back-iron mass (kg)
Copper mass (kg)

Rotor-pole mass (kg)
Pole-shoe mass (kg)
Stator-tooth mass (kg)

Centre position of the ith Gaussian basis function (m)
Translator displacement at evaluation point k (m)

y-coordinate (m)

NGNet shape function (-)

Rotor pole-arc angle (rad)

Stator pole-arc angle (rad)
Pole-shoe arc angle (rad)
Stator-tooth arc angle (rad)

Flux target line (-)

Time step (s)

Translator displacement step (m)
Rotor angular step (rad)
Efficiency (%)

Angular position (rad)

Phase conduction angle (deg)
Mechanical rotor angle (rad)
Flux linkage of phase k (Wb-turn)
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Ko
Uy

Vair

Permeability of free space (H/m)

Relative permeability (-)

Magnetic reluctivity (m/H)

Air reluctivity (m/H)

Iron reluctivity (m/H)

First corner point of the flux target region (m)
Second corner point of the flux target region (m)
Third corner point of the flux target region (m)
Fourth corner point of the flux target region (m)
Material density design variable (—)

Copper resistivity (Q-m)

Gaussian basis-function standard deviation (m)
Aligned saturation inductance ratio (-)
Aligned-to-unaligned inductance ratio (-)
Electromagnetic torque (N-m)

Rotor pole-pitch angle (rad)

Rotor pole pitch in the linearized model (mm)
Stator pole pitch in the linearized model (mm)
Aligned magnetic flux (Wb)

Incoming magnetic flux (Wb)

Outgoing magnetic flux (Wb)

Left back-iron branch magnetic flux (Wb)

Right back-iron branch magnetic flux (Wb)
Rotor-pole magnetic flux (Wb)

Mechanical angular speed (rad/s)

Winding domain area (-)
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2 State of the Art in Topology Optimization and Additive
Manufacturing

Electrical machine design involves the selection of geometric, material, and operating
parameters under electromagnetic, thermal, mechanical, and manufacturing constraints
[2], [14]. Conventional design procedures commonly rely on established machine
configurations that are refined through analytical calculations and Finite Element
Analysis (FEA). Although this approach provides practical and manufacturable solutions,
the resulting performance depends strongly on the selected initial geometry and the
experience of the designer [14]. Optimization techniques provide a more systematic
means of exploring the available design space and identifying configurations that satisfy
specified performance requirements.

The design freedom offered by an optimization method depends on how the machine
geometry is represented. Parametric optimization varies predefined dimensions while
maintaining the basic machine topology, whereas shape optimization modifies the
boundaries of existing regions [15]. TO provides greater design freedom by determining
the distribution of material within a prescribed design domain, thereby enabling more
efficient material utilization, weight reduction, and improved torque density. It can
therefore identify nonuniform magnetic structures and flux paths that may not be
obtained through conventional design procedures. However, the increased design
freedom is accompanied by greater computational requirements and additional
considerations related to manufacturability [16], [17], [18].

This chapter reviews the optimization techniques used in electrical machine design,
with particular emphasis on TO. The main TO approaches, including ON/OFF, level-set,
density-based, and machine learning assisted methods, are discussed together with their
applications to PM and reluctance machines. The chapter subsequently examines the use
of AM, particularly LPBF, for producing electrical machine magnetic components. Finally,
the reviewed studies are assessed to identify the remaining challenges in connecting
electromagnetic TO, AM, and experimental validation.

2.1 Electrical Machine Optimization Techniques

Electrical machine optimization techniques can be classified according to the type and
extent of the permitted design modification. As illustrated in Figure 2.1, the major
categories are parametric, shape, and TO. Parametric optimization varies a prescribed
set of dimensions or operating variables while retaining the original geometric
configuration. Shape optimization modifies the boundaries of existing material regions
but generally preserves their connectivity. TO determines the material distribution
within a design domain and can therefore introduce, remove, or reconnect material
regions during the optimization process [2].

2.1.1 Parametric Optimization

Parametric optimization is the most traditional approach in electrical machine design.
A fixed machine template is selected first, and a set of geometrical, winding, or control
variables is then optimized. Examples include pole arc, tooth width, airgap length, stack
length, magnet dimensions, flux-barrier widths, rotor bridge thickness, number of turns,
and current advance angle. Because the number of variables is limited, parametric
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Electrical Machine Design Optimization

Parametric Optimization Shape Optimization Topology Optimization

Variation of predefined dimensions Modification of existing geometric Distribution of material within a design
and operating parameters boundaries domain

DESIGN FREEDOM L] DESIGN FREEDOM (X ] DESIGN FREEDOM (XX )

ON/OFF methods Level-set methods Density-based methods Machine-learning-assisted TO
Discrete material states, e.g., Implicit representation of Continuous density variables, i Prediction, surrogate modelling, '
NGNet-based optimization material boundaries e.g., SIMP i or optimization acceleration

Discrete variables Boundary-based Continuous variables i Datadriven

Figure 2.1. Classification of electrical machine design optimization techniques

optimization can be coupled efficiently with FEA, response surface models, genetic
algorithms, particle swarm optimization, or gradient based methods [2]. The author in
[3] demonstrate this approach for a SynRM, as shown in Figure 2.2, where selected rotor
dimensions are defined as design variables. The seven parameters numbered 29-35 and
highlighted in red represent the variables adjusted during the optimization, whereas the
remaining parameters define the fixed rotor geometry and associated geometrical
constraints.

The strength of parametric optimization is that the resulting design usually remains
manufacturable, because the topology is known in advance. This is important for
industrial machines, where geometric features such as rotor bridges, minimum tooth
width, lamination constraints, and assembly tolerances must remain feasible. However,
the same advantage is also its limitation. The final design is restricted by the initial human
defined template. If a beneficial flux path, hole, barrier, or material distribution is not
included in the original parameterization, the algorithm cannot discover it. To provide
greater geometrical flexibility beyond varying predefined dimensions, shape optimization
modifies the boundaries of existing material regions.

Figure 2.2. Rotor geometry of one pole of SynRM [3]

2.1.2 Shape Optimization

Shape optimization increases the design freedom by allowing the boundaries of the
machine geometry to move. Instead of changing only a small number of dimensions, the
contour of a rotor pole, stator tooth, flux barrier, or magnet cavity can be modified. This
is useful for reducing cogging torque, torque ripple, local saturation, and harmonic
content while preserving the main structure of the machine.
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Shape optimization commonly represents material boundaries using splines, control
points, Fourier descriptors, level-set functions, or free-form deformation variables. These
representations enable smooth and continuous modification of the existing geometry,
providing greater flexibility to refine the magnetic flux paths than conventional
parametric optimization. Brun et al. [19] demonstrated this approach for a SynRM rotor,
as presented in Figure 2.3. However, shape optimization generally cannot introduce
entirely new holes, material regions, or disconnected flux paths unless such features are
already present in the initial geometry. Despite offering greater flexibility than
parametric optimization, its results remain dependent on the predefined topology,
thereby motivating the use of.TO for brpader design space exploration.

Figure 2.3. Example from the literature of shape optimization of SynRM [19]

2.1.3 Topology Optimization

TO searches for the best material distribution within a predefined design domain. The
design domain is discretized, usually by the Finite Element Method (FEM), and each
element is associated with a design variable describing whether the element behaves as
iron, air, PM, copper, or an intermediate material state. The optimizer updates these
variables iteratively until the selected objective function and constraints are satisfied.

The modern form of TO originated in structural mechanics through homogenization
and material distribution methods [20][21]. In electromagnetics, one of the early
applications was the automated design of magnetic devices by optimizing the material
distribution [4]. Since then, TO has been applied to motors, actuators, magnetic bearings,
inductors, and other electromagnetic devices. For electrical machines, TO is attractive
because it can create flux barriers, flux guides, ribs, holes, and unconventional magnetic
paths without requiring them to be parameterized in advance [9][22].

The main benefit of TO is design freedom. It is especially useful for PM machines,
where iron, air, and magnet regions can be optimized together, and for reluctance
machines, where torque production depends strongly on the saliency and the
distribution of high and low reluctance paths. However, the final geometry may contain
thin members, isolated islands, checkerboard patterns, rough boundaries, or
intermediate densities. Therefore, filtering, projection, minimum length scale control,
mechanical constraints, and manufacturability rules are essential when TO results are
intended for fabrication.

Parametric, shape, and TO represent a progression from the adjustment of predefined
variables to the free redistribution of material. The following sections review the
numerical approaches to TO, their application to different electrical machine
configurations, and the use of AM to manufacture the resulting optimized geometries.
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2.2 Topology Optimization Methods for Electrical Machines

Several TO methods have been developed for electromagnetic devices and electrical
machines. The most frequently used families are ON/OFF methods, level-set methods,
and density-based methods. The choice of method depends on the number of materials,
expected geometry complexity, required smoothness, computational budget, and the
availability of sensitivity information.

2.2.1 ON/OFF Method

The ON/OFF method employs a discrete material representation in which each element
of the design domain is assigned one of two states, such as iron or air. During the
optimization process, the material distribution is updated using sensitivity information,
evolutionary rules, or global search algorithms. Because the design variables are binary,
the final geometry contains no intermediate density regions.

The method has been applied to electrical machine design using both deterministic
and stochastic optimization strategies. In synchronous motors and switched reluctance
machines, for example, it has been used to optimize the material distribution within the
rotor or stator [23], [24], [25], [26]. Figure 2.4 presents an example of its application to
the rotor of an Interior Permanent Magnet (IPM) machine. The principal advantages of
the ON/OFF method are its conceptual simplicity and clear distinction between material
and void regions. However, its discrete formulation may produce checkerboard patterns,
show sensitivity to mesh size, or generate rough and disconnected features. Filtering or
regularization techniques are therefore often required to obtain smooth and
manufacturable geometries.

Figure 2.4. Rotor TO of an IPM machine using the ON/OFF method [26]

2.2.2 Level-Set Method

The level-set method represents material boundaries implicitly using a scalar function,
whose zero-level contour defines the interface between different materials. During
optimization, this boundary evolves according to shape or topological derivatives,
commonly through a Hamilton Jacobi equation. This representation produces well
defined and relatively smooth boundaries, avoiding the intermediate-density regions
associated with element-wise density methods.

In electrical machine design, level-set methods have been applied to SynRM and SRM,
particularly when smooth flux barriers or rotor-pole geometries are required [27], [28],
[29], [30]. Figure 2.5 shows the application of this method to the rotor TO of an SRM [28].
A key advantage is its ability to generate clearly defined boundaries, which can improve
manufacturability. However, the resulting design may depend strongly on the initial
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topology unless specialized procedures are introduced to create new holes or
disconnected features during optimization.

| . .
1 Design domain

(a) (b)

Figure 2.5. Level-set-based rotor TO of an SRM (a) initial model and design domain (b) optimized
geometry with the FE mesh [28]

2.2.3 Density Based Method

Density based TO assigns each FE a continuous design variable, usually ranging between
0 and 1. The material property is interpolated between the candidate materials. In
structural mechanics this approach is often associated with the SIMP method, where
penalization is used to push intermediate densities toward solid or void states [21]. In
electromagnetic machines, interpolation is applied to magnetic reluctivity, permeability,
magnetization, conductivity, or other material properties depending on the problem
formulation.

Density based methods are attractive because they are compatible with gradient
based algorithms such as Method of Moving Asymptotes (MMA) and Globally
Convergent Method of Moving Asymptotes (GCMMA) and because adjoint sensitivity
analysis can be used to handle large numbers of design variables. They are also suitable
for multi-material problems, such as the simultaneous distribution of air, iron, and PM
material. Recent studies have applied multi-material density-based optimization to PM
machines, allowing the rotor structure, magnet distribution, magnetization direction,
and operating parameters to be considered within a unified optimization framework
[31], [32]. Figure 2.6 presents an example of a PMSM rotor generated using density based
multi-material TO [33]. Despite its flexibility, the method requires careful treatment of
intermediate densities, checkerboard patterns, mesh dependency, and filter radius
selection. The resulting density distribution must generally be converted into a smooth,
mechanically robust, and manufacturable geometry.
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Figure 2.6. Magneto-structural combined dimensional and TO result (a) electrical steel and (b) PM
and electrical steel normalized density distributions [33]

2.2.4 Machine learning assisted TO

Physics based TO is computationally demanding because each candidate design generally
requires FEA. Machine learning can reduce this burden by serving as a surrogate within
the optimization loop. For example, Convolutional Neural Network (CNN) trained using
cross-sectional images of IPM rotors have been used to predict torque characteristics,
allowing FEA to be restricted to promising candidates and final verification [34].

Transfer learning has reduced the computational cost to less than 15% of that required
by conventional optimization [35], while simultaneous learning across different magnet
configurations reduced the required FEA evaluations to approximately 5% [36]. CNN
surrogates have also been applied to multi-material IPM TO by predicting magnet flux
and d and g-axis inductances at different current phase angles [37]. Other approaches
include reinforcement learning for sequential topology modification [38] and variational
autoencoders for latent-space optimization of PM motor geometries [39].

Despite these advantages, such methods require representative FEA generated
training data, and their accuracy may deteriorate outside the training distribution. The
final designs should still be verified using high fidelity multi-physics simulations and,
where possible, experimental measurements.

The reviewed methods describe how TO is performed, but they do not by themselves
indicate where the resulting material redistribution is most beneficial within an electrical
machine. The next section therefore shifts from optimization methodology to machine
configuration and reviews the application of these approaches to PM and reluctance
machines.

2.3 Applications of Topology Optimization in Electrical Machines

Building on the methodological classification in the previous section, this section reviews
how TO has been applied to different electrical machine configurations. The literature is
dominated by PMSM and SynRM, while SRM have received increasing attention because
of their magnet free structure, simple rotor, robustness, and suitability for harsh
environments. The following subsections distinguish PM machines, in which iron and
magnet regions may be optimized. From reluctance machines, in which torque
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production is governed primarily by the distribution of high and low reluctance flux
paths.

2.3.1 TO for PM Machines

PM machines are widely used because of their high torque density, high efficiency, and
suitability for variable speed drives. However, they also introduce design challenges
related to magnet cost, rare-earth supply, demagnetization risk, magnetization direction,
cogging torque, torque ripple, and mechanical retention of magnets. TO has therefore
been used to optimize the distribution of rotor iron, air cavities, PM, and stator teeth.

Early work focused on reducing cogging torque and improving torque production by
modifying the stator or rotor topology [26], [40], [41]. More recent studies include the
drive control strategy inside the optimization loop, for example by considering maximum
torque per ampere and flux weakening operation [42], [43]. Multi-material formulations
have also been developed to optimize iron, air, and magnet distribution simultaneously,
including the direction of magnetization [31], [44]. These studies show that TO can
improve machine performance beyond conventional parameterized rotor designs, but
they also highlight the difficulty of manufacturing complex magnet shapes and enforcing
mechanical constraints.

Table 2.1 shows that PM machine TO has moved from single material iron
redistribution toward multi-material air, iron, and PM formulations. Recent studies also
include control constraints and magnetization direction. This trend is directly relevant for
PM and BLDC machines because the optimized rotor back iron, magnet support, and flux
path must satisfy electromagnetic, mechanical, and manufacturing constraints at the
same time.

Table 2.1. Summary of TO studies for PM machines

Machine i Main Validation /
Reference ) . TO approach Design space L
configuration objective(s) remarks
SIMP based density Stator pole Minimize Simulation
[40] IPM .
method shoe cogging torque study
Mitigate coggin
. Stator and rotor 8 EEing Simulation
[41] SMPM machine Level-set torque and
pole study
reduce losses
ON/OFF method with Simulation
[26] IPM motor L Rotor Torque
filtering study
Reduce iron Simulation
[42] IPM motor NGNet based ON/OFF Rotor
losses study
Reduce torque Simulation
[45] Skewed IPM motor NGNet based ON/OFF Rotor X q
ripples study
. Density based multi- Rotor core, and Maximize Simulation
[31] PM-assisted SynRM K i
material TO PM regions average torque study
Density based multi- Rotor core, and Maximize Simulation
[44] PMSM R .
material TO PM regions average torque study
SIMP based density Maximize Experimental
[43] IPM motor Rotor .
method average torque validation
Level set and o . .
. Maximize Simulation
[46] IPM motor topological Rotor
L average torque study
derivatives

2.3.2 Reluctance Machines
Reluctance machines produce torque by the tendency of the rotor to move toward a
position of minimum magnetic reluctance. The most important reluctance machine
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family for this thesis is SRM. Their doubly salient structure, concentrated stator windings,
and sequential phase excitation provide a simple and robust construction. However,
their performance is strongly influenced by the geometry of the stator teeth, rotor poles,
airgap, and surrounding air regions. SRMs are therefore well suited to TO, which can
identify unconventional material distributions and flux paths that are difficult to obtain
through conventional parameter optimization.

TO of SRMs generally aims to increase average torque, reduce torque ripple and mass,
and mitigate radial force, vibration, or acoustic noise [25], [28], [47], [48]. The design
domain may include the stator teeth, rotor poles, magnetic core, or combined rotor and
stator regions. Both binary ON/OFF and continuous density-based methods have been
applied, together with level-set, evolutionary, gradient based, and multi-physics
optimization approaches. Table 2.2 shows that most published results remain simulation

based, which leaves room for experimentally validated AM designs.

Table 2.2. Summary of TO studies for SRM

Machine / Optimization ) ) L Validation /
Reference ) B Design space Main objective(s)
configuration approach remarks
. . Improve torque-
TO using mutual SRM magnetic Early SRM TO
[49] SRM related
energy method core study
performance
Stator . . . .
[27] 6/4 SRM Level-set method Reduce vibration Simulation study
structure
. . Desired torque X
3-phase 6/4 Material-density- Stator teeth § Experimental
[50] profile / torque L
SRM based TO and rotor R validation
ripple
Interior-point and Average torque
[25] 6/14 SRM P Stator teeth s q Simulation study
ON/OFFTO and torque ripple
ON/OFF TO using Rotor, stator,
. Average torque . .
[24] 6/4 SRM GA and simulated and copper . Simulation study
. . improvement
annealing regions
Material-density- Average torque
[51] 8/6 SRM based TO / Rotor teeth and mass Simulation study
GCMMA reduction
SRM with new ON/OFF TO with Average torque . .
[23] i i Rotor . Simulation study
rotor topology immune algorithm and torque ripple
Torque ripple
Rotor pole / L . .
[28] 8/6 SRM Level-set method teeth minimization and Simulation study
average torque
. Balance
Electromagnetic- . .
SRM magnetic electromagnetic . .
[47] SRM structural Simulation study
R i structure and structural
multiphysics TO
response

Across both machine groups, TO has demonstrated the ability to improve torque
related performance, reduce mass, and control ripple or losses. Nevertheless, Tables 2.1
and 2.2 show that most reported studies remain simulation based. The transition from
an optimized numerical material distribution to a mechanically sound and
manufacturable magnetic component therefore remains a central limitation. This
requirement provides the link to AM, which is reviewed in the following section as a
manufacturing route for complex TO geometries.
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2.4 Additive Manufacturing of Electrical Machine Magnetic
Components

The above section showed that TO can generate non-uniform material distributions that
are difficult to realize using conventional punched and stacked laminations. AM,
particularly LPBF of soft magnetic alloys, offers a manufacturing route for components
with complex contours, internal cavities, and 3D flux paths. This section first examines
studies that directly combine TO with AM and then broadens the review to 3D
manufactured rotor and stator cores. Particular attention is given to whether the
manufactured components were experimentally evaluated.

2.4.1 Integration of Topology Optimization and Additive Manufacturing
Among these few works, the research chain at the VTT Technical Research Centre of
Finland is the most complete example. Starting from the printing of a TO soft magnetic
core [52] and TO studies of SRM [53] the work culminated in an 8/6 SRM whose, TO stator
and rotor cores were both manufactured by LPBF from an Fe-Co-V alloy and
experimentally tested [54]. The measurements confirmed that the printed machine
delivered the mechanical power predicted by 2D FEA, although the solid printed cores
suffered from high eddy current losses.

Similarly, [55] used AM to realize an asymmetric rotor skew of a 6/4 switched
reluctance motor that was designed to reduce torque ripple and would have been
virtually impossible to manufacture with traditional methods, while [56] developed a
dedicated free-form design methodology for rotor cores intended for production by
LPBF. On the simulation side, [57] incorporated the measured properties of printed
FeSi6.5% material directly into a multi-material TO formulation, explicitly anticipating an
AM outcome. These works demonstrate the feasibility of the combined design-to-print
workflow, but they also underline how rare experimentally validated combinations of TO
and AM still are, which is precisely the gap addressed in this thesis.

2.4.2 Additively Manufactured Rotor and Stator Cores

Beyond the TO driven studies, a considerably larger body of literature has investigated
AM of the active magnetic parts of electrical machines as such, i.e., the rotor core, the
stator core, or both. The earliest prototypes appeared in 2016, when [58] printed a
lightweight rotor for a PMSM from H13 tool steel, [59] printed a maraging steel SynRM
rotor, and [60] proposed a high-end SynRM rotor design based on 3D printing.
Subsequent rotor-oriented work concentrated on soft magnetic Fe-Si alloys and design
features that exploit the freedom of the process continuously skewed and surface
grooved PMSM rotors with integrated lightweight structures and hollow shafts [61], [62],
[63] free-form rotor cores [56] and printed SynRM rotors with optimized flux barriers
[64], [65], [66], [67]. [68], [69] developed a high-silicon Fe-5 wt%Si material for LPBF,
printed a complete SRM rotor, and characterized the whole machine over its full torque
speed envelope against an identical laminated benchmark, reporting comparable low
speed behaviour but significantly increased core losses at high speed due to the solid,
non-laminated construction.

Stator oriented studies have mainly targeted axial flux machines, whose 3D flux paths
are difficult to realize with laminations. Printed soft magnetic composite cores [70]
shape-profiled Yokeless And Segmented Armature (YASA) core segments [71], [72] and
stators with eddy current limiting Hilbert space filling cross sections in Fe-6.5 wt%Si [73],
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[74] have all been demonstrated. The Hilbert structured stators are particularly relevant
because they address the main weakness of printed cores, namely eddy current losses,
achieving loss levels comparable to conventional laminations at moderate frequencies
while improving stator torque density. A smaller number of works have printed the
complete magnetic circuit of a machine. [75] produced a fully printed axial flux SRM and
later a complete induction motor with printed stator and rotor cores together with the
associated production and characterization workflow [76], [77]. [78], [79] combined an
Selective Laser Melting (SLM) printed Fe-3Si stator with an AM NdFeB-PPS bonded
magnet rotor. [80] printed the rotor, stator, and casing of a lightweight aerospace
actuator in stainless steel. Table 2.3 summarizes these works, grouped by which active
part of the machine was manufactured through AM.

Table 2.3. Summary of AM rotor and stator prototypes in electrical machines

Reference Machine type AM part AM technique

(58] PMSM Rotor LPBF/SLM

[59] SynRM Rotor SLM

(60] SynRM Rotor Metél.3D printing (process not
specified)

[55] 6/4 SRM Rotor SLM

(61 PMSM Rotor LBM

[62] PMSM Rotor + shaft LBM

[56] PM machine Rotor LPBF

[68] SRM Rotor LPBF

[69] SRM Rotor LPBF

[63] IPMSM Rotor LBM

[64] SynRM Rotor LPBF

[81] BLDC Rotor FDM

[65] SynRM Rotor LPBF

[66] SynRM Rotor LPBF

(67] Axial-flux SynRM Rotor Met;i!I.SD printing (process not
specified)

Hybrid axial-flux
[70] Stator SLM
motor

[71] 10 kW YASA AFM Stator 3D micro-extrusion

[79] Brushless PM motor Stator SLM followed by EDM slicing

[74] AFM Stator LPBF

(73] AFM Stator SLM

[72] YASA AFM Stator 3D micro-extrusion

[82] BLDC (drone) Stator SLM

[75] 4/6 axial flux SRM Both SLM

[76] Induction motor Both SLM

[77] Induction motor Both SLM

[54] 8/6 SRM Both LPBF
SLM (stator) + BAAM/FDM (rotor

[78] Brushless PM motor Both
magnets)

[80] PM electric actuator Both LPBF/SLM
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2.5 Summary

In summary, this chapter has reviewed the progression from parametric and shape
optimization to TO, which provides greater design freedom for improving magnetic-
material utilization, reducing mass, and increasing torque density. The suitability of
ON/OFF, level-set, density-based, and machine-learning-assisted methods depends on
their material representation, boundary quality, sensitivity requirements, and
computational cost. Most reported electromagnetic TO studies rely on 2D models and
focus mainly on airgap facing geometries, while the removal of weakly utilized back iron
material remains underexplored. Research on inherently 3D TO is also limited by
simulation complexity and the limitations imposed by conventional manufacturing.
These gaps motivate the TO and experimental validation of the quasi-static rotor back
iron presented in Chapter 3, followed by the optimization and material reduction of an
inherently 3D axial flux reluctance machine enabled by AM in Chapter 4.
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3 From Numerical Search to Physics Guided Design: Topology
Optimization of a Permanent Magnet Machine

The previous chapter demonstrated that TO provides a higher level of geometrical
freedom than conventional parametric and shape optimization methods. Taking
advantage of this design freedom, this chapter focuses on applying 2D TO methods to
improve the utilization of magnetic material in the rotor back iron of a permanent-
magnet machine. The objective is to remove weakly utilized material while preserving
the magnetic flux paths and maintaining the airgap flux density, back Electromotive Force
(EMF), and electromagnetic torque of the original machine.

The optimization problem is formulated using a nonlinear 2D magnetostatic model.
To reduce the computational cost, each case topology is evaluated at one representative
rotor position rather than at multiple positions covering a complete electrical cycle. The
complete rotor position analysis is performed after optimization to verify the airgap flux
density, back EMF, and torque characteristics. The chapter first establishes and validates
the commercial e-scooter motor used as the benchmark. It then presents the physical
basis of the material reduction problem and applies the NGNet, density-based, and
physics guided analytical TO methods. Finally, the three methods are compared, and the
selected rotor geometry is adapted for LPBF manufacturing and experimentally validated
in the assembled motor.

3.1 Motivation for Rotor Back Iron Topology Optimization

In Surface Mounted PM, and in several other PM machine configurations, the dominant
rotor magnetic field is quasi static under steady state operation. The PMs establish a
comparatively stable magnetic flux pattern, while the rotor back iron provides the return
path for the magnet flux. Although the back iron is normally designed using a uniform
radial thickness, the magnetic loading within it is not uniform. Some regions carry a large
proportion of the pole flux and may operate close to the selected flux density limit,
whereas other regions carry considerably less flux as shown in Figure 3.1. Consequently,
a noticeable portion of the rotor core material can be weakly utilized from an
electromagnetic perspective.
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1.4 1.4
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Figure 3.1. Non-uniform flux distribution in the rotor back iron, indicating inefficient material
utilization (a) SMPM motor (b) IPM motor
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This non-uniform utilization is particularly important in PM machines, including IPM
and SMPM configurations. The rotor back iron contributes directly to the moving mass
and inertia, yet a conventional design usually retains a constant back iron thickness
throughout the active region. The thickness is commonly selected from the most highly
loaded section of the magnetic circuit so that local saturation is avoided. Applying this
worst-case requirement everywhere produces a robust and easily manufactured
machine, but it also leaves excess material in regions where the local magnetic flux is
lower. The conventional design is therefore magnetically safe but not necessarily
material efficient.

The presence of weakly utilized material creates an opportunity for TO. Instead of
treating the back iron thickness as one global parameter, TO permits the material
distribution to vary spatially within a prescribed rotor design domain. Material can then
be retained along the principal magnetic flux paths and removed from regions that make
only a small contribution to torque production or flux conduction. If this redistribution is
performed without increasing magnetic saturation or disturbing the airgap field, the
rotor mass can be reduced while the back EMF and torque characteristics are preserved.
The torque density of the machine may therefore be improved without increasing the
PM volume or the electrical loading.

The difficulty is that the desired material distribution is not known in advance. It
depends on the magnet flux, rotor geometry, magnetic nonlinearity, operating point, and
the performance constraints imposed on the machine. Different TO techniques
represent and update the material distribution in fundamentally different ways. A
method that provides very high geometrical freedom may require many FE evaluations.
A computationally efficient gradient based method may depend strongly on
interpolation, filtering, and penalization parameters. A direct analytical method may be
extremely fast and physically transparent, but its application may be restricted to
components for which the dominant flux paths can be described with sufficient accuracy.

3.2 Commercial E-Scooter Motor

The three-phase outer rotor SMPM BLDC motor from a commercial electric scooter
application is selected as a benchmark. The motor has 18 stator slots and 20 rotor poles.
Its inner stator carries concentrated windings, while the PM are mounted on the inner
surface of a ferromagnetic outer rotor. The large pole number and outer rotor
arrangement provide the low-speed torque required for compact scooter application.
The cross-section view of the three-phase BLDC is shown in Figure 3.2 and based on the
dimension extracted from it is presented in Table 3.1.

Figure 3.2. 2D-cross sectional view of three phase benchmark motor
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Table 3.1. Main parameters of the benchmark BLDC motor

Parameter Value
Number of stator slots 18
Number of rotor poles 20
Stator outer diameter 64 mm
Rotor outer diameter 85 mm
Rotor inner diameter 65 mm
Active stack length 30 mm
Rated speed 900 rpm
Rated voltage 24V
Turns per coil 12
Number of parallel strands 5

3.2.1 FE Model

The benchmark motor is analyzed with a nonlinear 2D magnetostatic FE model built
directly in JIMAG. JMAG solves the field using the magnetic vector potential formulation
in the planar model the unknown reduces to the axial component A4,, and the flux density
follows from B = V X A,. The ferromagnetic regions are assigned the nonlinear B—H
characteristic of M400-50A electrical steel, and the rotor magnets are defined with
alternating radial magnetization. The mesh is refined in the air gap, at the magnet edges,
and within the rotor back iron to resolve the useful flux path and local saturation.

The no-load analysis is performed without stator current, such that the PMs constitute
the only magnetic field source. The airgap flux density and flux linkage waveforms are
presented in Figure 3.3. The corresponding phase back EMF waveforms and magnetic
flux density contour are shown in Figure 3.4. The loaded performance is then evaluated
under rated three-phase excitation. The current waveforms and the resulting
electromagnetic torque waveform are presented in Figure 3.5. These results characterize
the magnetic loading and torque performance of the benchmark motor. The next section
examines the rotor flux distribution to establish the physical basis for rotor back iron
optimization.

Flux linkage (Wb)
s
S
5 o

Airgap flux density(T)
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Rotor position (Mech. deg.) Rotor position (Elect. deg.)

Figure 3.3. Airgap flux density and flux linkage of benchmark motor
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Figure 3.4. Three phase back EMF and flux contour of benchmark motor
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Figure 3.5. Current and torque waveform of benchmark motor
3.3 Physical Basis for Rotor Back Iron Optimization

3.3.1 Quasi-Static Rotor Field

The validated benchmark model provides a reliable basis for assessing the utilization of
the rotor core material. During steady state operation, the fundamental magnetic field
distribution remains nearly stationary relative to the rotor. Each back iron sector
primarily carries the flux associated with its corresponding PM pole, whereas the
stationary stator teeth and yoke experience a time varying field as successive rotor poles
pass. This periodically repeated flux pattern enables the material requirement of one
rotor pole sector to be evaluated and reproduced around the complete rotor.

3.3.2 Optimization Problem

The rotor back iron is selected as the design domain, while the remaining machine
geometry, material properties, winding configuration, and operating conditions are kept
unchanged. The objective is to minimize the rotor core material without compromising
the useful magnetic flux. Each case design must preserve the airgap flux density, back
EMF, and average electromagnetic torque of the benchmark machine. The resulting
geometry must provide a continuous magnetic return path and prevent unacceptable
local saturation. These requirements establish a consistent basis for evaluating the
different material representations and optimization procedures. The following TO
techniques are therefore employed to identify efficient material distribution within the
rotor back iron.
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3.4 NGNet Based TO

This section presents the application of the NGNet based TO method to the rotor back
iron, including its material representation, genetic-algorithm search process, and
resulting electromagnetic performance.

3.4.1 Material Representation Using NGNet
Efficient utilization of the rotor back iron requires identification of the regions that
actively carry magnetic flux. TO enables the material distribution within the prescribed
design domain to be determined without explicitly defining the dimensions or
boundaries of the resulting geometry. In the NGNet method, Gaussian basis functions
are distributed throughout the rotor back iron design domain, and their superposition
defines the material topology.

For the spatial position vector x and the design variable vector w, the NGNet shape
function is expressed as

yw)=XE, w; b;(x), 3.1
where the normalized basis function is
()= G
bi()=5r o (32)
1 llac-x; 11>
G;(x)= 77 EXP < %) (3.3)

Normalization makes the local field independent of the number of overlapping functions.
The element material state is

Se_{O (air), y<0 (3.4)

|1 (iron), y=0.

Thus, the optimized parameter vector w controls the topology without requiring a
predefined rotor boundary. Only one pole pitch is optimized. Gaussian functions are
distributed over one side of the back iron sector and mirrored to the other side, reducing
the number of independent variables while maintaining a symmetric flux path as shown
in Figure 3.6. With I; denoting a target line and n its unit normal, the constrained
optimization problem is

max th (B-n)dl, (3.5)
0.5 <lIBlI<1.4. (3.6)

The lower limit discourages retention of weakly utilized iron, while the upper limit
prevents the remaining flux path from being driven into excessive saturation. The
detailed optimization parameters are summarized in Table 3.2.
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Figure 3.6. Gaussian distribution over design domain

Table 3.2. NGNet optimization settings

Parameter Value
Number of generations 50
Population size 47
Number of children 47
Number of Gaussian functions 46
Gaussian basis width 0.8 mm
Gaussian basis height 0.8 mm
Optimization method Genetic algorithm

3.4.2 Genetic Algorithm Search

The NGNet weights form the chromosome used by the genetic algorithm. Each
population member produces a binary material distribution, which is transferred to the
magnetostatic FEM model. Each case fitness is determined from the transported target
line flux while enforcing the admissible flux density interval. Selection, reproduction, and
mutation generate the next population. Because the thresholder topology may change
discontinuously, the derivative free genetic algorithm is appropriate and can explore
substantially different layouts. Its disadvantage is computational cost because every
individual requires a field solution.

The optimization was executed on a computer with an Intel® Core™ i7-12700 CPU
processor operating at 2.1 GHz and 64 GB of memory. Fifty generations required
approximately 6 h 40 min. Material was removed principally from the regions that
exhibited low flux density in the benchmark, while the essential flux path remained
connected. The optimized one pole geometry was repeated periodically to form the
complete rotor. Reanalysis showed no problematic saturation in the retained active
regions.

3.4.3 NGNet Performance

The NGNet optimization redistributes the rotor back iron according to its contribution to
magnetic flux conduction. Material is retained along the flux carrying paths, while weakly
utilized regions are removed. The relationship between the target flux and the iron area
retained in the design domain is presented in Figure 3.7, showing the different material
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layouts explored by the genetic algorithm. The resulting optimized topology and its flux
distribution are shown in Figure 3.8. The retained back iron forms a continuous and
symmetric magnetic return path without problematic local saturation.

o

Iron material Area in design domain (mm

0.15 0.22 0.25 0.3 0.35
Flux on the target boundary (mWb)

Figure 3.7. Relation between target flux and iron material in the design region
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This material redistribution reduces the rotor back iron volume by 25.67%,
corresponding to a 7.32% reduction in the complete motor volume. With the required
average torque maintained, the reduction in motor volume increases the torque density
by 7.84%. Although the genetic algorithm provides a global search capability, some
weakly utilized regions with low flux density remain in the optimized topology. This is
mainly because the software does not allow the parameterized iron volume to be
imposed directly as a constraint during the topology optimization. Furthermore, the
NGNet method is computationally expensive because each candidate topology requires
a separate FE evaluation. To address these limitations, the following section investigates
a gradient based density TO method.

Figure 3.8. TO back iron of the one pole pitch rotor

3.5 Density Based TO

To address the software limitations encountered in the NGNet approach, a fully
customized gradient based density TO framework is developed in NGSolve, enabling
direct control over the material volume.
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3.5.1 SIMP Material Interpolation

The density method assigns a continuous variable p in [0,1] to every FE of the design
domain. Enable TO using continuous density variables an interpolation scheme is
required to model the transition between air and ferromagnetic material. In
electromagnetic TO, the most critical material parameter is the magnetic permeability u
or equivalently the magnetic reluctivity v =1/u. The element reluctivity is interpolated
using the SIMP formulation

U(P):Vair+Pp [vfe'vair]- (37)

The penalization factor p is introduced to suppress intermediate densities and
encourage nearly binary material distribution. For the linear material case study, the
interpolation smoothly transitions between air and iron depending on p. Increasing the
p makes intermediate densities energetically unfavorable, forcing the solution toward a
clear 0—1 material distribution. This behavior is illustrated in Figure 3.9, where higher
penalization values result in a sharper transition near p = 1.

When magnetic saturation is considered, the permeability of the ferromagnetic
material depends on the local magnetic flux density magnitude. In this case, the
interpolation is applied to nonlinear reluctivity.

V(p,”B”)zvair-l_pp[U("B”)'vair]- (38)

The nonlinear discretized problem is solved by Newton iteration. After each Newton
iteration, the local flux density B is evaluated, and the corresponding reluctivity is
updated. This updated reluctivity is then used both in the state equation and in the
sensitivity analysis.
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Figure 3.9. SIMP interpolation with different values of penalization

3.5.2 2D Magnetostatic Formulation
In the 2D model, the magnetic vector potential has only an axial component A,. Maxwell’s
magnetostatic equation and the reluctivity relation are written as

B=VxA4, (3.9)
]tot=]free+]m' (310)
VX (v VXA)=/ 1. (3.11)
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No impressed current density is used in the optimization state problem, so Jge. = 0.
The PMs enter through the equivalent magnetization current density

Jm=VXxM, (3.12)
Vx(v VxA)=VxM. (3.13)
Taking the z component gives
— My oMy
(VXM), =757 (3.14)
9 (,242) 4 0 (,,04z) _ My oM
Bx(v 8x)+6y (17 By)_ ox dy ' (3'15)

Radial magnetization of magnitude M, is assigned in the magnet regions with
alternating polarity. At an element barycentre (x, y),

Mx=M0><(

)

M, = M, x () (3.16)

3.5.3 Objective Function Evaluation

The objective function is formulated to increase the useful magnetic flux passing through
the prescribed flux target regions while penalizing the amount of retained rotor back iron
material. In the 2D magnetostatic formulation, the magnetic vector potential has only
the axial component 4,, and the flux density is

REAIREE>

Figure 3.10. TO design domain for the density method

- (aAZ —aAZ)T. (3.17)

dy ' ox

For the j-th rotor segment, four corner points are defined around the flux target

region, as shown in Figure 3.10. The points x; ; and x; , lie on one side of the flux region,

while x; 3 and x; 4 lie on the opposite side. The flux crossing on each side can be evaluated

from the difference of the magnetic vector potential at the corresponding endpoints.
Therefore, the flux objective is written as
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Ng
I @A) = ) (<1 [A,(x12) = A, (x02) = 4, (x05) + Ay (x24)], (3.18)

where the coefficient accounts for the alternating magnetization direction of adjacent
PMs. The material volume term is defined over design domain as

Jvor(p) = j p dx, (3.19)
design domain

the total optimization objective is
J(Azp) = ]flux(Az) + Wlyo(p), (3.20)

where w is the weighting factor controlling the trade-off between flux performance
and material reduction. The first term drives the magnetic flux through the desired flux
target regions, while the second term penalizes the amount of iron material retained in
the design domain. The standard form of the objective function is
min. ](Az: p) = ]flux (Az) + W]vol(p)
(3.21)
0<p<1]

3.5.4 Adjoint Sensitivity Analysis

In the gradient based TO methods, the sensitivity of the objective function, with respect
to the material density (p) can be obtained in the following way: Consider the reduced
cost function

J(p) =J(A,(p), p). (3.22)
dj 9] 0] dA,

By chain rule

—= = . 2
dp~ op 94, dp (3:23)
Differentiating the constraint residual R(4,, p) = 0 with respect to p, gives

6RdAZ+6R_0 394
94, dp dp (3:24)
dA, (6R )‘1 oR 325
dp  \0A,) ap’ (3:25)
di a ] (0R\ 4R
g_9_9 ( ) ak (3.26)
dp dp 0A4,\04,/ OJp

This is the chain rule expression in which the explicit term plus implicit term is eliminated
by solving the adjoint. Define the adjoint A by the linear system

<:§Z)T A== (aEZZ)T' (3.27)
B3t (75 (3.28)

3.5.5 Electromagnetic Performance Evaluation
After the optimization, analyzing the airgap flux density in the initial and optimized
design the above calculation gives it directly by using
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ay
04,
By==5 (3.28)

Biag = ’B,% + BZ.

The phase flux linkage is computed directly from vector potential. For each phase k €
{4, B, C}, the flux linkage is calculated as

A (0m) = Neyrnsly .fAz (6,) sp(x)dx, (3.29)
n

where the p is fixed after the optimization, 4, is treated as a function of the rotor angular
position only, and no sensitivity of A, with respect to p is considered. The phase back
EMF is obtained from the time derivate of the flux linkage.
dAg dAg
ek(t) - _E - _Ewm-
The electromagnetic torque is computed using the Maxwell stress tensor method. The
Maxwell stress tensor in magnetostatics is given by

(3.30)

1 1
T=—(B®B——|B|21). (3.31)

Ho 2

The stress vector acting on a circular contour of radius r; in the airgap is
t=T-n, (3.32)
where the torque per unit axial length is obtained from the contour integral
T' = f (xty, —yt,) ds, (3.33)
It

t, = ! (B B ! B? ) 3.34
X = ,u() x=n 2 nx ’ ( . )
t, = ! (B B ! B? ) 3.35
Y T \yPn Ty ny |, (3.35)
B, = Byny, + Byn,,. (3.36)

The integration is performed numerically by sampling 360 angular points along the
circular airgap contour. The total electromagnetic torque is then obtained by multiplying
the per length torque by the stack length

T=T'L,. (3.37)

3.5.6 Density Method Performance

The formulation is progressively refined to assess how the objective function and
regularization influence the material distribution within the design domain. The density
optimization is initially performed using only the flux maximization objective. As shown
in Figure 3.11, the optimizer removes material mainly from the central part of the design
domain. Because the objective contains no penalty on retained material, it provides little
incentive to eliminate all low sensitivity iron. Considerable amount of back iron materials
therefore remains near the domain boundaries, and the available design space is not
used efficiently for weight reduction.
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Figure 3.11. Flux maximization objective

Introducing the volume reduction term changes the optimization behaviour. The
optimizer becomes more selective and removes additional inactive material while
preserving the principal magnetic return path. The unfiltered topology nevertheless
contains fragmented regions, local voids, and thin connections shown in Figure 3.12.
These features can create locally saturated flux paths and are difficult to manufacture,
showing that regularization is required in addition to the combined flux and volume
objective.

0.000e+80 2.508e-07 5.080e-87 7.588e-87 1.008e-06

Figure 3.12. Flux maximization objective with volume penalization

A Helmholtz-type Partial Differential Equation (PDE) filter is applied to suppress
numerical oscillations and impose a minimum length scale, after which projection
sharpens the transition between iron and air. The filtered and projected distribution in
Figure 3.13 is more continuous, and the isolated features present in the unfiltered result
are removed. The resulting boundary is therefore easier to interpret and more suitable
for subsequent manufacturing-oriented reconstruction. The convergence response in
Figure 3.14 shows a short oscillatory transient during the first iterations, reflecting the
rapid redistribution of material at the start of the optimization. The flux objective then
improves steadily and levels off. At the same time, the retained volume ratio decreases
rapidly and approaches a nearly constant value after approximately 22 iterations. These
complementary trends indicate stable convergence toward a topology that preserves the
required magnetic flux with less active material.
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Figure 3.13. Optimal design including the density filter and projection
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Figure 3.14. Objective function response with respect to iteration numbers

Figure 3.15 compares the magnetic flux density distributions of the initial and
optimized rotors. The initial back iron exhibits a non-uniform contour, whereas the
optimized design distributes the flux more evenly through the retained material. This
redistribution does not weaken the airgap excitation, and the average airgap flux density
remains the same. These results demonstrate that the gradient based density method
reduces the rotor back iron while preserving the required magnetic performance.
However, the method still relies on iterative FE solutions and the appropriate selection
of penalization, filtering, and projection parameters. The following section therefore
develops a physics guided analytical TO approach that determines the required back iron
geometry directly from the magnetic flux path.
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Figure 3.15. Flux density distribution (a) Initial design (b) Optimized design
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3.6 Physics Guided Analytical TO

This section presents a physics guided analytical TO approach, covering the magnetic flux
model, derivation of the minimum back iron width, and evaluation of the resulting
optimized geometry.

3.6.1 Magnetic Flux Model
The analytical method replaces iterative material updates with a direct calculation of the
minimum flux carrying geometry. The back iron is assumed to have very high relative
permeability p,. up to saturation flux density Bs. Beyond saturation its magnetization is
taken as constant in the applied field direction. The PM has remanence B, and uniform
magnetization
M,,=2r. (3.38)
Ho
It is also assumed that the back iron remains unsaturated at its outer perimeter. To
calculate the magnetic field produced by the magnet using Ampere’s law, the magnet
has a uniform magnetization, its bound currents can be treated as a free solenoidal
surface current around its circumference. Choosing an Ampere contour on the outer
perimeter of the back iron where the material is not saturated allows one to assume
B = u,uyH. (3.39)
Since w, > 1, the contribution from the portion of the contour inside the back iron
can be neglected. The total current enclosed is

I=jt=22 (3.40)
Ho
The airgap thickness is much smaller than the magnet and back iron diameters, the
magnetic field in the gap and in the magnet is nearly homogeneous. Figure 3.16 shows
that the magnetic field lines exit ferromagnetic materials almost perpendicular, so they
enter the air gap nearly parallel and therefore remain uniform similarly, the magnet field
remains homogeneous at both ends of the magnet and thus within the magnet itself.
Under these conditions Ampeére’s law yields a uniform magnetic flux density of
magnitude
Brt

= (3.41)

t
g
|

Figure 3.16. Geometrical representation of analytical topology optimized back iron for quasi-static
PM machine
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3.6.2 Minimum Back Iron Width
To determine how much iron is needed, consider a “cut” through the back iron that
encompasses the entire cross-section touching one side of the magnet. Let w be the
magnet width and d its axial length. Gauss’s law (the divergence theorem) is used to
equate the magnetic flux entering this volume (half the magnet’s flux) to the flux exit
through the cut in the back iron. The flux entering is
_ Bt wd
Din = G+ 2
However, the back iron can only carry so much flux before saturating. The maximum
flux it can transport is limited by the saturation flux density B; multiplied by its
cross-sectional area w,,;d. In order to carry all of the flux, the cut width must satisfy
Dour < Bswey,d. (3.43)
Solving for the minimum width yields

(3.42)

_ Bt w

If the back iron is thinner than w,,;,, some magnetic flux will drop out because the
iron cannot carry the entire flux. In this regard w,,,;,, as a strict necessity for any viable
design. The lengths of AC and AD are both w,,;,,. The contour between C and D follows
the arc of the circle and the line DM is tangent to the circle at D. The quarter circle
centered at A of radius w,,;,; must exist in any valid back iron because it provides the
necessary width around the magnet edge.

To demonstrate that the proposed shape contains the smallest possible amount of
iron, consider an arbitrary cross-section A'D'M formed by intersecting the ADM triangle
with a line parallel to AD as shown in Figure 3.17 By similarity of triangles, the ratio of
the widths AD/AM equals the ratio A'D’/A’M. Since AD represents the minimum width
needed to transport all of the flux from AM, A'D’ must be the minimum width required
to transport the flux from A’M. Because this argument holds for any parallel intersection,
the entire triangle ADM must be included in any valid back iron. Thus, no design that
removes material from the ADM triangle can carry the full magnetic flux, proving the
minimality of the chosen shape.

The final check is that the minimal iron design satisfies Maxwell’s equations and the
refraction conditions at the magnet and iron interface. First, Gauss’s law for magnetism

V-B=0, (3.45)
requires magnetic field lines to form closed loops. In the proposed design, the field lines
travel almost vertically through

Figure 3.17. Analytical TO with new contour of A’'D’M to maintain flux continuity

the magnet path parallel to the straight segment DM through the back iron, follow the
circular arc until reaching point C and then complete the loop through the outer region
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back to the magnet. Maxwell’s other equation

V X H = pj, (3.46)
is satisfied because inside the backiron H = B — By = 0 and there are no free currents.
At the interface between the magnet and the back iron, the continuity of the normal
component of B and the tangential component of H must be respected. Tangential H in
the magnet must be nearly zero because the magnetization in the magnet is fixed and

the permeability of the iron is large. The normal component of B in the magnet is

Byt
. 3.47
(g+t) ( )

On the flux guide side, the flux density is approximately B, but it meets the interface
at an angle determined by the geometry. By constructing the right triangle ADM, the

2Wmin
w

Bmagnet =

. Equating the normal components on both sides requires
Bt 2Woi
L= p, — (3.48)
g+t w
which is exactly the definition of w,,,;,, derived earlier. Thus, the design also satisfies the
magnetic refraction condition. To conclude, the shape shown in Figure 3.16 is minimal,

transports the maximum possible magnetic flux and is physically valid.

cosine of this angle is

3.6.3 Analytical TO Result

A single magnetostatic FEM evaluation was used to verify the analytically obtained
geometry. The resulting design removes 39.29% of the rotor back iron material and
increases the torque density by 14.36%. The optimized geometry and its magnetic field
distribution are presented in Figure 3.18. The flux density contours show that material is
removed mainly from the weakly utilized central region, while the principal return path
between adjacent magnets is retained. The flux lines remain continuous through the
analytically determined circular and tangential boundaries. No excessive flux
concentration is observed in the active parts of the optimized back iron, confirming that
the minimum retained cross-section is sufficient to transport the magnet flux without
producing a harmful magnetic bottleneck.
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Figure 3.18. (a) TO back iron using analytical approach (b) Contour of flux density and flux lines in
analytical TO back iron

(a) ‘ (b)

Figures 3.19-3.21 compare the airgap flux density, three-phase back EMF, and
electromagnetic torque of the initial and analytical TO designs. The airgap flux density
and back EMF waveforms are identical, while the torque waveform retains the same
average value and ripple pattern. These results confirm that the removed back iron
material was magnetically underutilized and analytical TO improves torque density
without significantly affecting electromagnetic performance.
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Figure 3.19. Airgap flux density comparison of initial and analytical TO
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Figure 3.20. Back EMF comparison of initial and analytical TO
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Figure 3.21. Torque waveform comparison of initial and analytical TO

3.7 Comparison of the Three Back Iron Material Reduction Techniques

Table 3.3 consolidates the principal quantitative and methodological differences among
NGNet, density-based SIMP, and analytical TO. Since the formulations and individual
results have already been presented, only their comparative implications are discussed

here.
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Table 3.3. Quantitative and methodological comparison of the three back iron material reduction

techniques
Criterion NGNet Density-based SIMP Analytical TO
Material Gaussian ON/OFF basis; Element-wise density variable | Flux derived boundary

representation

46 functions mirrored
over one pole sector

with nonlinear SIMP
reluctivity interpolation

governed by continuity and
saturation

Search or
solution
strategy

Derivative free genetic
algorithm; population 47
over 50 generations

Gradient-based optimization
using adjoint sensitivity and
nonlinear FEM

Closed-form, non-iterative
construction followed by
FEM verification

Design freedom

Moderate; controlled by
Gaussian placement,
width, and number

High; one design variable per
finite element

Problem specific; geometry
constrained by the
assumed dominant flux
path

Regularization
and
reconstruction

Binary material
description; no density
filter, although geometric
smoothing may be
required

SIMP penalization, Helmholtz
filter, projection, and final
boundary reconstruction

No numerical
regularization; mechanical
bridge and magnet pockets
added during post
processing

Approximately 6 h 40

Stable after approximately

One field evaluation;

Numerical effort | min; many FEM 20-25 iterations; wall-clock negligible optimization
evaluations time not separately reported | computation
Rotor back-i
otor backeron 25.67% 39% 39.29%
reduction
Total motor
volume 7.32% 12% -
reduction
Torque-density 7.84% Approximately 14% 14.36%

increase

Electromagnetic
performance

Airgap flux density, back
EMF, and torque
preserved

Airgap flux density, back
EMF, and torque preserved

Airgap flux density, back
EMF, and torque preserved

Manufacturing
and validation
status

Numerical benchmark

Numerical result with filtered
and projected topology

Manufactured by LPBF
after geometric adaptation
and experimentally tested

Robust global

Maximum geometric

Highest speed, direct
physical interpretation, and

Advantage exploration without freedom with efficient . R )
o L . . nearly identical reduction
sensitivity derivatives gradient evaluation .
to the density method
High computational cost | Parameter sensitivity, Limited to problems with a
Limitation and basis dependent intermediate densities, and dominant quasi-static flux

resolution

reconstruction dependence

path

The density based and analytical TO approaches produce almost identical back iron
reduction and torque density improvement, whereas NGNet achieves a smaller
reduction at substantially greater computational cost. The close agreement between the
density based and analytical results indicates that approximately 39% of the original back
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iron is unnecessary for the specified electromagnetic operating condition. The three
methods consequently serve different purposes. NGNet is suitable for derivative free
binary searches, while density based TO offers the greatest geometric freedom but
requires regularization and iteration. Analytical TO provides the fastest and most
physically transparent solution when a dominant quasi-static flux path is identified.

3.7.1 Manufacturing Oriented Design Modifications

After completing the optimization process, the design was prepared for the manufacturing
stage, which required several practical modifications. During optimization, arc shaped
magnets were used. However, these magnets are relatively expensive for practical
implementation. To reduce the manufacturing cost, straight N35 magnets were selected as
an alternative. The use of straight magnets introduces small gaps between the magnets
and the rotor back iron as shown in Figure 3.22(a), which results in the reduction of
electromagnetic performance. In Figure 3.22(b) small pockets were incorporated behind
the magnets, allowing the magnets to fit properly and maintain close contact with the back
iron structure. An outer circular iron bridge is also introduced to improve mechanical
strength and structural stability of the rotor as shown in Figure 3.23(a), while the 3D
Computer-Aided-Design (CAD) model of the optimized rotor back iron is shown in Figure
3.23(b) for better realization of the rotor back iron. Although the resulting back iron
geometry has a relatively complex shape, it can be effectively manufactured using AM
technique. The comparison of torque waveforms obtained from different back iron
configurations and magnet arrangements is presented in Figure 3.24.

T

i T

Figure 3.22. Different design configuration with straight magnets (a) With air region behind
magnets (b) Iron filled behind magnets

(b)

Figure 3.23. Optimized back iron having mechanically feasible (a) 2D cross sectional back iron (b)
3D CAD model of back iron
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Figure 3.24. Comparison of torque on different magnets shape configuration

3.8 Rotor Back Iron Fabrication Through AM

The initial and topology optimized rotor back iron prototypes were manufactured by
LPBF using pre-alloyed, gas-atomized Fe—Si powder supplied by Sandvik Group. The
chemical composition of the powder was verified using Energy Dispersive X-ray
Spectroscopy and Spark Atomic Emission Spectroscopy [13]. The powder consisted of
spherical particles with sizes ranging from 29-58 um, with a median diameter of 38 um.
The printing process was carried out using an SLM Solutions Realizer SLM-280 system
equipped with a 350 W infrared laser.

To prevent density degradation during large volume printing, the scanning strategy
was modified from a stripe pattern to a chessboard pattern, which improves printing
stability and structural uniformity, as reported in previous studies. Additionally, the re-
melting scanning strategy was disabled because it increased surface roughness and
reduced powder flowability, resulting in uneven layer formation. The key printing
parameters used in the process are summarized in Table 3.4.

The printing time for each back iron was approximately 5 hours. After printing, the
prototypes were heat treated in RD-G vacuum furnace at 1200 °C, with a heating rate of
5 °C/min and a holding time of one hour. The parts were then cooled inside the furnace
at an initial cooling rate of 50 °C/min, gradually decreasing over time. During the heat
treatment process, the vacuum level was maintained between 0.04 and 0.4 mbar. The
fabricated AM rotors, including the initial and optimized designs, are shown in Figure
3.25(a) and Figure 3.25(b) respectively.

Table 3.4. Summary of printing parameters

Parameter Value
Layer thickness 50 um
Hatch distance 120 pm
Laser Power 350 W
Scanning velocity 0.75 m/s
Volumetric energy density 83 J/mm?
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(b)

Figure 3.25. AM based rotor prototype (a) Initial rotor (b) Optimized rotor

3.9 Experimental Testing and Validation

To validate the electromagnetic performance of the proposed outer rotor BLDC motor,
experimental measurements were carried out on the fabricated prototype. The
experimental setup was designed to evaluate both the no load back EMF characteristics
and the machine performance under load conditions. The prototype motor was mounted
on a rigid platform and mechanically coupled to a servo motor through a shaft coupling
to control the rotational speed. For no load testing, the servo motor was operated at the
rated speed of 900 rpm, while the BLDC motor terminals were kept open to measure the
induced phase voltages. The three-phase back EMF waveforms were recorded using a
digital oscilloscope as shown in Figure 3.26.

GMWINSTEK 188k pts  1AMSass [ s | Stop

@RS 18.30

( @ = o ) ins (3 B.BE6s |

Figure 3.26. Experimental three phase back EMF

For load analysis, the BLDC motor shaft was connected to a DYN-200 torque sensor,
and a powder brake was coupled to the torque sensor to apply a controllable mechanical
load to the prototype motor. For signal visualization and data acquisition, a Dewesoft
SIRIUS isolated data acquisition system was employed. The complete experimental setup
is illustrated in Figure 3.27. The motor phase currents were measured using three PR200
current clamps (10 mV/A). The measurements were acquired with a sampling rate

50



corresponding to a bandwidth of 1 MHz. The measured three-phase motor currents and
torque waveform are presented in Figure 3.28(a) and Figure 3.28(b) respectively.

Due to the absence of magnetic property data for the AM rotor back iron material in the
simulation software database, the numerical analysis was performed using the M400-
50A electrical steel model. However, the practical prototype was fabricated using a Fe—
3.7%Si magnetic material, as reported in [14]. The simulated torque is around 5.09%
lower than the measured. This discrepancy is mainly attributed to the difference
between the magnetic material properties used in the simulations and those of the AM
Fe—3.7%Si back iron, as well as manufacturing tolerances and experimental
measurement uncertainties.

1 Dewesoft SIRIUS H 2 PC ii 3 Proposed motor ii 4  Current sensor i

Powder brake

Phase current (A)

0 0.002 0.004 0.006 0.008 0.01
Time (msec.)

(a)
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Figure 3.28. Experimental results (a) Three phase motor currents (b) Torque and speed waveform

3.10 Summary

This chapter demonstrated that TO substantially improves magnetic material utilization
in the rotor back iron of a PM machine without compromising its performance. The
NGNet method reduced the back iron volume by 25.67%, whereas the density based and
physics guided analytical methods achieved reductions of approximately 39% and
increased torque density by approximately 14%. The analytical method produced a result
comparable to the density-based method while requiring only one FEM evaluation,
demonstrating its computational advantage for machines with dominant quasi-static flux
paths. After manufacturing oriented modifications, the optimized rotor was fabricated
using LPBF and experimentally tested, confirming its electromagnetic functionality.
These results establish a basis for applying physics guided material reduction, with
suitable modifications, to machines having more complex 3D flux paths.
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4 Design and TO of an AFDR-SRM

AFSRM are attractive for propulsion systems in which a short axial length, a mechanically
robust rotor, high speed capability, and fault tolerant phase operation are required. Their
torque is produced by the tendency of the excited magnetic circuit to move toward a
position of higher phase inductance. Therefore, neither PMs nor rotor windings are
required. The absence of rotor excitation simplifies the electromagnetic rotor, but the
axial 3D flux path, the double air gap, and the end effects make direct numerical
optimization computationally expensive.

This chapter combines the design and TO stages of a 6/4 AFDR-SRM. The benchmark
machine is first sized analytically and validated using nonlinear 3D FEM analysis. The
circular machine is then unwrapped at its mean radius to obtain a 2D linearized model
suitable for NGNet TO. The optimized linear topology is mapped back to the annular
rotor, after which a physics guided analytical procedure reduces the rotor back iron
volume. Manufacturing, experimental testing of the optimized design is presented in the
final section of this chapter.

The sequence is intentionally hierarchical. Analytical sizing establishes feasible
dimensions, 3D FEM defines the numerical benchmark, the linear model provides
computationally efficient optimization environment, and the reconstructed 3D model
remains the final authority.

4.1 Benchmark AFDR-SRM Design and Numerical Validation

A benchmark AFDR-SRM is established by describing its configuration and operating
principle, determining its main dimensions analytically, and verifying the design through
3D FEM simulation.

4.1.1 Machine Configuration and Operating Principle

A three-phase 6/4 AFDR-SRM is selected as the benchmark machine for a high-speed
propulsion system. Six trapezoidal stator teeth are arranged as a segmented yokeless
stator between two four pole rotors. Diametrically opposite stator teeth are connected
in series to form one phase, giving three magnetically and electrically independent phase
pairs as shown in Figure 4.1. Concentrated coils maximize the available slotless winding
area and allow a phase fault to be isolated without disabling the remaining phases. The
two rotors provide two active airgaps and act on opposite axial faces of the stator,
increasing the effective airgap area within a compact outside diameter.

Excitation is applied according to rotor position. When a phase is energized near its
unaligned position, its inductance increases as the rotor poles approach the
corresponding stator teeth as presented in Figure 4.2. Positive torque is obtained while
the phase current overlaps the positive inductance slope interval. The rotor is
constructed entirely from ferromagnetic material and contains no magnets or
conductors. Consequently, its shape can be modified more freely than that of a wound
or PM rotor. This freedom motivates the pole shoe and back iron TO developed later in
the chapter.
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Figure 4.1. Proposed AFDR-SRM
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Figure 4.2. Inductance profile of SRM for one phase excitation

4.1.2 Analytical Sizing Formulation

An analytical sizing procedure is used to determine the machine’s geometric parameters
from the specified performance requirements, thereby providing a physically consistent
starting point for the subsequent 3D FE analysis. The required output power, terminal
voltage, rotational speed, current density, number of phases, and permissible magnetic
and electrical loadings are used as the main design inputs. Following the AFSRM sizing
formulation, the output power is expressed in terms of the electrical input during the
conduction interval as

Poyt = nkqVIm, (4.1)
where the duty cycle is
6; m N,
kg = —‘360 L (4.2)

During the rising inductance interval, the applied voltage is related to the change
between the aligned saturated inductance L,° and the unaligned inductance L, by

P
v =Gatk (4.3)
The time available for the rotor to traverse the effective stator pole arc Bs is
-5
t= o (4.4)

Introducing the aligned saturation ratio g5 and the aligned to unaligned inductance
ratio a,, gives the voltage relation

% w—'"LaSi(l— L ) (4.5)

Bs OsOy

54



At alignment, the phase flux linkage can be expressed either through the aligned flux
or through the average airgap flux density and stator pole area. For the annular active
region this becomes

, 1
LS i = @Npn = BgAspNpn = EBg(Doz - Diz)ﬁszh: (4.6)
where the electrical loading at the average diameter D, is
_ 2Nphim
S = TDary 4.7)

Substitution the flux linkage and electrical loading relations into the voltage equation
gives the rated voltage expression

_ % 1 2 2 1
V = 2= B ADuyy(D,2 - D) (1 - U—Uu) Nypm- (4.8)
The corresponding output power equation is
Py = nkdklszgAsDavg(Doz - Diz)Nrt (4-9)
where the two machine coefficients are
w2 1
ey =2, k, = (1 - Jsau). (4.10)

The average torque follows from the mechanical angular speed and can also be
written directly in terms of the electromagnetic and geometric loadings

— Pout
T = (4.11)
T = nkak,k3ByAsDayy(Do” — Di?), (4.12)
_
ks = (4.13)

For fixed electrical loading, magnetic loading, and aligned to unaligned inductance
ratio, the annular dimensions dominate the achievable torque. Based on [83], the
maximum average torque can be achieved by maintaining an inner to outer diameter
ratio of 0.577. The remaining stator, rotor, winding, resistance, loss, and mass
calculations are completed as follows. The geometrical parameters used in the following
sizing relations are defined in Figure 4.3, where Figure 4.3(a) presents the stator and
rotor parameters, while Figure 4.3(b) shows the coil parameters.

With stacking factor k;, the average stator tooth width required to carry the airgap
flux is

B 7D
Wy = —4- x =29, (4.14)
kiBst Ng

For a minimum inner side coil to coil clearance w, the available average copper width
around each tooth is

— (”Davg)_(Nng)_(NsWst)
cu 2N, .

(4.15)

The average width of the rotor pole, back iron length of the rotor, pole shoe width,
pole shoe depth and length of pole shoe can be expressed as
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(a)

Figure 4.3. Representation of geometrical parameters (a) Stator and rotor parameters (b) Coil
parameters

W, — & T[Dayg
" By N,
B D,
Lbl _gx avg
By 2N,
L., = D gyg % ? (4.16)
r p
w Wsh Wst
a 2
B,
LSh = B_gh X Wd
S

The required stator tooth axial length follows from electrical loading, Root Mean
Square (RMS) current density, available copper width, fill factor, and tooth number

_ AstDgyg
LSt N ermswcukas' (417)
The active and end-winding lengths give the mean length of one turn
Do—D;
Lot = 02 F Wey
Dy+w,
Lenao = %) X (Bst) + Wey (4.18)

Di-wey
Lena; = (TW) X (.Bst) + Wey
L= (ZLact) + Lendo t+ Lenai-

The conductor cross-section, selected wire diameter, and phase resistance are

LstWeuk
Acona = tch

(4.19)

4Acond

d, = ’T
R = Leult, (4.20)

Acond
The three-phase copper loss is

P, = 3L,s”® X Ryp. (4.21)

For mass and density evaluation, the component masses are calculated from their
volumes and the iron and copper densities
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Wyt = dihgewg Lo Ng
Weu = chthuLstkas
Wsn = dihgWsn Lsp Ny (4.22)
Wep = dihseWrp Ly Ny
Wy = dihstT[DangblNr
W = W + Wy + 2Wey, + 2W,, + 2W,;. (4.23)
The torque density and power density can be calculated from the output torque and
power equation with respect to the whole machine weight and can be expressed as

_ Pout
fa="w 424
Tavg ( ' )
Td = —
w

The iron loss is not evaluated from a single frequency empirical expression because
the local SRM flux density is non-sinusoidal and position dependent. It is therefore
obtained from the transient 3D FEM solution. Equations (4.1)—(4.24) provide the
complete analytical formulation used to calculate the machine dimensions and
parameters summarized in Table 4.1.

These analytical relations provide the initial machine dimensions. The stator tooth and
rotor pole widths are verified against the prescribed flux density limits, the winding
window is checked against the specified current density requirement, and the rotor back
iron is conservatively sized to prevent saturation. Because the axial magnetic circuit is
inherently 3D, the analytical model provides an initial design rather than the final
geometry. The resulting dimensions are therefore implemented in a nonlinear 3D FE
model for refinement and validation in the following section.

Table 4.1. Design and Electrical Parameters of AFDR-SRM

Parameter Value Unit
Phase / pole configuration 3-phase, 6/4 —
Rated terminal voltage 96 \Y
Rated speed 7000 r/min
Rated output power 150 w
Peak phase current 4 A
Current density 5 A/mm?
Turns per coil 150 turns
Electrical loading 28.485 A/mm
Air gap on each side 0.25 mm
Outer diameter 60.0 mm
Inner diameter 33.6 mm
Stator tooth width 13.1 mm
Coil width 3.7 mm
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Parameter Value Unit
Stator tooth height 13.2 mm
Stator axial length 25.3 mm
Rotor pole width 19.6 mm
Initial rotor back-iron thickness 12.3 mm
Pole-shoe length / depth 0.6/1.2 mm
Phase resistance 0.7535 Q

4.1.3 3D Benchmark FEM Validation

To validate the analytical design and assess the electromagnetic performance of the
AFDR-SRM under various operating conditions, a 3D FEM model was constructed in
JMAG Designer directly from the machine parameters obtained analytically. The
validation follows the sequential procedure outlined in Figure 4.4, beginning with a set
of fixed inputs e.g. rated voltage, speed, current density, magnetic loading, pole
numbers, and manufacturing constraints. The static field distributions, flux linkage
profiles, inductance curves, and static torque characteristics obtained from this analysis
guide the adjustment of any free geometric dimensions. Once the magnetic geometry is
refined, dynamic simulations operated in single pulse and current chopping modes are
performed to map the full operating envelope.

The FEM model itself implements a complete axial 3D magnetic circuit in JMAG.
Nonlinear magnetic material properties are assigned to the stator teeth and both rotor
discs, while the concentrated phase coils are modelled by their series turns, resistance,
and per-phase excitation sequence. A fine mesh is applied to 0.25 mm airgaps. Static
solutions step the rotor from the unaligned to the aligned position at a set of prescribed
currents. Dynamic solutions incorporate the asymmetric half bridge converter, position
dependent phase commutation, and a speed dependent iron loss post-processing step.
This two-stage approach deliberately decouples the geometric and field verification from
the influence of the converter and motion dynamics.

4.1.4 Magnetic Flux Density Validation

The magnetic flux density distribution is evaluated at the aligned and unaligned rotor
positions to verify the analytical sizing and identify any local saturation at the rated
current. Figure 4.5 presents the flux distributions when phase A is excited with its rated
current of 4 A. At the unaligned position, the magnetic flux density at the stator tooth is
0.28T, while it achieves approximately 0.53T and 0.17T at the rotor pole shoe and at back
iron respectively as shown in Figure 4.5(a).

The magnetic flux density at the stator teeth is around 1.52T in the aligned position
shown in Figure 4.5(b). The value increases to 1.65T at the rotor pole shoe, which causes
a red spot to appear on the edge of the pole shoe. This observation is noteworthy as the
pole shoe was originally designed to accommodate a magnetic flux density of 1.6T, and
the FEA simulations closely approximate this designed value. These flux density
distributions confirm that the machine operates close to its intended design values at
currentsup to 4 A.
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4.1.5 Flux Linkage and Inductance Characteristics

The flux linkage and inductance characteristics are evaluated to determine the machine’s
magnetic saturation, saliency, and torque producing capability. The analysis begins by
calculating the phase flux linkage from the unaligned to the aligned rotor position over a
current range of 1 Ato 10 A as shown in Figure 4.6. In the unaligned position, the linkage
remains low because the combined reluctance of the two axial airgaps and the absence
of pole overlap dominate the magnetic circuit. As the rotor pole start overlapping with
the stator tooth, the flux linkage rises steeply, and the aligned position curves become
progressively nonlinear beyond the knee point, indicating the onset of magnetic

saturation near the rated operating current of 4 A.
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Phase inductance, derived from these flux linkage characteristics, decreases with
increasing current at both aligned and partially aligned positions. At low currents, the
iron paths present a low reluctance, leaving the airgaps as the primary magnetic
impedance. As shown in Figure 4.7, increasing the current drives the iron toward
saturation, thereby increasing the magnetic reluctance and reducing the incremental
inductance. The maximum simulated inductance is 21.1 mH at 2 A, the minimum is
2.52 mH, yielding a maximum to minimum ratio of 8.37. This ratio confirms a sufficiently
large saliency for effective reluctance torque production and supports the commutation
interval adopted in the dynamic model.
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Figure 4.6. Phase flux linkage at different current levels
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Figure 4.7. Inductance characteristic at different rotor position

4.1.6 Static Flux Linkage and Torque Characteristics

To characterize the machine’s electromagnetic behaviour and identify its effective
torque producing region, the static flux linkage and torque characteristics are evaluated
at different rotor positions and phase current levels. The phase flux linkage increases as
the rotor moves from the unaligned position toward the aligned position because the
overlap between the stator and rotor poles increases, thereby reducing the magnetic
circuit reluctance. At low current levels, the flux linkage curves rise almost proportionally
with current. At higher currents, the curves become more closely grouped near
alignment, indicating magnetic saturation in the stator tooth and rotor pole regions as
shown in Figure 4.8(a). Consequently, increasing the current beyond approximately 7-8
A produces only a limited additional increase in flux linkage.
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The static torque characteristics presented in Figure 4.8(b) show that torque increases
strongly with phase current. For each current level, the torque rises rapidly after the
unaligned position, remains relatively high over the pole overlap region, and then
decreases to approximately zero as full alignment is reached. This behaviour agrees with
the reluctance torque principle, since positive torque is produced while the phase
inductance increases with rotor position. At full alignment, the inductance gradient
approaches zero and no further reluctance torque is generated. The positive torque
region also identifies the useful phase conduction interval for selecting the turn-on and
turn-off angles in the dynamic model.
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Figure 4.8. Static flux linkage and static torque at different current levels

4.1.7 Dynamic Performance Under Single Pulse and Current Chopping Control
Static analysis alone cannot account for phase commutation, current regulation, and
torque ripple during continuous rotation. Therefore, the dynamic performance of the
AFDR-SRM is evaluated using Single Pulse Control (SPC) at the rated speed and Current
Chopping Control (CCC) at low speed by determining the phase current response,
commutation behaviour, instantaneous torque, and torque ripple. The analysis explores
the effects of changing the axial length of the rotor poles from 1mm to 10mm, with the
corresponding impact on rotor positioning and torque is shown in Figure 4.9.
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Figure 4.9. Effect on average torque due to rotor pole length

At the rated speed of 7000 r/min and a dc-link voltage of 96 V, the machine was
operated using single-pulse control. As shown in Figure 4.10, the phases are excited
sequentially in the order A—C-B, with each phase conducting over an interval of
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approximately 30°. The phase current increases rapidly after turn-on and reaches
approximately 4 A. Following turn-off, the current decreases gradually because of the
stored magnetic energy in the phase winding.

At the lower operating speed of 1000 r/min, the back EMF is considerably smaller, and
the current would rise above its reference value if the full dc-link voltage were applied
continuously. CCC was therefore employed to regulate each phase current at
approximately 4 A. As depicted in Figure 4.11, the asymmetric half bridge converter
repeatedly switches the phase voltage between positive, zero or freewheeling, and
negative demagnetization states. The rapid switching between +V,;,. and -V, produces
the visible current ripple around the reference value. The dynamic analysis confirm that
both control strategies maintain the required phase current response and deliver the
expected torque under their respective operating conditions.
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Figure 4.10. Steady state current and torque waveform under SPC

4.1.8 Torque—Speed, Loss, and Efficiency Characteristics

Following the dynamic performance at selected operating points, the torque—speed
capability, power output, and efficiency are evaluated over the complete operating
range. Figure 4.12 presents the torque—speed and power—speed characteristics of the
AFDR-SRM. From standstill to the rated speed of 7000 rpm, the torque remains nearly
constant, indicating the machine's ability to maintain consistent torque in the low-to-mid
speed range. As the speed approaches the rated value, the machine’s output power
increases linearly due to the combination of constant torque and rising speed, reaching
its peak at the rated speed. This optimal operating point is where the machine achieves
maximum efficiency, as seen in Figure 4.13.

Beyond the rated speed, the torque begins to decline, this decline is attributed to the
increasing back EMF, which limits the effective current flowing through the windings.
With reduced current, the torque output drops, leading to a decrease in power output.
Additionally, higher speeds result in increased core (iron) losses due to eddy currents and
hysteresis within the magnetic materials, as shown in Figure 4.14. In Figure 4.13, the
efficiency map highlights the SRM’s performance across various operating conditions.
The results indicate that the machine operates with peak efficiency near the rated speed,
where the power output is highest. In the constant torque region (up to the rated speed),
iron losses remain relatively low due to limited eddy currents and magnetic hysteresis
within the core.
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As the speed exceeds the rated value, the iron losses increase significantly. This
increase in iron losses at high speeds reduces the machine’s efficiency, as more input
power is lost as heat rather than being converted to useful torque and power. Figure 4.15
presents the copper losses map which is high in the constant torque region due to the
high current required to maintain steady torque. Copper losses are calculated using Eq.
(20), which incorporates the resistivity of copper that varies with the machine's working
temperature. Beyond the rated speed, the machine cannot achieve the reference current
due to the increased back EMF, which leads to a significant reduction in current. As the
current decreases, copper losses also decline, contrasting with the trend in iron losses.
This behaviour highlights the shift in loss mechanisms from copper losses in the constant
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torque region to iron losses at higher speeds. Overall, the results define the AFDR-SRM
operating envelope, with peak efficiency near the rated speed and a transition from
copper loss dominance in the constant torque region to iron loss dominance at higher
speeds.
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Figure 4.13. Efficiency map of AFDR-SRM
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Figure 4.15. Copper losses at different operating regions of AFDR-SRM
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4.2 Equivalent 2D Linearized Model

The preceding analysis establish the electromagnetic performance of the AFDR-SRM and
provide the baseline for further improvement. However, applying TO directly to the 3D
axial flux geometry would require a computationally intensive FE solution at every
iteration. To make the optimization more practical, this section investigates an
equivalent 2D linearized transformation to reduce the simulation time per iteration.

4.2.1 Basis of the Rotary to Linear Transformation

A linear SRM can be obtained from its rotary counterpart by cutting the stator and rotor
along a radial plane and unrolling the circumferential airgap surfaces into straight tracks
[84]. A rotary machine with a radial flux path produces a longitudinal flux Linear Switched
Reluctance Motor (LSRM), whereas unrolling a rotary machine with an axial flux path
produces a transverse flux LSRM. The present AFDR-SRM therefore becomes a double-
sided transverse flux linear SRM as shown in Figure 4.16. Following the conventional
conversion rule, the originally stationary wound part becomes the mover, and the
rotating part becomes the stationary track. Accordingly, the wound segmented stator of
the rotary machine forms the active translator, while the two magnetically passive rotors
become the upper and lower stationary iron tracks, positioned on either side of the
translator.
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cut radius r, width Ar unrolled circumference at radius r: L =2nr

Figure 4.16. Transformation from rotary to linear motor

4.2.2 Mean Radius Geometric Mapping

An AFM has a circumferential pitch that varies with radius. A single exact rectangular
development is therefore impossible over the complete annulus. The benchmark is
linearized at the average active diameter, which preserves the average circumferential
pole pitch and gives equal radial extent on either side of the representative surface. The
developed length of the complete mean radius circumference is

Layg = 2T75pg = TDgyg, (4.25)

where the stator tooth and rotor pole pitches of the 6/4 machine are
T. = Lavg — nDavg
A Ny
Lavg _ T[Davg
N, N,
Stator and rotor pole arcs are converted into linear pole widths, while the remaining
pitch becomes the corresponding slot width

(4.26)

T, =
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Wt = ravgﬁs

Wrp = ravgﬂr (4.27)
Wss = Ts — Wgt
Wes = T — Wiy

Since the 2D FEM model gives force per unit out of plane depth, the model depth must
be chosen to preserve the actual annular pole face area. Equating the annular sector area
of a pole to its rectangular development at the mean radius shows that the effective
depth is simply the radial thickness

Do - Di

4.2.3 Conversion from Rotational Speed to Linear Velocity
In the LSRM design procedure, the linear velocity is commonly expressed in terms of the
speed of an equivalent rotary machine through the bore radius. For the present
developed model, the inverse transformation is applied. The rotational speed is related
to the mechanical angular velocity used in the sizing relation by Eq. (4.4). Differentiating
the displacement relation with respect to time gives the translator velocity at the average
diameter
dx _ mDaygNrpm
=" —Zo PR, (4.29)
where the rotary position step and its corresponding time step are converted according to
Ax = 1,440, At = % =, (4.30)
For a given mechanical conduction angle, the corresponding translator displacement
and conduction time follow directly from these relationships.

Um

_ Ax

4.2.4 FEM Simulation of Linear Flux SRM

The 2D linearized model is developed in JMAG Designer using the geometrical
transformation and the motion conversion presented in the above section. As illustrated
in Figure 4.17, the wound stator of the original AFDR-SRM is represented as a moving
translator located between two stationary ferromagnetic tracks corresponding to the
upper and lower tracks. The phase windings are arranged sequentially along the direction
of motion, while the rotor poles are repeated according to the developed pole pitch. This
configuration preserves the double-sided magnetic circuit and the relative movement
between the excited mover poles and the passive stator poles.

]
®®HH®®I
\_‘

C_ C_ C C ] %

Figure 4.17. Cross-sectional view of the proposed double-sided LSRM
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The magnetic field distribution obtained during phase excitation is presented in Figure
4.18. The flux produced by the excited winding crosses both airgaps and enters the upper
and lower stationary tracks. The symmetrical flux distribution between the two sides
confirms that the linearized model preserves the principal double-sided flux path of the
original AFDR-SRM. The thrust force waveform was obtained using the same asymmetric
half bridge converter employed in the 3D AFDR-SRM model. However, in the linearized
model, the converter switching signals were defined as functions of translator
displacement rather than rotor angle. The translator was moved at a constant linear
velocity corresponding to the selected rotational operating speed, and the phases were
energized sequentially according to their respective displacement intervals. This position
dependent switching reproduced the phase excitation and commutation sequence of the
original rotary machine and generated the thrust force waveform shown in Figure 4.19.
When this thrust is converted to torque using the average diameter, it yields the same
average value as the original rotary machine.
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Figure 4.18. Magnetic flux density distribution and flux lines of LSRM
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Figure 4.19. Thrust force waveform of LSRM for one pole pitch

4.3 NGNet-Based Topology Optimization

The equivalent linearized model enables NGNet based TO to be performed with
considerably less computational time per iteration than applying the same optimization
directly to the full 3D AFDR-SRM model.

4.3.1 Design Domain and Material Representation

Improving the thrust response requires the optimization to focus on the region that
governs the variation of magnetic reluctance with translator position. Therefore, the
airgap facing pole shoe region is selected as the design domain because its geometry
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directly influences the inductance gradient and thrust characteristics. The selected
design domain is presented in Figure 4.20. All other model parameters, including the
windings, airgaps, magnetic materials, constant translator velocity, and displacement
dependent switching signals, were kept unchanged.

The material distribution within one periodic pole pitch design domain was
represented by overlapping Gaussian basis functions, as shown in Figure 4.21. Their
weighting parameters determined whether each region was assigned magnetic material
or air. Periodic and reflection symmetries reproduced the optimized geometry across the
remaining pole pitches and the opposite magnetic track, thereby reducing the required
number of design variables and FEM evaluations. The NGNet optimization parameters
used in the topology search are summarized in Table 4.2.
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Design space for TO

Figure 4.20. Design domain of LSRM TO
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Figure 4.21. Gaussian basis function distribution on design domain

Table 4.2. NGNet optimization parameters of LSRM

Parameter Value

Number of generations 25

Population size 133

Number of children 133

Number of Gaussian basis functions 132

Gaussian basis width 1.2 mm

Gaussian basis height 1.2 mm
Optimization method Genetic algorithm
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4.3.2 Optimization Objective and Symmetry Reduction

The TO was formulated to improve the thrust characteristics of the LSRM over the
complete active displacement interval. Maximizing the force at only one translator
position could produce a locally high peak without improving the useful output over the
remaining stroke. Therefore, each candidate topology was evaluated at several
displacement points, and its performance was determined from the resulting thrust force
waveform. To maximize the average thrust and minimize the thrust ripples expressed as

Np
— 1

Few) =3 ) Fe (W) 431)

(R

k=1

Ey max(W) = Fy min(W)
Fripple(W) = — = : X 100%, 4.32
ripple Fx (W) ( )
where the optimization problem can be stated as

max. F,(w), min. Frippie(W). (4.33)

These objectives introduce a balance between electromagnetic output and force
smoothness. The average thrust objective favours topologies that maintain an effective
magnetic path throughout the active stroke, whereas the ripple objective prevents the
optimization from producing a narrow force peak at a particular displacement. Thus,
preference is given to material distributions that generate a high and comparatively
uniform thrust over the useful force producing region.

For every case generated by the genetic algorithm, the NGNet weighting parameters
were converted into the corresponding iron or air distribution and evaluated by FEM.
The calculated objective values were then used to rank the candidate solutions and
generate the subsequent population. This procedure is continued using the optimization
settings described in chapter 3, until the final pole shoe topology was obtained.

4.3.3 Optimized Linear Topology and Thrust Performance

The TO produces an asymmetrical pole shoe structure in which the additional iron is
retained only on the left side of the stator pole, as shown in Figure 4.22. This result is
consistent with the direction of translator motion. As the translator approaches the
aligned position, the phase excitation is removed. Therefore, the iron on the right side of
the pole makes only a limited contribution to useful thrust production. The optimization
identifies this weakly utilized region and removes it from the design domain while
retaining the material required on the left side to establish an effective magnetic path
during excitation.

The magnetic flux density distribution and field lines presented in Figure 4.23
demonstrate how the flux passes through the optimized pole shoe and crosses the airgap
towards the translator pole. Despite the removal of material from one side of the pole,
the remaining structure provides a continuous low reluctance path for the main flux. The
flux density distribution also indicates that the optimized pole shoe does not introduce
magnetic saturation.
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Figure 4.22. Optimized topology obtained from TO LSRM
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The most suitable candidate solutions obtained from the TO process are compared in
Figure 4.24 in terms of their average thrust and thrust force ripple. The distribution of
these solutions demonstrates the competing relationship between the two objectives.
Some cases generate a higher average thrust but also exhibit considerably greater force
pulsations. Consequently, selecting the topology solely on the basis of maximum thrust
would not provide the desired improvement in force smoothness.

The case highlighted in orange has the lowest thrust ripple among the presented
solutions, while maintaining an average thrust approximately equal to that of the initial
design. It was therefore selected as the final topology. This solution provides a more
appropriate compromise than the higher thrust cases because it improves the uniformity
of the force waveform without reducing the required mean electromagnetic output. The
thrust force waveforms of the initial and optimized designs are compared in Figure 4.25.
The optimized topology maintains nearly the same average thrust as the initial LSRM
while reducing the thrust ripple by approximately 11.2%. After TO process completed,
the selected pole profile is mapped onto the rotary AFDR-SRM and repeated for all rotor
poles.

=

Figure 4.23. Magnetic flux density distribution and flux lines of optimized LSRM
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Figure 4.24. Comparison of the best performing case topologies in terms of average thrust and
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Figure 4.25. Comparison of thrust-force waveforms of LSRM designs

4.4 Analytical TO of Back Iron of AFDR-SRM

After completing the NGNet based pole-shoe optimization, the rotor back iron is
considered separately for material reduction. The equivalent magnetic model is
established to derive the minimum required back iron width and obtain the analytically
reduced rotor geometry.

4.4.1 2D Equivalent Rotor Model

The physics guided analytical procedure developed for the PM rotor in Chapter 3 is
extended to the AFDR-SRM. The same geometrical flux continuity principle is retained,
while the PM excitation is replaced by the magnetomotive force generated by the excited
stator coil. The derivation considers one rotor side and one rotor pole pitch. Therefore,
the airgap flux density represents the local value in the selected rotor side airgap, and no
additional factor of one half is introduced for the opposite rotor. The geometrical
representation used for the analytical rotor back-iron optimization is shown in Figure
4.26.
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Figure 4.26. Geometrical representation for analytical TO of the AFDR-SRM rotor back iron

At the maximum current aligned condition, the flux entering one rotor pole on the
selected rotor side is approximated by the pole face average airgap flux density acting
over the pole width and radial depth.

d)in = Bgerleff' (434)

For the symmetric pole considered in the analytical construction, this flux divides
equally into the left- and right-hand circumferential return paths of the same rotor back
iron. Point M in Figure 4.26 is the pole centreline and point A is the pole edge. Hence MA
is the half of the width rotor pole. The flux passes from MA towards the minimum section
AD is consequently

i ple
By = 22 = e (4.35)

4.4.2 Minimum Rotor Back Iron Width

Let AD = w,,,;, be the shortest flux carrying section of one backiron branch. At the limiting
design condition, the flux density at AD is equal to the permissible back iron value.
Equating the flux entering one half of the pole to the maximum flux that can be
transported through AD gives

Wr,
Bngleff = Bskinmleff. (436)
After cancellation of the radial depth, the strict analytical minimum becomes
Bgmax  Wr
Wein = é’;—ki . Tp (4.37)

In the PM machine, the airgap source was expressed using remanence and magnet
thickness. In the SRM, the source is the effective coil magnetomotive force. Although
only one rotor side is modelled, a complete magnetic loop on that side crosses the airgap
twice. First from the excited stator pole to the rotor and again from the rotor return pole
to the return stator pole. The magnetic circuit equation is therefore

:Fexc = NC[ = Zi—igeff + Z] H](B])l] (438)

The term g.rr = kg represents the effective length of one physical airgap crossing,
and the summation represents the nonlinear Magnetomotive Force (MMF) drop in the
stator teeth, rotor poles, and rotor back iron.

For preliminary sizing, the iron MMF drop may be neglected because the two airgaps
dominate the reluctance before strong saturation occurs. This gives

UoNcl
r —, 4.39
g 2geff ( )
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Substitution of Eq. (4.39) into Eq. (4.37) yields the minimum width
HoNclwy,

min ~ 4‘gefstk[;. (4.40)
4.4.3 Analytically Reduced Rotor Geometry
Unlike the PM machine considered in Chapter 3, the AFDR-SRM generates its airgap field
through the combined magnetomotive force of the two series connected phase coils. The
analytically optimized rotor shown in Figure 4.27 preserves the essential flux carrying paths
while removing magnetically underutilized material from the back iron. The resulting
reduction in rotor volume does not introduce magnetic saturation within the retained rotor
structure. Figure 4.28 compares the torque waveforms of the initial design and the design
obtained after NGNet based TO of the rotor pole shoe. The smoother torque waveform is
attributed to the NGNet optimization, which modifies the pole shoe geometry and
consequently reshapes the rotor position dependent inductance gradient. The
optimization reduces torque pulsations while maintaining approximately the same average
electromagnetic torque. The analytical back iron TO serves a different purpose. It is applied
after the pole shoe optimization to remove magnetically underutilized material from the
rotor back iron. Therefore, the torque ripple improvement is attributed to the NGNet
method, whereas the analytical method is responsible for the rotor volume and mass
reduction. The electromagnetic and active mass results are summarized in Table 4.3.
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Figure 4.27. Rotor geometry after physics guided analytical back iron optimization (a) Optimized
rotor geometry (b) Flux flow in the optimized AFDR-SRM
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Figure 4.28. Comparison of initial and optimized torque waveform of AFDR-SRM
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Table 4.3. Comparison of initial and optimized AFDR-SRM designs

Parameter IclnelzliZL dOé)stilglzed Change Associated method
Average torque (N-m) 0.218 0.216 -0.92% NGNet pole shoe TO
Torque ripple (%) 58.48 51.93 -11.20% NGNet pole shoe TO
;’n‘j';;‘;e of one rotor 10,255.24 | 9,306.34 -9.25% | Analytical back iron TO
Mass of one rotor (g) 77.940 70.728 -9.25% Analytical back iron TO
rTnc’ath' ?gc)t've material 567.455 553.031 2.54% | Analytical back iron TO
Torque density .

(N-m/kg) 0.3842 0.3906 +1.67% Combined result

The analytical method produces a considerable reduction at the rotor level, its
influence on the complete active material mass is comparatively small because the stator
and winding masses remain unchanged. This limited reduction is attributed to the
relatively short radial pole depth of the AFDR-SRM, which restricts the volume of back
iron available for removal. In contrast, the optimized back iron profile of the outer rotor
BLDC machine in Chapter 3 extends over its full axial stack length, resulting in a larger
volume reduction.

4.5 Additive Manufacturing of the AFDR-SRM

The manufacturing route for the AFDR-SRM was developed concurrently with the
electromagnetic design because the segmented stator, 3D flux path, and compact double
rotor arrangement cannot be produced conveniently by conventional punching and
stacking alone. LPBF was therefore used to manufacture the magnetic components from
Fe-Si alloy. The procedure described in this section corresponds to the experimentally
demonstrated AFDR-SRM prototype and defines the manufacturing constraints that
must subsequently be applied to the TO rotor.

4.5.1 Manufacturing Oriented Core Design

A fully solid AM magnetic core permits large electrically continuous paths and therefore
substantial eddy-current loss. Before printing, each stator tooth was therefore divided
into parallel ferromagnetic layers 0.4 mm thick, separated by 0.25 mm airgaps. The layer
orientation preserves the principal useful flux path while interrupting the dominant
circulating current loops. A continuous 0.4 mm wide solid connecting rib bridges the
airgaps and joins the separated ferromagnetic layers, as shown in Figure 4.29. This rib
consolidates the laminated stator tooth into a single integral component that can be
printed, handled, and assembled as one piece.

The same electrical segmentation principle was applied conceptually to the TO rotor.
Figure 4.30 retains the rotor geometry and shows the curved parallel layers following the
optimized pole shoe and back iron profile. The four solid hub bridges provide the shaft
connection regions and mechanically link the laminated pole sectors. The exploded view
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in Figure 4.31 shows the assembly arrangement of the AFDR-SRM. The wound stator
teeth are positioned at equal angular intervals using spacers and secured between two
Printed Circuit Board (PCB) sheets, forming a single stator assembly. The bearings
support the central shaft, while the two rotors are connected to it through rotor
supports. Overall, this configuration enables the segmented stator and optimized rotors
to be manufactured as structurally connected components while reducing the
continuous conductive paths responsible for eddy currents.

Figure 4.29. CAD model of parallel laminated stator tooth

-

(b)

Figure 4.30. CAD model of laminated TO rotor (a) rear view (b) front view
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Figure 4.31. Exploded view of AFDR-SRM

4.5.2 LPBF Printing Process

The AFDR-SRM stator and rotor cores were manufactured by LPBF using pre-alloyed, gas-
atomized Fe-Si powder supplied by Sandvik Group. Before fabrication, the powder
chemistry was verified using energy-dispersive X-ray spectroscopy and spark atomic
emission spectroscopy. The predominantly spherical particles ranged from 29 to 58 um,
with a median diameter of 38 um. Printing was performed on an SLM Solutions Realizer
SLM-280 equipped with a 350 W infrared laser.

For the comparatively large magnetic components, the scan strategy was changed
from stripes to a chessboard pattern to improve part completion and density uniformity.
Re-melting was disabled because it increased surface roughness, impaired powder flow,
and promoted uneven layer growth. The process parameters used for the prototype are
summarized in Table 4.4. Each four-pole rotor required approximately 6 h of build time,
while the six stator segments required approximately 10 h in total. Figure 4.32. LPBF
fabrication of the AFDR-SRM magnetic components in the SLM-280 build chamber shows
the LPBF process during fabrication of the magnetic parts. The visible melt pool region
illustrates the localized layer-by-layer consolidation used to form the thin magnetic
features.

Table 4.4. LPBF parameters used for the AFDR-SRM magnetic components

Parameter Value
Layer thickness 50 um
Hatch distance 120 um
Laser power 350 W
Scanning velocity 0.75 m/s
Volumetric energy density 83 J/mm3
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Figure 4.32. LPBF fabrication of the AFDR-SRM magnetic components in the SLM-280 build chamber

4.5.3 Heat Treatment and Component Preparation

After printing, the magnetic parts were heat treated at 1200 °C. The temperature was
increased at 5 °C/min, held at the target temperature for one hour, and followed by
furnace cooling with an initial rate of approximately 50 °C/min that decreased
progressively. Vacuum was maintained between 0.04 and 0.4 mbar throughout the
treatment. This post-process relieves residual stress and restores the soft-magnetic
response of the printed Fe-Si material.

The manufactured components are shown in Figure 4.33. The exposed parallel layers
are visible in the printed tooth, while the wound component shows how the
concentrated coil is located around the segmented core. The outer and inner lips on the
stator segment control the winding position and connect the PCB sheet to
circumferentially assemble the six stator segments between the two rotors.

(c) (d)
Figure 4.33. AM AFDR-SRM parts (a) stator tooth (b) stator winding (c) rotor front (d) rotor back
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4.6 Experimental Setup and Test Results

Experimental testing was performed using a dedicated test bench configured for dynamic
operation of the manufactured prototype. The complete test arrangement is presented
in Figure 4.34. The AFDR-SRM was driven by two TI BOOSTXL-DRV8305EVM inverter
modules controlled using a TI LAUNCHXL-F28379D development board. The controller
generated the required phase switching signals based on the rotor position and speed
feedback. A rotary encoder was coupled to the left-hand side of the AFDR-SRM shaft to
provide this feedback for electronic commutation and closed loop speed control.
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Figure 4.34. Experimental setup for the dynamic testing of the proposed AFDR-SRM

4.6.1 Dynamic Operation Under Load
Dynamic testing under an adjustable mechanical load was performed to evaluate the
prototype’s speed tracking response and phase commutation. Figure 4.35 presents the
reference and measured rotor speeds together with the three-phase currents. The
measured speed closely follows the reference command, while the phase current
waveforms indicate the required sequential commutation. Small deviations during
acceleration and deceleration are attributed to the combined inertia of the AFDR-SRM
and load machine, together with the discrete phase commutation process.

The transducer measured the transmitted shaft torque during operation. The BLDC
machine was operated as a generator, and its three-phase output was connected to a
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Figure 4.35. Reference and measured speeds together with the measured phase currents during
dynamic operation
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Figure 4.36. Measured speed and shaft torque of the AFDR-SRM under load

Semikron rectifier. The rectifier converted the generated three-phase voltage into DC,
which was then supplied to a variable resistive load. Consequently, the mechanical
loading applied to the AFDR-SRM could be adjusted by varying the resistance.

The prototype was tested at a maximum DC-link voltage of 45 V because the DRV8305-
based inverter has an operating voltage limit of approximately 48 V. At this voltage, the
AFDR-SRM achieved a maximum speed of approximately 3500 r/min. The experimentally
measured average torque in Figure 4.36 was 8.7% lower than that predicted by the FEM
model. This discrepancy can be attributed mainly to mechanical imperfections in the
assembled prototype, variations in the manufactured airgaps from the specified value of
0.25 mm, and differences between the actual magnetic material properties and those
assumed in the FEM analysis. Nevertheless, the close agreement between the FEM and
experimental results validates the proposed motor design and confirms its operation
under dynamic loading.

4.7 Summary

This chapter presented the design, optimization, AM process, and experimental
validation of the proposed AFDR-SRM. The NGNet based pole shoe optimization reduced
torque ripple by 11.2% while maintaining approximately the same average torque. The
analytical back iron method reduced the rotor volume by 9.25%, resulting in a 1.67%
increase in torque density. The optimized magnetic components were manufactured and
assembled into a complete prototype, for which the measured average torque was 8.7%
lower than the FEM prediction, primarily because of manufacturing tolerances,
variations in material properties and airgap dimensions, and mechanical misalignment.
The results confirm the feasibility and successful operation of the proposed motor
topology.
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5 Conclusions and Future Work

This thesis investigated the integration of TO and AM for electrical machines, addressing
the research gaps identified in Chapter 1. The limited application of TO to reluctance
machines, the computational cost of 3D TO for axial flux topologies, the shortage of
experimentally validated AM built magnetic components, and the need for
computationally efficient TO methods. Two machine platforms were investigated across
Chapters 3 and 4. An outer rotor PM BLDC motor for electric scooter propulsion, and
AFDR-SRM for high-speed propulsion. This chapter summarizes the main findings of the
thesis, revert to the research hypotheses formulated in Chapter 1, and outlines directions
for future research.

5.1 Conclusion of the Thesis

Chapter 3 applied three TO methods, NGNet with a genetic algorithm, density based
SIMP with adjoint sensitivity analysis, and a newly derived closed form analytical method,
to the rotor back iron of an outer rotor BLDC motor. The NGNet method reduced the
back iron material by 25.67% and increased the torque density by 7.84%. The density
based SIMP and analytical methods achieved greater material reductions of 39% and
39.29%, resulting in torque density increases of approximately 14% and 14.36%,
respectively. In all three cases, the airgap flux density, back EMF, and average torque
remained essentially unchanged. The close agreement between the density based and
analytical results indicated that approximately 39% of the original back iron was
magnetically redundant for the specified operating condition, and the analytical method
reached this result through a single field evaluation rather than the many FE iterations
required by SIMP or the population-based search required by NGNet. The optimized
geometry was adapted for manufacturing, fabricated from Fe-3.7wt%Si powder by LPBF,
assembled into a complete motor, and tested experimentally. The measured and
simulated torque agreed within 5.09%, confirming that the AM built, TO rotor performs
as predicted by simulation.

Chapter 4 presented the analytical design and 3D FEM validation of a 6/4 AFDR-SRM
with a segmented, yokeless stator. The machine was transformed into an equivalent 2D
linear model, which reduced the simulation time from hours to minutes and enabled
NGNet based TO of the rotor pole shoe. The optimized topology reduced torque ripple
by 11.2% while maintaining approximately the same average torque. The analytical back
iron reduction method developed in Chapter 3 was extended to the electrically excited
stator and reduced the rotor volume and mass by 9.25%, increasing torque density by
1.67% without introducing saturation. The stator teeth and rotor poles were divided into
parallel laminations to limit eddy current losses, joined by a lip feature that mechanically
assembles the segmented stator into a single ring without additional fixtures or
adhesives. The manufactured prototype, comprising six laminated stator segments and
two four-pole rotors printed from Fe-3.7wt%Si powder, was tested under dynamic load.
The measured and simulated average torque agreed within 8.7%, confirming the
feasibility of the proposed design and manufacturing approach.

5.2 Future Work

The methods and results developed in this thesis point to several directions for further
research.
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Develop a full 3D TO framework for axial flux machines to account for 3D flux
paths. The equivalent 2D model could be retained for initial design screening,
while machine-learning-assisted surrogate models could reduce the number of
computationally expensive 3D FE evaluations.

Extending the optimization objective beyond electromagnetic performance to
include thermal and mechanical criteria, such as stress in the laminated rotor
and heat dissipation from the segmented stator, in a coupled multiphysics TO
formulation.

Formulating a multi-material TO that simultaneously distributes soft-magnetic
material, PM and non-magnetic material within the same design domain, rather
than adding mechanical bridges, magnet pockets, and lip joints as manual post-
processing steps.
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Abstract

Topology Optimization for Improved Magnetic Core
Utilization and Torque Density in Additively Manufactured

Electrical Machines

Electrical machines account for a substantial share of global electricity consumption, and
the increasing demand for higher power density and application specific customization
in electric vehicles, drones, and aerospace propulsion is difficult to satisfy with
conventional manufacturing. AM, particularly LPBF, removes many of the geometric
restrictions of conventional lamination and casting, but exploiting this freedom requires
a systematic method for determining which shape to build. TO provides this method, yet
its integrated application with AM to electrical machines remains fragmented. PM
machines dominate the TO literature, reluctance machines and axial flux topologies are
comparatively unexplored because of their 3D flux paths and computational cost, and
experimentally validated results after AM fabrication remain scarce.

This thesis addresses these gaps by developing, comparing, and experimentally
validating TO methods for two AM machines, an outer rotor PM BLDC motor for electric
scooter propulsion, and an AFDR-SRM for high-speed propulsion. For the BLDC rotor back
iron, three methods, an ON/OFF NGNet optimized by genetic algorithm, a density based
SIMP method with adjoint sensitivity analysis, and a newly derived closed-form analytical
method based on Ampere’s and Gauss’s laws, are applied to the same design domain
and benchmarked for material reduction, torque density, and computational cost. For
the AFDR-SRM, an analytical output-power-based sizing procedure is combined with an
NGNet based pole shoe optimization performed on a computationally efficient 2D linear
equivalent of the axial flux machine, and the analytical back iron reduction method
developed for the PM rotor is extended to the coil-excited rotor.

The three back iron optimization methods for the BLDC motor achieve back iron
reductions of 25.67% (NGNet), 39% (SIMP), and 39.29% (analytical), with the analytical
method requiring a single field evaluation instead of tens of thousands of FE solves,
confirming that a physics based closed-form design can match numerically optimized
results at negligible computational cost. For the AFDR-SRM, pole-shoe optimization
reduces torque ripple by 11.2%, while the analytical back iron reduction lowers rotor
mass by 9.25% and raises torque density by 1.67%, without introducing magnetic
saturation. Prototypes of both machines were fabricated from Fe-3.7wt%Si powder by
LPBF, including a TO outer rotor back iron and for the AFDR-SRM, a fully laminated,
segmented stator and rotor assembled through a mechanical lip feature, and heat
treated to restore soft-magnetic properties. Experimental testing shows that the
measured and simulated torque of the BLDC prototype agree within 5.09%, and that the
measured and simulated average torque of the AFDR-SRM agree within 8.7%, with the
remaining discrepancies attributable to material property assumptions, manufacturing
tolerances, and mechanical assembly effects.

The results confirm the four research hypotheses, TO of a quasi-static PM magnetic
core substantially reduces back iron material without compromising electromagnetic
performance, a physics guided analytical method reproduces near optimal designs at a
fraction of the computational effort of numerical TO. The TO of the AFDR-SRM rotor
simultaneously improves material utilization and reduces torque ripple. Together, the
thesis establishes a reproducible design-to-prototype workflow linking analytical and
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numerical TO, design for LPBF, and experimental validation, extending TO beyond PM
machines to reluctance and axial flux topologies and demonstrating that AM, and TO
magnetic cores can be fabricated and operated with performance consistent with
simulation.
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Lihikokkuvote

Kihtlisandus meetodil valmistatud elektrimasinate topoloogia
optimeerimine poordemomendi tiheduse ja magnetsiidamike

tohususe suurendamiseks

Elektrimasinate arvele langeb markimisvaarne osa maailma elektritarbimisest, samas kui
kasvavat noudlust suurema vdimsustiheduse ja rakenduspdhise kohandatavuse jarele
elektrisdidukites, droonides ja lennunduse seadmetes on  tavapdraste
tootmismeetoditega jarjest keeruline rahuldada. Lisandtootmine (AM), eelkdige
pulberkihtide laseriga sulatamine (LPBF), korvaldab paljud traditsiooniliste
tootmismeetoditega seotud geomeetrilised piirangud, kuid selle
projekteerimisvabaduse d&rakasutamine eeldab silisteemset meetodit valmistatava
geomeetria madramiseks. TO pakub sellist meetodit, ent selle integreeritud rakendamine
koos AM-iga elektrimasinatele on siiani killustatud. TO-alases kirjanduses domineerivad
PM masinad, samas kui reluktantsmasinaid ja aksiaalvoo topoloogiaid on vérdlemisi vahe
uuritud ning prototilbitud nende 3D magnetvoost tuleneva arvutusliku mahukuse tottu.

Kaesolev doktorit6o6 taidab need liingad, arendades, vorreldes ja eksperimentaalselt
valideerides TO meetodeid kahe AM masina jaoks: valisrootoriga PM BLDC mootor
elektritbukeratta rakenduse jaoks ning AFDR-SRM suure kiirusega veorakenduste jaoks.
BLDC mootori rootori ikke jaoks rakendati samale disainipiirkonnale kolme meetodit:
geneetilise algoritmiga optimeeritud ON/OFF NGNet, tihedusep&hine SIMP meetod koos
adjunkt-tundlikkusanaliilsiga, ning uudne Ampére'i ja Gaussi seadustel péhinev suletud
kujuga analiitiline ldhenemine. Meetodeid vdrreldi materjalikulu vahendamise,
po66rdemomendi tiheduse ja arvutusliku mahukuse osas. AFDR-SRM jaoks kombineeriti
analtitiline  valjundvdimsusel  pdhinev  mddtmestamismenetlus NGNet-pdhise
pooluskinga optimeerimisega, mis viidi ldbi arvutuslikult tohusal kahemd&d&tmelisel
lineaarsel ekvivalendil. Lisaks laiendati pisimagnetrootori jaoks vilja tddtatud
analldtilist tagaraua vdhendamise meetodit mahisergastusega rootorile.

BLDC mootori kolm optimeerimismeetodit vdhendasid masina ikke materjalikulu
vastavalt 25,67% (NGNet), 39% (SIMP) ja 39,29% (analuutiline meetod), kusjuures
analltiline meetod ndudis kiimnete tuhandete I6plike elementide arvutuste asemel
vaid Uhte valjaarvutust, kinnitades, et fiisikapdhine suletud kujuga disain suudab
saavutada numbriliselt optimeeritud tulemustega vorreldava tulemuse tihise
arvutusliku  kuluga. AFDR-SRM  puhul vahendas pooluskinga optimeerimine
péérdemomendi lainetust 11,2%, samal ajal kui analiiGtiline ikke vdhendamine vahendas
rootori massi 9,25% ja suurendas poéérdemomendi tihedust 1,67%, ilma
magnetkillastust tekitamata. M&lema masina prototilbid valmistati Fe-3,7 mass%Si
pulbrist LPBF-meetodil: sealhulgas PM BLDC valisrootori ike ning AFDR-SRM Ghupiludega
lamineeritud staator ja rootor. Eksperimentaalne testimine naitas, et BLDC prototiilibi
moddetud ja simuleeritud péérdemoment olid kooskdlas 5,09% tapsusega ning AFDR-
SRM mdddetud ja simuleeritud keskmine péérdemoment olid kooskdlas 8,7% tapsusega.
Erinevused on seletatavad materjaliomaduste varieeruvuse, tootmistolerantside ja
mehaanilise kokkupanekuga seotud mdjudega.

L6putdd tulemused kinnitavad kolme uurimishiipoteesi: kvaasistaatilise PM
magnetsiidamiku TO vGimaldab vdhendada oluliselt tagaraua materjalivajadust ilma
elektromagnetilist toimivust kahjustamata; analtitiline meetod véimaldab saavutada
sarnase ehituse murdosa arvutusliku kuluga vérreldes numbrilise TO-ga; AFDR-SRM
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rootori TO parandab samaaegselt materjali kasutust ja vdhendab poérdemomendi
lainetust. KokkuvGttes loob kdesolev doktoritéd korratava disainist protottibini viiva
t66voo, mis Uhendab analldtilise ja numbrilise TO, LPBF-i jaoks kohandatud disaini ning
eksperimentaalse valideerimise, laiendades TO-d PM masinatelt reluktants- ja aksiaalvoo
topoloogiatele ning ndidates, et AM ja TO magnetsiidamikke saab valmistada ja kaitada
simulatsiooniga kooskdlas oleva toimivusega.
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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].

Energies 2023, 16, 3840. https:/ /doi.org/10.3390/en16093840
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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)



Energies 2023, 16, 3840

30f19

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
— JP
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—6.5Si alloys in the AM process of the iron cores of electric
machine components results in better magnetization properties compared to using Fe-3Si
alloys with a lower silicon content. The use of Fe—6.55i 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,) p(uQcm) Density (g/cc) Technique Reference
Fe-Si6.5 1.8 10,700 82 7.3-7.7 BJT [30]
Fe—Co-based alloy 24 20,000-66,000 40 8.12 SLM [31,32]
Fe—49Co-2V 223 - 49.4 - 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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Powder
(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 AII: ?n/lirslﬂ:)eciil
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/cm? 8.95 g/cm? 2.7 g/cm? 2.67 g/cm?®
Coil weight 171.2 gm 183.6 gm 55.2 gm 47.8 gm
DC losses lpu 0.83 p.u 1.6 p.u 2.68 p.u
AC losses 81.6% 76.5% 64.5% 31.4%
Total losses 4.155p.u 4.343 p.u 4.371pu 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
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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:

N
y(x) =) wibi(x) @)
i=1

bix) = Gitx) /1, i) @

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].

(b)

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]



Energies 2023, 16, 3840

11 0f19

of b B 8 53288

_'Dtm}'é(]

-
= «
-

Px.0) >0

/

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
e(x,t) =< ¢(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].

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

SERRRRRRRRNRNAY

Torque [Nm]

10101 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 () ®)

The objective of the optimization problem is to determine the function density and is
defined as:
1 xe(y,
x) = 6
p(x) { 0 xeQ, ©)

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]:

p(¢>:f—6(%)5—§(%>3+%(%>+% (-h<y<h) @)

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

v (IP;'/ BZD = (1= p(¥i))? * vair + (0(1))" % UF(‘BZD ®)
where vp(|B2|) is the magnetic reluctivity and is a function of the mgnetic flux density
and v;, v, is the reluctivity of the i 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.

@)
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.

Prototype

Machine Type Optimization Method Design Space Objective Function Fabrication Reference
SRM Material density method Stator te;’;}feasnd 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.
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This paper presents a topology optimization method for the rotor back iron of outer rotor permanent magnet BLDC motors especially
for EV scooter applications. The method uses a normalized Gaussian network to parametrically represent material distribution and to
remove iron from regions of low flux utilization while preserving practical manufacturability. For the benchmark machine, the proposed
optimization yields a distinctly lighter rotor and improved torque density while preserving back-EMF and torque waveform performance.
The proposed methodology and the corresponding results are discussed in detail.

Index Terms—Brushless DC motor, genetic algorithm, NGNet, topology optimization

I. INTRODUCTION

lectric two-wheeler applications, particularly EV scooters,

increasingly adopt outer rotor BLDC motors due to their
high torque density and compact wheel hub integration.
However, lightweight design and high efficiency requirements
under urban driving cycles impose stringent constraints on rotor
magnetic material utilization and saturation behavior,
motivating the need for advanced design methodologies beyond
conventional parametric optimization approaches.

Topology Optimization (TO) provides a systematic approach
for improving electromagnetic performance by allowing non-
uniform magnetic material distribution based on magnetic field
characteristics. Among various TO methods, the on—off
approach based on the Normalized Gaussian Network (NGNet)
represents design geometries using Gaussian basis functions
and has been successfully applied to electric machine design,
including permanent magnet motors and synchronous
reluctance motors [1] [2]. To reduce magnetic saturation and
improve torque performance, this method exhibits the global
optimal shapes without the need of filtering process [3][4].

This paper presents a back iron optimization of an outer rotor
BLDC motor, in which magnetic material is removed from
regions with low flux utilization to reduce rotor weight. By
maintaining electromagnetic performance while decreasing
rotor mass, the proposed approach improves torque density and
enables more efficient utilization of magnetic material.

II. OPTIMIZATION METHOD

Efficient utilization of magnetic material requires careful
identification and design of the rotor flux-carrying regions. TO
is employed to determine the optimal material distribution
without prescribing explicit geometric parameters. In the
proposed approach, Gaussian basis functions are distributed
over the design domain, and the resulting material layout is
governed by a shape function expressed as

N
Y w) = ) wibi(x) W
=1

where w;denotes the weighting factor, xrepresents the spatial
position vector, and N is the total number of Gaussian basis

functions. The term refers to the normalized Gaussian basis
function, which is defined as

_ G
P = S G @
1 —x?
Ge() = 5z exp —%} ®

where x; denote the center location of the kth Gaussian basis
function and o2 represents the variance, respectively. Based on
this formulation, the material property S, can be

0, air,

_ y<0
Se = { 1, iron,

Y20 ®

The resulting material layout is governed by the parameter
vector w, which is optimized to maximize the objective
function.

III. PROBLEM SETTING

To optimize the rotor back iron, an 18-slot, 20-pole outer
rotor permanent magnet motor is considered as a benchmark, as
shown in Fig. 1(a). Owing to the periodic symmetry of the
machine, only one sector of the rotor is modeled for the
optimization study, as illustrated in Fig. 1(b). The design
domain corresponds to the rotor back iron region, where finer
mesh is applied to accurately capture magnetic flux distribution
and local saturation effects. Line boundaries as green are
defined on both sides of the rotor back iron sector, and a local
coordinate system is introduced along these boundaries to
express the normal vector parallel to the flux lines. The
objective of the optimization is to maximize the magnetic flux
passing through the back iron by advocating efficient flux

Design domain 2D Gaussians

(a) (b)
Fig. 1. 2D cross-sectional view (a) Three phase 18/20 baseline PM motor (b)
Design domain of TO
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Fig. 2. Relation between target flux and iron material in the design region
utilization between the defined boundaries. The objective
function is formulated as

max. B-iidx 5)

target line

s.t. 05<B>=14

where B denotes the magnetic flux density on the target line
and 7 is the unit normal vector perpendicular to the target line.
Since the dominant flux crossing the back iron is oriented along
the normal direction, this formulation effectively maximizes the
usable magnetic flux through the back iron. To avoid excessive
magnetic saturation and ensure practical material utilization,
the magnetic flux density within the back iron is constrained to
remain within a prescribed flux density range. Regions where
the flux density falls outside this range are identified as
inefficient for flux conduction and are therefore contenders for
material removal during the optimization process.

As shown in Fig. 1(b), the Gaussian basis functions are
distributed over the rotor back iron on the right side of the sector.
Due to the geometric and magnetic symmetry of the rotor, the
material distribution defined by these Gaussian basis functions
is mirrored to the left side. This symmetry reduces the number
of design variables while preserving physically consistent
magnetic flux paths across the rotor back iron. The detailed
optimization parameters are summarized in Table 1.

IV. OPTIMIZATION RESULTS

The optimization was performed on a computer equipped
with an Intel® Core™ i7-12700 CPU operating at 2.1 GHz with
64 GB of installed memory. The optimization takes 6 hours and
40 minutes to complete after 50 generations of magnetostatic
study. The relation between the target flux and iron material in
the design region is shown in Fig. 2. Following optimization,
the magnetic flux density distributions were analyzed and found
to be consistent with those of the initial design, with material
removal occurring primarily in regions of low flux density. The
optimal shape of the rotor back iron and airgap flux density
waveforms are shown in Fig. 3(a) and 3(b) respectively. The
flux density contour and field lines are depicted in Fig. 4(a) and
Fig. 4(b), where no magnetic saturation can be seen in the active
regions of the rotor back iron.

The back EMF, and torque waveforms of the initial and
optimized designs are compared in Fig. 5(a), and 5(b)
respectively. The optimized rotor exhibits a volume reduction
of 25.67%, corresponding to a 7.32% reduction relative to the
total motor volume. As a result, the torque density increased by
7.84% without degradation of key performance indicators,

TABLE 1
NGNET OPTIMIZATION SETUP

Parameters Value
Number of generations 50
Population size 47
Number of children 47
Number of Gaussians 46
Gaussian basis width 0.8 (mm)
Gaussian basis height 0.8 (mm)

Optimization method Genetic algorithm
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demonstrating improved material utilization and lightweight
rotor design.
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This article presents a topology optimization (TO) method for the rotor back iron of outer-rotor permanent magnet brushless
DC (BLDC) motors, particularly for electric vehicles (EV) scooter applications. A non-iterative analytical TO method for the rotor
back iron that removes low flux utilization regions while preserving the main magnetic flux path. The normalized Gaussian network
(NGNet) based TO is used as a benchmark to evaluate the proposed method and highlight the computational advantage of analytical
TO. Unlike the NGNet approach, which requires iterative genetic algorithm optimization, the proposed analytical method determines
the optimized back iron geometry from magnetic flux continuity and saturation constraints with minimal computational effort. The
optimization results in a lighter rotor and improved torque density while preserving the back electromotive force (EMF) and torque
waveform characteristics. The initial and optimized rotor back irons were fabricated using additive manufacturing (AM) with a
material composition of Fe-3.7%Si. The difference between the simulated and experimentally measured torque was found to be
approximately 5.09%.

Index Terms—Brushless DC (BLDC) motor, genetic algorithm, normalized Gaussian network (NGNet), topology optimization

(TO).

I. INTRODUCTION

LECTRIC two-wheeler applications, particularly electric

vehicles (EV) scooters, increasingly adopt outer-rotor
brushless DC (BLDC) motors due to their high torque density
and compact wheel hub integration. However, lightweight
design and high efficiency requirements under urban driving
cycles impose stringent constraints on rotor magnetic material
utilization and saturation behavior, motivating the need for
advanced design methodologies beyond conventional paramet-
ric optimization approaches [1].

Topology optimization (TO) provides a systematic approach
for improving electromagnetic performance by allowing
nonuniform magnetic material distribution based on magnetic
field characteristics. Over the past decade, TO has been
extensively applied to structural mechanics problems, and
more recently to electromagnetic devices. Recent reviews
highlight significant advances in density-based, ON/OFF, level-
set, and multi-material TO approaches for electromagnetic
systems and rotating machines [2], [3], [4]. Among various
TO methods, the ON—OFF approach based on the normalized
Gaussian network (NGNet) represents design geometries using
Gaussian basis functions and has been successfully applied to
electric machine design, including permanent magnet motors
and synchronous reluctance motors [5], [6]. To reduce mag-
netic saturation and improve torque performance, this method
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exhibits the global optimal shapes without the need for a
filtering process [7], [8].

To bridge the gap between TO and advanced manufacturing,
additive manufacturing (AM) offers the capability to produce
the complex geometries obtained through the TO technique
[9], [10]. However, only a limited number of studies have
reported the practical fabrication of TO designs using AM.
In [11], the authors performed TO of a switched reluc-
tance machine and subsequently manufactured the design
using laser powder bed fusion (LPBF). In [12], the power
density of PM machines for aerospace applications was
improved by utilizing the magnetic material more efficiently
in the rotor back iron and stator yoke. Nevertheless, this
study did not employ a systematic optimization method-
ology or algorithm specifically for optimizing the targeted
regions.

This article presents rotor back iron optimization techniques
for an outer-rotor BLDC motor, where magnetic material is
removed from regions with low flux utilization in order to
reduce rotor weight. By reducing rotor mass while main-
taining electromagnetic performance, the proposed approaches
enhance torque density and improve the overall utilization of
magnetic material. The remainder of this article is organized
as follows. Section II describes the TO method using NGNet.
Section III presents the TO problem formulation and the
optimization results, and their comparison is described in
Section IV. Section V discusses the post processing pro-
cedures, and Section VI details the manufacturing of the
optimized rotor back iron using AM. Section VII presents
the experimental validation, and Section VIII concludes this
article.

0018-9464 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and
similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1. 2-D cross-sectional view. (a) Three-phase 18/20 baseline PM motor.
(b) Design domain of TO.

II. TO USING NGNET

Efficient utilization of magnetic material requires careful
identification and design of the rotor flux-carrying regions.
TO is employed to determine the optimal material distribu-
tion without prescribing explicit geometric parameters. In the
proposed approach, Gaussian basis functions are distributed
over the design domain, and the resulting material layout is
governed by a shape function expressed as

N
yow) =Y wib; (x) ()]
i=1
where w; denotes the weighting factor, x represents the spatial
position vector, and N is the total number of Gaussian basis
functions. The term refers to the normalized Gaussian basis
function, which is defined as

Gi (%)
by (x) = —— ©)
VY G
B llx = xll”
G () = 5——exp [—7202 ] 3)

where x; denotes the center location of the kth Gaussian basis
function and o represents the variance, respectively. Based
on this formulation, the material property S, can be

0, air, y<0
Se= . 4)
1, iron, y=0.
The resulting material layout is governed by the parameter
vector w, which is optimized to maximize the objective
function.

III. TO PROBLEM SETTING
A. NGNet Problem

To optimize the rotor back iron, an 18-slot, 20-pole outer-
rotor permanent magnet motor is considered as a benchmark,
as shown in Fig. 1(a). Owing to the periodic symmetry of
the machine, only one pole pitch of the rotor is modeled
for the optimization study, as illustrated in Fig. 1(b). The
design domain corresponds to the rotor back iron region,
where a finer mesh is applied to accurately capture magnetic
flux distribution and local saturation eftects. Line boundaries,
as green, are defined on both sides of the rotor back iron
sector, and a local coordinate system is introduced along these
boundaries to express the normal vector parallel to the flux

IEEE TRANSACTIONS ON MAGNETICS, VOL. 62, NO. 10, OCTOBER 2026

TABLE 1
NGNET OPTIMIZATION SETUP

Parameters Value
Number of generations 50
Population size 47
Number of children 47
Number of Gaussians 46
Gaussian basis width 0.8 (mm)
Gaussian basis height 0.8 (mm)

Optimization method Genetic algorithm

lines. The objective of the optimization is to maximize the
magnetic flux passing through the back iron by advocating
efficient flux utilization between the defined boundaries. The
objective function is formulated as

max. / B - idx
target line

st. 0.5<B<14 (5)

where B denotes the magnetic flux density on the target line
and 7 is the unit normal vector perpendicular to the target line.

Since the dominant flux crossing the back iron is oriented
along the normal direction, this formulation effectively maxi-
mizes the usable magnetic flux through the back iron. To avoid
excessive magnetic saturation and ensure practical material
utilization, the magnetic flux density within the back iron is
constrained to remain within a prescribed flux density range.
Regions where the flux density falls outside this range are
identified as inefficient for flux conduction and are there-
fore contenders for material removal during the optimization
process.

At the start of the optimization process, the material on the
left side of the design domain is defined as M400-50A (iron),
and air is assigned to the right side. As shown in Fig. 1(b), the
Gaussian basis functions are distributed over the rotor back
iron on the right side of the sector. Due to the geometric
and magnetic symmetry of the rotor, the material distribution
defined by these Gaussian basis functions is mirrored to
the left side. This symmetry reduces the number of design
variables while preserving physically consistent magnetic flux
paths across the rotor back iron. The detailed optimization
parameters are summarized in Table I.

B. Proposed Analytical Formulation

The analysis begins by specifying the magnetic properties
of the materials. The B—H curve of the soft-magnetic back iron
is assumed to be linear with a very high relative permeability.
My up to a saturation flux density B; beyond saturation, the
magnetization M is taken to remain constant at B, in the
direction of the applied field. The permanent magnet has a
constant magnetization as

M, =—" (0)
corresponding to its remanent flux density B,. It is also

assumed that the back iron remains unsaturated at its outer
perimeter. To calculate the magnetic field produced by the

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on October 26,2026 at 09:06:30 UTC from IEEE Xplore. Restrictions apply.
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Fig. 2. Illustration of analytical topology-optimized back iron for quasi-static
electromagnetic device.

magnet using Ampere’s law, the magnet has a uniform mag-
netization; its bound currents can be treated as a free solenoidal
surface current around its circumference. Choosing an Ampere
contour on the outer perimeter of the back iron where the
material is not saturated allows one to assume

B = ppoH. )

Since u, > 1, the contribution from the portion of the
contour inside the back iron can be neglected. The total current
enclosed is

. Bt

I=jt
Ho

where ¢ is the magnet thickness. The air gap thickness g
is much smaller than the magnet and back iron diameters;
the magnetic field in the gap and in the magnet is nearly
homogeneous. Fig. 2 shows that the magnetic field lines exit
ferromagnetic materials almost perpendicular, so they enter
the air gap nearly parallel and therefore remain uniform;
similarly, the magnet field remains homogeneous at both
ends of the magnet and thus within the magnet itself. Under
these conditions Ampere’s law yields a uniform magnetic flux
density of magnitude

(®)

Bt

(g+0

To determine how much iron is needed, consider a “cut”

through the back iron that encompasses the entire cross section

touching one side of the magnet. Let w be the magnet width

and d its axial length. Gauss’s law (the divergence theorem)

is used to equate the magnetic flux entering this volume (half

the magnet’s flux) to the flux exiting through the cut in the
back iron. The flux entering is

_ Bt wd

Tg+n 27

However, the back iron can only carry so much flux before

saturating. The maximum flux it can transport is limited by

the saturation flux density By multiplied by its cross-sectional

area we,d. In order to carry all of the flux, the cut width must
satisfy

©

(10)

in

Oour < ByWeurd. (11)
Solving for the minimum width yields
B, t w
min = - . A~ 12
v Byg+t 2 12

If the back iron is thinner than w,;, some magnetic flux
will drop out because the iron cannot carry the entire flux. In

7205207

‘min

Fig. 3. Analytical TO with new contour of A’ D’ M to maintain flux
continuity.

this regard wy,;, as a strict necessity for any viable design. The
lengths of AC and AD are both w,,;,,. The contour between C
and D follows the arc of the circle, and the line DM is tangent
to the circle at D. The quarter circle centered at A of radius
Wpmin Must exist in any valid back iron because it provides the
necessary width around the magnet edge.

To demonstrate that the proposed shape contains the small-
est possible amount of iron, consider an arbitrary cross section
A’ D’ M formed by intersecting the ADM triangle with a
line parallel to AD as shown in Fig. 3. By similarity of
triangles, the ratio of the widths AD/AM equals the ratio A’
D’ /A’ M. Since AD represents the minimum width needed to
transport all of the flux from AM, A’ D’ must be the minimum
width required to transport the flux from A’ M. Because this
argument holds for any parallel intersection, the entire triangle
ADM must be included in any valid back iron. Thus, no design
that removes material from the ADM triangle can carry the full
magnetic flux, proving the minimality of the chosen shape.

The final check is that the minimal iron design satisfies
Maxwell’s equations and the refraction conditions at the
magnet and iron interface. First, Gauss’s law for magnetism

(13)

requires magnetic field lines to form closed loops. In the
proposed design, the field lines travel almost vertically through
the magnet path parallel to the straight segment DM through
the back iron, follow the circular arc until reaching point C,
and then complete the loop through the outer region back to
the magnet. Maxwell’s other equation
V x H =poj (14)
is satisfied because inside the back iron H ~ B — B; ~ 0 and
there are no free currents. At the interface between the magnet
and the back iron, the continuity of the normal component
of B and the tangential component of H must be respected.
Tangential H in the magnet must be nearly zero because the
magnetization in the magnet is fixed and the permeability of
the iron is large. The normal component of B in the magnet
is
B,t
(g+0

Bmagnet = (15)

On the flux guide side, the flux density is approximately
By, but it meets the interface at an angle determined by the
geometry. By constructing the right triangle ADM, the cosine
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Fig. 5. (a) TO back iron of the one pole pitch rotor. (b) Airgap flux density
waveform.
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Fig. 6. Contour of flux density and flux lines. (a) Initial back iron. (b) TO
back iron.

of this angle is (2w,y;,)/(w). Equating the normal components
on both sides requires

Bt

g+t T

2Wmin

(16)

which is exactly the definition of w,,;, derived earlier. Thus,
the design also satisfies the magnetic refraction condition. To
conclude, the shape shown in Fig. 2 is minimal, transports the
maximum possible magnetic flux, and is physically valid.

IV. OPTIMIZATION RESULTS

The optimization was performed on a computer equipped
with an Intel' Core’ i7-12700 CPU operating at 2.1 GHz
with 64 GB of installed memory. The optimization took 6 h
and 40 min to complete after 50 generations of magnetostatic
study. The relation between the target flux and iron material in
the design region is presented in Fig. 4. Following optimiza-
tion, the magnetic flux density distributions were analyzed and
found to be consistent with those of the initial design, with
material removal occurring primarily in regions of low flux
density.

IRegistered trademark.
2Trademarked.
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@ ®) -

Fig. 7. (a) TO back iron using analytical approach. (b) Contour of flux density
and flux lines in analytical TO back iron.

A~ Tnital B- il
|- = ~A-Opimized = = ~B- Optimized

= fnitl
- Optimized

Initial - ~ ~Optimized

20

Back EMF (V)

360 0 120 240 360
Rotor position (Elect. deg.)

0
Rotor Pasition (Elect. deg.)

(a) (b)

Fig. 8. Performance comparison of initial and TO design. (a) Three-phase
back EMF. (b) Electromagnetic torque waveform.
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Fig. 9. Comparison of iron losses between different designs.

TABLE II

PERFORMANCE COMPARISON OF DIFFERENT
OPTIMIZATION METHODS

Aspect NGNet method Analytical TO approach
Optimization type Genetic algorithm  Non-iterative

Back iron reduction 25.67% 39.29%

Increase in torque density 7.84% 14.36%

Computational time 6h -

The optimized rotor back iron geometry obtained for one
pole pitch sector is shown in Fig. 5(a), and this shape is
periodically repeated around the rotor to form the complete
TO back iron. The corresponding airgap flux density waveform
comparison between the initial and optimized back iron is
shown in Fig. 5(b). The flux density contour and field lines
are depicted in Fig. 6(a) and (b), where no magnetic saturation
can be seen in the active regions of the rotor back iron.
The back iron design obtained from the analytical-based TO
and the contour of flux density and field lines are shown in
Fig. 7(a) and (b), respectively. Analytical-based optimization
does not require any iterative process; with just one finite
element method (FEM) simulation, the optimal design is
achieved. The electromagnetic performance, like back elec-
tromotive force (EMF) and torque waveforms achieved from
both methods, is the same.
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Fig. 10. Different design configurations with straight magnets. (a) With air
region behind magnets. (b) Iron filled behind magnets.

(b)

Fig. 11. Optimized back iron having a mechanically feasible design. (a) 2-D
cross-sectional back iron. (b) 3-D CAD model of back iron.
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Fig. 12. Comparison of torque on different magnet shape configurations.

Fig. 8(a) and (b) shows the comparison of the initial and
optimized back EMF and torque waveforms, which follow the
same trend, and also the average torque value is the same.
Moreover, the difference in iron losses between the initial
and optimized designs is relatively small because the domi-
nant contribution comes from the stator core, which remains
unchanged in all cases. As shown in Fig. 9, the rotor back iron
losses are very low because the magnetic flux on the rotor side
is nearly static and the rotor operates at a relatively low speed,
resulting in negligible eddy-current losses. Therefore, only a
minor variation in the total iron losses is observed among
the different designs. The performance comparison of both
optimization methods is presented in Table II.

V. POST PROCESSING

After completing the optimization process, the design was
prepared for the manufacturing stage, which required sev-
eral practical modifications. During optimization, arc-shaped
magnets were used. However, these magnets are relatively
expensive for practical implementation. To reduce the man-
ufacturing cost, straight N35 magnets were selected as an
alternative.

The use of straight magnets introduces small gaps between
the magnets and the rotor back iron, as shown in Fig. 10(a),

7205207

TABLE III
SUMMARY OF PRINTING PARAMETERS

Parameter Value
Layer thickness 50 pm
Hatch distance 120 pm
Laser Power 350 W
Scanning velocity 0.75 m/s
Volumetric energy density 83 J/mm?

(a) (b)

Fig. 13. AM-based rotor prototype. (a) Initial rotor. (b) Optimized rotor.

which results in the reduction of electromagnetic performance.
In Fig. 10(b), small pockets were incorporated behind the
magnets, allowing the magnets to fit properly and maintain
close contact with the back iron structure. An outer circular
iron bridge is also introduced to improve the mechanical
strength and structural stability of the rotor, as shown in
Fig. 11(a), while the 3-D CAD model of the optimized rotor
back iron is shown in Fig. 11(b) for better realization of the
rotor back iron. Although the resulting back iron geometry has
a relatively complex shape, it can be effectively manufactured
using the AM technique. The comparison of torque waveforms
obtained from different back iron configurations and magnet
arrangements is presented in Fig. 12.

VI. ROTOR BACK IRON FABRICATION THROUGH AM

Pre-alloyed, gas-atomized Fe-Si powder supplied by the
Sandvik Group was used to manufacture the machine cores
using the LPBF process. The chemical composition of the
powder was verified using energy-dispersive X-ray spec-
troscopy (EDX) and spark atomic emission spectroscopy
(AES) [13]. The powder consisted of spherical particles with
sizes ranging from 29 to 58 um, with a median diameter of
38 um. The printing process was carried out using an SLM
Solutions Realizer SLM-280 system equipped with a 350 W
infrared laser.

To prevent density degradation during large volume printing,
the scanning strategy was modified from a stripe pattern
to a chessboard pattern, which improves printing stability
and structural uniformity, as reported in previous studies.
In addition, the re-melting scanning strategy was disabled
because it increased surface roughness and reduced powder
flowability, resulting in uneven layer formation. The key
printing parameters used in the process are summarized in
Table III.

The printing time for each back iron was approximately
5 h. After printing, the prototypes were heat treated in an
RD-G vacuum furnace at 1200 °C, with a heating rate of
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Fig. 15. Experimental test setup for outer-rotor BLDC.

5 °C /min and a holding time of one hour. The parts were
then cooled inside the furnace at an initial cooling rate of
50 °C /min, gradually decreasing over time. During the heat
treatment process, the vacuum level was maintained between
0.04 and 0.4 mbar. The fabricated AM rotors, including the
initial and optimized designs, are shown in Fig. 13(a) and (b),
respectively.

VII. EXPERIMENTAL TESTING AND VALIDATION

To validate the electromagnetic performance of the proposed
outer-rotor BLDC motor, experimental measurements were
carried out on the fabricated prototype. The experimental setup
was designed to evaluate both the no-load back EMF charac-
teristics and the machine performance under load conditions.

A. No Load Measurement

The prototype motor was mounted on a rigid platform
and mechanically coupled to a servo motor through a shaft
coupling to control the rotational speed. For no-load testing,
the servo motor was operated at the rated speed of 900 r/min,
while the BLDC motor terminals were kept open to measure
the induced phase voltages. The three-phase back EMF wave-
forms were recorded using a digital oscilloscope as shown in
Fig. 14.

B. Load Test Setup and Validation

For load analysis, the BLDC motor shaft was connected to
a DYN-200 torque sensor, and a powder brake was coupled to
the torque sensor to apply a controllable mechanical load to the

IEEE TRANSACTIONS ON MAGNETICS, VOL. 62, NO. 10, OCTOBER 2026

Time (msec.)

Fig. 16. Experimental results. (a) Three-phase motor currents. (b) Torque and
speed waveform.

prototype motor. For signal visualization and data acquisition,
a Dewesoft SIRIUS isolated data acquisition system was
employed. The complete experimental setup is illustrated in
Fig. 15. Motor phase currents were measured using three
PR200 current clamps (10 mV/A). The measurements were
acquired with a sampling rate corresponding to a bandwidth
of 1 MHz. The recorded three-phase motor currents and torque
waveform are presented in Fig. 16(a) and (b), respectively.

Due to the absence of magnetic property data for the AM
rotor back iron material in the simulation software database,
the numerical analysis was performed using the M400-50A
electrical steel model. However, the practical prototype was
fabricated using a Fe-3.7%Si magnetic material, as reported
in [14]. The simulated torque is around 5.09% lower than
the measured value. This discrepancy is mainly attributed to
the difference between the magnetic material properties used
in the simulations and those of the AM Fe-3.7%Si back
iron, as well as manufacturing tolerances and experimental
measurement uncertainties.

VIII. CONCLUSION

This article presented a TO approach for the rotor back
iron of an outer-rotor BLDC motor intended for EV scooter
applications. Two optimization approaches were investigated:
the NGNet based on TO and a proposed analytical topology
method. The analytical approach enables optimal material
utilization without requiring iterative optimization, signifi-
cantly reducing computational complexity while maintaining
electromagnetic performance.

The optimized rotor back iron design achieved substantial
material reduction and improved torque density while preserv-
ing the back EMF and torque waveform characteristics. The
optimized design was fabricated using AM with Fe-3.7%Si
material, and experimental validation was performed to verify
the proposed method. The measured results showed good
agreement with the simulation results, with a torque devi-
ation of approximately 5.09%. Although the proposed TO
method significantly reduces computational effort, it does
not consider mechanical stress and thermal effects. Future
work will focus on extending the method to include these
multiphysics constraints and validating its applicability on the
motor configuration.
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Electromagnetic Topology Optimization of
Brushless DC Motor Based on Density Method
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Abstract— A density-based topology optimization method
for minimizing inactive magnetic material in the rotor back iron
of an outer rotor Brushless DC (BLDC) motor is presented in
this paper. While the stator and permanent magnets stay fixed,
the magnetic reluctivity between air and ferromagnetic material
within the rotor back iron region is interpolated using a Solid
Isotropic Material with Penalization (SIMP) formulation. For
effective gradient assessment, adjoint based sensitivity analysis
is used in conjunction with a nonlinear two-dimensional
magnetostatic finite element model. In order to eliminate
intermediate densities and reduce oscillatory patterns,
Helmbholtz type filtering are used to ensure numerical stability
and designs that can be manufactured. To maintain
electromagnetic performance, a directional flux tracking
objective with a volume constraint is developed. The optimized
design preserves airgap flux density, back EMF, and torque
characteristics while reducing the rotor back iron volume by
39% (or 12% of the overall motor volume). Torque density
increases by around 14% as a result, indicating reduced
material usage without performance degradation.

Keywords—Density method, adjoint variable method,
Topology optimization, solid isotropic material with penalization,
PM motor

I INTRODUCTION

Permanent Magnet (PM) electrical machines are
extensively utilized in electric vehicles, robotics, aerospace
systems, and industrial drives owing to their high efficiency,
compact design, and exceptional torque density. In modern
machine design, enhancing torque density while minimizing
material usage has emerged as a key goal, influenced by cost,
sustainability, and lightweight design criteria [1], [2]. In
traditional electrical machine design, predetermined form
boundaries are adjusted to optimize the geometry of active
components. This method, known as parametric or geometric
optimization, changes certain geometric dimensions to obtain
the required performance [3], [4].

Parametric optimization is useful for optimizing already
existing designs, it is intrinsically constrained by the original
geometrical parameters. The optimization procedure is unable
to really change the magnetic circuit structure and only allows
for variants within a predetermined design configuration [5].
Due to this, potentially more effective material distributions
could go neglected, especially in areas where magnetic flux is
used unevenly. These restrictions become much more
important when seeking substantial weight reduction or
increased torque density beyond small geometric changes.

Topology optimization (TO) emerged as a strong
computational design tool for identifying optimal material
distributions within a specified design space. In contrast to
traditional size, TO does not need specified geometry
parameterization and instead allows material to be
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redistributed freely within the domain [6], [7]. Over the past
decade, TO has been extensively applied to structural
mechanics problems, and more recently to electromagnetic
devices. Recent reviews highlight significant advances in
density based, ON/OFF, level-set, and multi-material TO
approaches for electromagnetic systems and rotating
machines [8], [9], [10], [11], [12].

Among the various TO techniques, the density-based
approach is the most widely adopted, particularly in
electromagnetic device applications. This method relies on
gradient based optimization and employs a continuous design
variable to represent the material distribution within the
domain. A key component of density based TO is the Material
Interpolation Scheme (MIS), which governs the transition
between different material states. Considerable research
efforts have focused on improving the sharpness and clarity of
optimized design boundaries through enhanced interpolation
strategies. Among these, the SIMP method remains one of the
most established and widely used schemes [13].

This paper presents the TO of the rotor back iron in a
BLDC motor, with the objective of reducing rotor weight by
eliminating magnetically inactive material. The rest of the
paper is organized as follows. Section II describes the
optimization problem and the specifications of the selected
motor. Section III details the material interpolation scheme,
including its extension to the nonlinear magnetic case. Section
IV presents magnetostatic formulation along with the
development of the objective function and the corresponding
sensitivity analysis. Section V discusses the post processing
quantities of the motor and Section VI presents the results
obtained from the optimization. Some conclusions are drawn
in Section VI.

II. OPTIMIZATION PROBLEM DESCRIPTION

The design of quasi-static permanent magnet
electromagnetic devices yields underutilized magnetic
material, specifically in the back iron region. These inactive
regions have no substantial impact on electromagnetic
performance, nevertheless they do increase their total mass.
These extra materials decrease torque density in rotary
machines and thrust density in linear machines. Therefore,
reducing unnecessary magnetic material while maintaining
electromagnetic performance is of great practical relevance.

An outer rotor BLDC motor is chosen as the case study.
Table 1 summarizes the major geometrical and electrical
characteristics, whereas two-dimensional cross-section of the
machine is shown in Fig. 1(a). During the optimization
process, the stator geometry and permanent magnets are kept
fixed. Only the rotor back iron is treated as the design domain.
The solid back iron is divided into 20 segments. Each segment
consists of two distinct subregions, as illustrated in Fig. 1(b).
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Fig. 1. 2D cross-sectional view (a) Baseline PM motor (b) TO Design
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TABLE I. BLDC PARAMETERS

Parameter Unit Value
Slots number 18
Pole numbers 20
Stator outer diameter mm 64
Rotor outer diameter mm 85
Rotor inner diameter mm 65
Stack length mm 30
Rated speed pm 900
Rated voltage \Y% 24
Number of turns per coil 12
Number of strands S

The design domain corresponds exclusively to the rotor
back iron region where material redistribution is permitted.
The density variable p € [0,1] is assigned to each finite
element within this domain. Four predefined target lines,
located on the left and right sides of back iron segment, are
introduced to evaluate the magnetic flux.

III.  MATERIAL INTERPOLATION SCHEME

To enable TO using continuous density variables an
interpolation scheme is required to model the transition
between air and ferromagnetic material. In electromagnetic
TO, the most critical material parameter is the magnetic
permeability p or equivalently the magnetic reluctivity v
=1/p. The element reluctivity is interpolated using the SIMP
formulation

V(P) = Vgir + pp(vfe - vair)- (1)

The penalization factor p is introduced to suppress
intermediate densities and encourage nearly binary material
distribution. For the linear material case study, the
interpolation smoothly transitions between air and iron
depending on p. Increasing the penalization factor p makes
intermediate densities energetically unfavorable, forcing the
solution toward a clear 0-1 material distribution. This
behavior is illustrated in Fig. 2, where higher penalization
values result in a sharper transition near p=1.

When magnetic saturation is considered, the permeability
of the ferromagnetic material depends on the local magnetic
flux density magnitude. In this case, the interpolation is
applied to nonlinear reluctivity.

v(p, 1B ) = Vair + p? (v(IB]) = vair) (2)

We solve the discretized problem by Newton method.
After each Newton iteration, the local flux density B is
evaluated, and the corresponding reluctivity is updated. This
updated reluctivity is then used both in the state equation and
in the sensitivity analysis.
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Fig. 2. SIMP interpolation with different values of penalization

IV.  TwWO-DIMENSIONAL MAGNETOSTATIC FORMULATION

A. Electromagnetic Model for PM Motor

In the two-dimensional magnetostatic field, Maxwell’s
equations are expressed as

B=VxA4, (3)

where B is the magnetic flux density and A is the magnetic
vector potential. The total current density can be expressed as

Jtot = ]free + Jm- €))
The magnetic curl reluctivity relation is
VX (v(V X A)) = Jeor, )

where J;,, 1s the total current density and in this problem
formulation we do not employ any impressed current density
(free) which is zero. Hence the only volumetric source is the
magnetization of the permanent magnets, and it becomes a no-
load study. The magnetization contributes through the
equivalent magnetization current density,

Jm =V XM 6)
Vx (v(VxA)=VxM, (7)

where M is the permanent magnet magnetization and taking
the z-component of the curl reluctivity relation yields

Vx M), = oM, OM, g
Wx M), === ©
d( 0A d( 04 oM, oM.
—(v Z) —(v==2)="2-—= (©))]
0\ 0y o\ 0, Oy dy

B. Magnetization Model and Implementation

Permanent magnets are prescribed magnetization in
magnet subdomains. A radial magnetization of magnitude M,
is utilized and the polarity alternates between adjacent sectors.
The base magnetization components are given by

M, = M, x G)
M, = M, X (};') (10)
r=4(x%*+y?)

where x,y are the coordinates and r is the radial coordinate of
the barycenter of the element.



Fig. 3. Flux evaluation points on the back iron sector

C. Objective Function

The objective function is formulated to increase the useful
magnetic flux passing through the prescribed flux target
regions while penalizing the amount of retained rotor back
iron material. In the two-dimensional magnetostatic
formulation, the magnetic vector potential has only the axial
component A,, and the flux density is

04, 0A,\"
_(6)1' 6x>' an
For the i-th rotor segment, four corner points are defined
around the flux target region, as shown in Fig. 3. The points
x;1 and x; , lie on one side of the flux region, while x; 3 and
X; 4 lie on the opposite side. The flux crossing on each side can
be evaluated from the difference of the magnetic vector
potential at the corresponding endpoints. Therefore, the flux
objective is written as

jflux(Az) = Z(_l)i [Az(xi,l) - Az(xi,z) - Az(xi,3)

+ Az(xi,4)]

i=1
where Ny is the number of repeated rotor segments. The
coefficient accounts for the alternating magnetization
direction of adjacent permanent magnets. The material
volume term is defined over design domain as

(12)

Jvor(P) = p dx, (13)
design domain
The total optimization objective is
](Az' P) = ]flux(Az) + ijol(p)' (14)

where w is the weighting factor controlling the trade-off
between flux performance and material reduction. The first
term drives the magnetic flux through the desired flux target
regions, while the second term penalizes the amount of iron
material retained in the design domain. The standard form of
the objective function is

{min- J(Azp) = ]flux(Az) + Wy (p)

0<p<1, (15)

D. Adjoint Based Sensitivity Analysis

In the gradient based TO methods, the sensitivity of the
objective function, with respect to the material density (p) can
be obtained in the following way: Consider the reduced cost
function

J(p) = J(A;(p), p). (16)

By chain rule

4 o 9 d4,
dp~ dp 04,dp’

Differentiating the constraint residual R(4,, p) = 0 with
respect to p, gives

an

oR dA, OR

a_AZE-I—%:O (18)
dA, <6R )‘1 oR 19
dp ~ \oa,) ap a9
dj 9 d] /OR\"'OR
ag_9_ ]( ) Nk (20)
dp 0dp 0A,\04,/ OJp

Where R is the residual and this is the chain rule
expression in which the explicit term plus implicit term is
eliminated by solving the adjoint. Define the adjoint A by the
linear system

Gi) =-G) e
% = g—f) + (AT(;—IZ (22)

V.  POST PROCESSED QUANTITIES

A. Airgap Flux Density and Back EMF

After the optimization, analyzing the airgap flux density in
the initial and optimized design the above calculation gives it
directly by using

4,
B, =
X ay
0A
B, =-— z (23)
O

Binag = /B,g + B2,

where B, and B), are the rectangular coordinates of the flux
density and By, is the magnitude of the flux density. The
magnetic field solution is obtained from the 2D magnetostatic
formulation using the magnetic vector potential A,. The phase
flux linkage is computed directly from the vector potential.
For each phase k € {4, B, C}, the flux linkage is calculated as

2-k(em) = Nturnslz fAz (em) Sk (x)dx (24)
0

where Nyypns, L, and s are the number of turns per phase,
stack length and the phase sign function assigned to each slot
region respectively. 6,, is the rotor mechanical angle. Since
the p is fixed after the optimization, 4, is treated as a function
of the rotor angular position only, and no sensitivity of 4,
with respect to p is considered. The phase back EMF is
obtained from the time derivate of the flux linkage.
dAy dy
e () = dar deme

where w,, is the rotor mechanical speed in rad/sec.

(25

B. Electromagnetic Torque Calculation

The electromagnetic torque is computed using the
Maxwell stress tensor method. The Maxwell stress tensor in
magnetostatics is given by



r=2 (3@3 1|B|21) (26)
Ho 2
where p, is the permeability of free space and [ is the unit or
identity matrix. The stress vector acting on a circular contour
of radius ; in the airgap is
t=T-n 27)

where n is the unit vector. The torque per unit axial length is
obtained from the contour integral.

T'= f(xty - ytx) ds (28)
e
1 1 2
tx = %(BXB‘A - EB Tlx> (29)
1 1 2
ty = E(Ban - EB ny) (30)
B, = Byny, + Byn,,. (31)

The integration is performed numerically by sampling 360
angular points along the circular airgap contour. The total
electromagnetic torque is then obtained by multiplying the per
length torque by the stack length

T =T, (32)

VI.  RESULTS AND DISCUSSIONS

To compare the influence of objective formulation and
regularization, three optimization cases were examined. The
Figs. below show how the material layout changes when the
volume term and filtering are introduced.

A. Effect of Objective Formulation

When only the flux objective is considered, the optimizer
removes material mainly from the central part of the design
domain, as shown in Fig. 4. However, because no volume
penalty is included, the algorithm has little incentive to
eliminate all low sensitivity material. A noticeable amount of
back iron therefore remains near the boundaries, indicating
that the available design space is not used efficiently for
weight reduction.
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Fig. 4. Flux maximization objective
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Fig. 5. Flux maximization objective with volume penalization

Adding the volume reduction objective changes the
optimization behavior, as shown in Fig. 5. The optimizer
becomes more selective and removes additional inactive
material while still preserving the main magnetic path
required for flux transmission. This confirms that the volume
term is necessary when the design target is not only
electromagnetic performance but also material saving.
Nevertheless, the unfiltered topology contains fragmented
regions, local voids, and thin connections. These features are
undesirable because they can create locally saturated flux
paths and are difficult to manufacture. The combined flux and
volume objective improves material utilization, regularization
is still required before the topology can be considered a
practical rotor back iron design.

B. Filtering and Projection

A PDE based density filter is applied in order to remove
oscillations and impose a minimum length scale. The
technique of filtering solves a Helmholtz-type equation:

-1V +p=p (33)

where p and r represent the filter density and filter radius
respectively. After filtering and projection techniques, the
material distribution in Fig. 6 becomes more continuous, and
the small isolated features observed in the unfiltered result are
removed. The transition between iron and air is also smoother,
which makes the design more suitable for interpretation and
subsequent manufacturing oriented refinement.

C. Performance Comparison of Initial and Optimized
Design

The evolution of the objective function and the material
volume during the optimization process is shown in Fig. 7.
The flux objective curve exhibits a short oscillatory transient
during the first few iterations, which reflects the rapid
redistribution of material at the start of the optimization. After
this initial stage, the objective function improves steadily and
then levels off, indicating convergence.

The volume ratio follows a complementary trend. It
decreases quickly at the beginning as inactive back iron
material is removed and then approaches a nearly constant
value after approximately 20-25 iterations. This behavior
shows that the optimizer first explores the design space
aggressively and then converges toward a stable topology that
satisfies the magnetic requirement with less material. Overall,
the response confirms stable convergence while maintaining
the required flux performance with less active material.

Fig. 8 displays the magnetic flux density distributions of
the original and optimized designs. The rotor back iron in the
baseline design exhibits non-homogenous flux density
contour. The optimized design, on the other hand displays a

0.0800e+80
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Fig. 6. Optimal design including the density filter and projection
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Fig. 9. Airgap flux density of initial and optimized design

magnetic flux pattern that is more uniform and distributed
evenly.

Fig. 9 shows a comparison of the absolute airgap flux
density waveforms. The results demonstrate that the
optimized design maintains the airgap flux density waveform
magnitude and shape. The optimization does not reduce the
electromagnetic excitation in the airgap, as shown by the
average airgap flux density being almost unchanged.
Similarly, the three-phase back EMF waveforms in Fig. 10
exhibit the same waveform characteristics and amplitude for
both designs. Fig. 11 compares the electromagnetic torque
waveforms having no apparent changes in torque ripple
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Fig. 10. Three phase Back EMF of initial and optimized design
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Fig. 11. Torque waveform of initial and optimized design

TABLE Il. PERFORMANCE PARAMETERS

Performance Unit Initial Optimized
Average airgap flux density T 0.89 0.89
Peak phase Back EMF 14 15.35 15.30
Average torque N.m 1.92 1.92
Back iron weight kg 0.31 0.19
Torque density N.m/kg 1.95 223

behavior, the improved design attains the same average torque
as the original design. This indicates that the capacity to
produce torque is not adversely affected by the removal of
inactive back iron material.

In terms of volume reduction, the optimized rotor achieves
a 39% decrease in the rotor back iron area, which translates to
a 12% reduction in the overall motor volume. As a result, the
torque density increases by approximately 14%,
demonstrating improved material utilization without
compromising key performance indicators. A summary of the
main performance metrics is provided in Table II.

VII. CONCLUSIONS

This paper has presented a density based TO approach for
material redistribution in the rotor back iron of an outer rotor
BLDC motor. Unlike conventional parametric optimization
methods that modify predefined geometric boundaries, the
proposed framework enables free material redistribution
within the rotor back iron domain, allowing identification and
removal of magnetically under-utilized regions.

The magnetic reluctivity was interpolated using the SIMP
formulation, and nonlinear magnetic behavior was
incorporated through iterative updating of the local B-H
characteristics. An adjoint based sensitivity formulation
enabled computationally efficient gradient evaluation, while
Helmholtz-type filtering  technique ensured smooth,
physically meaningful, and nearly binary material



distributions. Additionally, the impact of objective functions
was examined, emphasizing the significance of regularization
in attaining stable convergence and removing oscillatory
patterns.

The results demonstrate that significant material
reductions ~ are  possible  without  compromising
electromagnetic performance. The suggested approach shows
how density based TO may be used practically for designing
high performance and environmentally friendly electrical
machines. Incorporating mechanical stress limitations,
expanding the framework to three-dimensional models, and
investigating  multi-objective  formulations that take
efficiency, thermal behavior, and manufacturability factors
into account are the primary objectives of future study.
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Abstract—In this paper a new axial flux yokeless stator
switched reluctance machine is designed specifically for drone
applications. The machine incorporates a segmented stator and
double rotor arrangement, along with a concentrated winding
configuration, resulting in enhanced performance. First, the
output power equation is derived for the proposed machine and
proceeds to discuss the various geometric parameters in detail.
The overall design methodology process is described, which leads
to the attainment of performance results. To validate the
calculated dimensions, a 3D finite element method is utilized to
analyze the effectiveness of the machine's performance. The study
also focuses on evaluating the performance of the pole shoe on both
the stator pole and the rotor. To demonstrate the practicality of
the proposed machine, this paper provides a step-by-step
explanation of its 3D view, offering insights into its physical
appearance and structure.

Keywords—axial flux switched reluctance machine, additive
manufacturing, eddy currents, segmented stator

I. INTRODUCTION

The rapid increase of electrification in transportation sector,
along with the available enabling technologies, creates
possibilities for the integration of drones, flying cars and air taxi
like applications [1]. This trend is reshaping traditional
infrastructure requirements and reducing the need for extensive
transportation networks and their associated maintenance. As
drones become increasingly capable and efficient, they offer a
viable alternative for transporting goods, delivering packages,
and conducting surveillance operations, eliminating the need for
extensive physical infrastructure such as roads or manned
vehicles.

Switched Reluctance Machines (SRM) are suitable for the
application of drone propulsion system because it offers high
speed, low weight and high-power density which are the key
requirement for the drone applications. The suitability of SRM
as an option is due to their simple and sturdy design, fault
tolerance, and high reliability [2-4]. However, these machines
suffer from limitations such as low torque density and significant
torque ripples, which deter their widespread application [5,6]. In
the past few years, various innovative designs have been put
forward to address these issues. These include the segmented
rotor type [7], double rotor configurations [8,9], double stator
type [10,11], and axial flux type [6,12].

979-8-3503-1773-2/23/$31.00 ©2023 European Union

Furthermore, existing literature acknowledges that axial flux
machines exhibit superior torque densities and efficiencies
compared to radial counterparts due to their larger active air-gap
surface area. [13]. By using multiple air gaps, it is possible to
significantly increase the utilization of the magnetic flux
generated by the excitation coils, which will increase the torque
density. To further improve the torque density, axial rotor
segmented SRM has been introduced in which the author uses
the double stator and segmented single rotor topology, and short
pitch winding configuration is utilized [14]. In order to improve
the torque density, a new double stator and segmented rotor
topology is employed and to make the magnetic flux shorter, full
pitch winding configuration is utilized [6]. However, the use of
full pitch winding increases the end winding length, which leads
to higher copper losses due to the high consumption of copper.
The higher copper losses in full pitch winding can result in lower
motor efficiency compared to motors with short pitch winding.
Moreover, the segmented rotor construction can introduce
mechanical challenges at higher speeds [15]. As the rotor
segments move relative to each other, they can experience
increased centrifugal forces, which can lead to higher stresses
and potentially reduce the machine's reliability and lifespan.

Moreover, another important aspect which effect the
performance of axial machine is to reduce the eddy current
losses. For many years, electrical steel laminations have been
utilized in electrical machines to minimize eddy current losses.
However, these laminations restrict the magnetic flux to a two-
dimensional plane. To address these limitations, Soft Magnetic
Composites (SMCs) have been employed in 3D magnetic
circuits as they exhibit lower core losses, particularly at high
frequencies. Nonetheless, SMCs are constrained in terms of
shape due to their uniaxial pressing operation. An alternative
approach to overcome these limitations is the use of Additive
Manufacturing (AM) or 3D printing techniques, which allow for
the production of complex geometries while effectively
managing eddy current losses. In [17], the author employed
selective laser melting to manufacture 3D printed axial flux
machines with a 6/4 topology, consisting of two stators and one
rotor. The entire rotor and stators were produced in 57 hours
using this technique. Further, an axial flux stator is manufactured
through additive manufacturing and compared the performance
with the identical conventionally manufactured baseline
machine [18]. The results demonstrate that using Hilbert pattern
can reduce the eddy current losses by approximately 50%
compared with a solid structure. Although,
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Fig. 1. Axial flux yokeless stator double rotor SRM

the stacking factor of AM stator is lower than the baseline due
to which it exhibits 18% lower magnetizing flux. Additionally,
advancements in AM technology enable the production of
structures with thinner features and improved stacking
efficiency, enabling them to achieve comparable performance to
laminated structures across a wider range of operating
conditions.

In this paper a new 6/4 Axial Flux Yokeless Stator Switched
Reluctance Machine (AFYS-SRM) is presented as shown in Fig.
1. The configuration of the machine includes the single stator
segments placed between the two rotors. Eliminating stator yoke
results in a decrease in the iron component as well as a reduction
in the weight and core losses of the machine while maintaining
the performance level without any degradation. The following
paper is organized as section II comprehensively explain the
sizing and design methodology of the presented machine. In
section III the Finite Element Method (FEM) is implemented on
the basis of the calculated parameters in section II. Section IV
discusses the complete assembly of the machine. Conclusion
and future work of this machine is explained in section V.

II. MACHINE SIZING

The output equation for an axial SRM typically relates the
machine's output torque or power to its key design parameters,
such as the average diameter, speed, and magnetic and electric
loadings. It is worth mentioning that the specific form of the
output equation for an axial SRM can vary depending on the
machine's configuration, control strategy, and the objectives of
the design. Therefore, it is crucial to consider these factors while
formulating the output equation to accurately represent the
SRM's performance characteristics. The general power equation
for 6/4 axial SRM can be defined as [19]

Puw = kekd vim (1)
where £, is the efficiency, kd represents the duty cycle, v
and 7 are peak values of voltage and current respectively and 7

denotes the number of phases. The duty cycle can be expressed
as

6.mP,
k, =——= 2
"= 7360 @
where 6is the conduction angle, and P is the number of
rotor poles. The applied voltage can be determined in terms of
inductance and current as

=L )

t
where L is the aligned saturated inductance, L, is the

unaligned inductance. The time it takes for the rotor to rotate
from an unaligned position to an aligned position is denoted as
t and can be expressed as

B,
= 4
o )
where ., @, is the stator pole arc and rotor speed in rad/sec
respectively. Substituting Eq. (4) in Eq. (3) and the voltage Eq.
becomes

, 1
v=—L"i(l-—) 5)
s G.T u

where o, 0, are the ratio of saturated aligned to unsaturated
aligned inductance and ratio of unsaturated aligned and
unaligned inductance. The flux linkages in the aligned position
can be represented using either the flux and the number of turns,
or the flux density and the dimensions of the machine.

1
L'i=pN, =B AN, = ng(DDZ -D})B.N,, (6)

g s

where ¢, N

s Bgand A is the aligned flux, number of
turns per phase, airgap flux density and stator pole area
respectively and D, , D, are the outer and internal diameter.

Moreover, the electric loading can be expressed as
_ 2N, im

AF
’ 7D,

(7
g
where m represents the number of phases conducting
simultaneously and D, is the average diameter of an axial
machine. In the case of 6/4, only one phase conducts at a
moment. Substituting Eq. (6) and (7) in (5).

71 P 1
v=-—"—BAD, (DS’-D*)1-——)N, 8
280 im ek e (Do” = D;7)( : M) ) (®)

where N, represents the rotor speed in revolution per minute.
Putting the Eq. (8) in (1) to get the output power Eq.

P, = kekdklkZBgAsDnvg (D02 _DzZ)Nr ©)
where
7’ 1
ky=—k,=(1-—— 10
'4807 7 ( o‘sau) (19)

The output torque Eq. can be derived from the above output
power Eq. and can be expressed as

P 0
=2
o, an
Substituting Eq. (9) in (11), the torque Eq. becomes
r= kpkdkzszgAvag (Do2 _D,Z) (12)
where
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T
k, T (13)

The average torque of the machine also depends on the inner
and outer diameters of the stator once the electrical and magnetic
loads have been set and the maximum and minimum inductance
ratios are specified. It is significant to note that the machine's
maximum average output torque may be obtained at a ratio of
inner and outer diameter of 0.577 [19]. Further, the geometric
parameters of a 6/4 axial SRM can be determined as and the
width of copper is defined as [20]

:ﬂD0(1+kr)XB/a,7B/a,a%,—Bg (14)

“ 4N, B

s '

where £, is the ratio of inner to outer diameter, N, represents
the number of stator poles, B, is the flux density of stator pole,
a, is the ratio of the reduction in the flux density due to the
added radii corners helps to mitigate the effects of end winding
and leakage inductance. This reduction is important for
improving the performance and efficiency of the motor, «,, is
the gap between the coils serves to enhance thermal conductivity
between the copper windings and the iron core. Moreover, the
stator slot depth, stator pole width and rotor pole width can be
expressed as

_ ”D0(1+kr)x Bza/a:h _Bg

. 15
sa 4N B 1s)

B,xD,(1+k,)

w, = —t——
T (16)

B zD,(1+k
WVP:M 17)

2PB,

where «, is the ratio between the arc of pole shoe and the
stator pole pitch. The length of the stator pole can be determined
as
A D, 1+k,
x

L = X
* 2aJ, 2Nw, 2

(18)

where « is the filling factor of copper in the stator slot and
is consider as 0.75 and J, is the current density and for natural

rms

cooling system it is selected as 4.5 %n - The width of the

stator pole shoe can be expressed as

7D, (1+k,)
=7

sh N sh 19)
And the length of pole shoe is A
B,w,
L,= ;7’ (20)

sh
where B, is the allowed flux density in the stator pole shoe.
Moreover, the back iron length of rotor can be expressed as

B
1, =0, (tk) B,
4 2 B,

(2]

where B, is the flux density of back iron. It is noted that the
number of turns per phase can be determined using the Eq. (7)

When the geometric parameters have been computed,
proceed to create a visual representation of the design in
SolidWorks 2023 using these parameters. Subsequently,
validate the FEM analysis by comparing it with the results
obtained from analytical calculations. The main geometric
parameters are shown in Fig. 2.

The preliminary stage of the AFYS-SRM involves
introducing the specifications, constraints, and configurations.
The rated parameters encompass the base speed set at 3000 rpm,
current density, and efficiency. As for the machine
configuration, it includes slot/pole combination, stator and rotor
pole arcs, and a specific winding arrangement. The AFYS-SRM
utilizes a concentrated-type winding, characterized by
alternating winding polarities. This design facilitates the
controlled flow of flux, allowing it to enter from one rotor pole,
passes through stator pole and leave through the other rotor pole
within a given phase. The diameters of the machine are
determined using the output power Eq. and the initial
assumptions are verified through an iterative computation
process. Table I presents the geometric parameters associated
with the AFYS-SRM. The flowchart of design methodology is
shown in Fig. 3.

Fig. 2. Geometric parameters of AFYS-SRM
TABLE L CALCULATED PARAMETERS OF AFYS-SRM
Symbol Parameter Value
D, Outer diamter (mm) 60
D, Inner diamter (mm) 33.6
Wo Stator pole width (mm) 11.43
hy, Stator pole height (mm) 13.2
Weu Copper width (mm) 3.94
Waa Stator slot depth (mm) 1.68
W Stator pole shoe width (mm) 17.88
Ly, Pole shoe length (mm) 0.896
L, Stator pole length (mm) 23
Ly, Back iron length (mm) 6.3
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Symbol Parameter Value
Wi Rotor pole width (mm) 19.66
h, Rotor pole height (mm) 13.2
N, ph Number of turns 183

III. SIMULATION RESULTS AND COMPARISON

In this section, a 3-D Finite Element Method (FEM) is
utilized to validate the performance of the AFYS-SRM. A
motion-coupled analysis is conducted to evaluate the dynamic
behavior of the motor. The motor is driven by an asymmetric
half-bridge converter.

Fig. 4 illustrates the distribution of flux density in the AFYS-
SRM when the A-phase winding carries current, considering
both aligned and unaligned positions. The observed magnetic
flux path of a single phase predominantly follows a trajectory
from the right rotor pole to the stator and subsequently back to
the left rotor pole. In the unaligned position, the magnetic flux
density at the stator pole measures 0.2T, while it reaches 0.25T
at the rotor pole shoe. Conversely, when the rotor pole aligns
with the stator pole, the flux density increases to approximately
1.6T at the stator pole and 1.65T at the rotor pole shoe.
Additionally, the magnetic flux density at the rotor yoke
amounts to 1.04T during the aligned position.

Fig. 5 displays the simulated three-phase currents in the
motor. Furthermore, Fig. 6 presents a torque comparison at the
rated speed. During the initial stages of machine design, the pole
shoe was originally positioned on the stator pole. This
configuration offers advantages such as reducing torque ripples
and providing support for the windings. However, challenges
arose during the assembly process in combining the stator
segments. To address this issue, an alternative solution is
devised, placing the pole shoe on the rotor pole to mitigate
torque ripples. A lip is introduced on the stator pole to attach all
the stator poles with a carbon fiber sheet, which would also aid
in holding the windings in place.

Additionally, Table II provides a summary of simulated
performance parameters under rated operating conditions. These
parameters encompass various metrics such as torque, power,
power density, and torque density, which serve to characterize
the machine's performance.

IV. COMPLETE ASSEMBLY OF AFYS-SRM

The 3D view of AFYS-SRM is shown in Fig. 7 and explain
the advantage and working of each part in steps.

Shaft plate: The shaft plate is a component made of iron. It is
fixed with the rotor on both sides using bolts. The shaft plate acts
as a support structure and holds the shaft of the machine. It will
provide stability and helps transmit the rotational motion from
the rotor to the shaft.

Rotor: The rotor is an integral part of the AFYS-SRM and is
connected to the shaft plate on both sides. It is typically
composed salient type poles for the flow of the magnetic field
for machine operation. The rotor rotates along with the shaft and
interacts with the stator to produce torque.

‘ Define the rated parameters ‘

v

‘ Specify machine constraints

and configuration

Assign the initial values e.g
ke, kg, ko, magnetic and electric loading

and flux densities in each part
>

Estimate the outer and inner
diameter and number of turns
per phase

Calculate other geometric
parameters mention in Fig. 1

i Adjust the initial
values

Validate through FEM

v

hether Tayg,Pou meet the
requirements?

Display the results

End

Fig. 3. Flowchart of design methodology of axial flux SRM
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Fig. 4. Flux distribution of AFYS-SRM (a) Unaligned position (b)
Aligned position

Shaft keyway: The shaft plate has a keyway, which is a groove
or slot that runs the length of the plate. The purpose of the
keyway is to secure the shaft and prevent rotational motion
between the shaft and the plate. It facilitates the efficient transfer
power from the rotor to the shaft.
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TABLE II. SIMULATED PERFORMANCE PARAMETERS AT RATED

CONDITION
Symbol Parameter Value
N, Rotor speed (rpm) 3000
B, Output power (W) 140
’ Average torque (Nm) 045
T densiny Torque density (Nm/kg) 0.59
Prensis Power density (W/kg) 183.17

Bearing plate: The bearing plate is a distinct component that is
attached to the shaft. It serves as a mounting platform for the
machine's bearings. The bearing is supported and stabilized by
the bearing plate, enabling the shaft to rotate precisely and
smoothly.

Carbon fiber sheet: The carbon fiber material is attached to the
bearing plate and serves multiple purposes. As a structural
component, it holds the stator poles in position. For supporting
the stator poles, carbon fiber sheets reduce the need for epoxy
resin while providing a durable and lightweight alternative.
Additionally, the carbon fiber material aides in heat dissipation
and reduces the overall weight of the machine.

Stator pole: The AFYS-SRM stator poles have a lip on both
sides, allowing them to be attached to the carbon fiber sheet. By
incorporating this configuration, the necessity for epoxy resin
bonding is avoided as it ensures a strong connection between all
stator poles via the carbon fiber sheet. Furthermore, the gaps
establish a mechanical bond between the stator poles and the
carbon fiber sheet, ensuring accurate alignment and secure
fixation.

Fig. 7. Complete 3D view of AFYS-SRM

Mounting support: The mounting support serves as a structural
element that is affixed lower to the carbon fiber sheet. It provides
additional support and stability to the entire machine assembly.
The mounting support is responsible for securing the machine in
its designated location and preventing unwanted vibrations or
movement during operation.

V. CONCLUSION AND FUTURE WORK

The preliminary design procedure for the AFYS-SRM was
presented in this study. The geometrical characteristics of the
machine were determined, and machine sizing equations were
developed. Using 3D-FEM, the effectiveness of the machine
was evaluated. By adding pole shoes to the stator and rotor sides,
respectively, the torque of two distinct machine designs based
on their rotor and stator structures were compared.

The results of the study showed that the average torque was
32.35% greater when the pole shoe was designed on the rotor
poles compared to the stator poles. This indicates that placing
pole shoe on the rotor side can substantially improve the
performance of the machine. In addition, the study provided
information regarding the AFYS-SRM's construction. It
displayed the initial conditions and highlights improvement
areas for the future.

Future work in this area of research will include geometric
and topology optimization to enhance the performance of the
AFYS-SRM while reducing material consumption through the
use of topology optimization techniques. Using these
optimization techniques, the design of the machine can be
refined and enhanced to attain even greater efficiency and
performance.

Moreover, the optimized design will be manufactured
utilizing AM techniques. AM-based winding permits greater
flexibility, resulting in a greater fill factor, which corresponds to
the utilization of available winding space. In addition, this
method allows the machine to operate at high current densities,
which facilitates the implementation of an effective cooling
mechanism.
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Future work will leverage topology optimization, AM
fabrication, and AM-based winding techniques to construct an
AFYS-SRM with increased performance, enhanced efficiency,
reduced material consumption, and effective thermal
management.
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Abstract—Axial-switched reluctance machines have a higher
torque density compared to radial-switched reluctance
machines, making them a preferred option for applications that
require high torque. Due to the intricate three-dimensional
design of axial machines, production poses substantial
challenges. Additive manufacturing has simplified the process
by allowing to produce complex shapes. This paper presents a
systematic design approach that utilizes output equations to
establish the geometrical parameters of a machine analytically.
The proposed machine design was validated using 3D finite
element analysis with JMAG software after the analytical phase.
The study proposes a design feature to address the challenges
associated with the mechanical assembly of machine. This
design modification introduces a lip feature on the stator
segments to mechanically join all the segments. Furthermore,
this study evaluates the impact of this modification on the
machine's performance by comparing it to a base design without
this feature. The paper outlines the fabrication of a physical
prototype utilizing Selective Laser Melting employing an
advanced additive manufacturing process.

Keywords—Axial ~ flux, reluctance machine, additive
manufacturing, finite element method, eddy current losses

I.  INTRODUCTION

Switched Reluctance Machines (SRMs) are preferred for
their durable and magnet-free design, which allows for
straightforward temperature control, excellent ability to
withstand faults, and a wide range of operating speeds, all at
an attractive price limit [1]. As a result, SRMs are considered
strong contenders for future drive systems and have already
been effectively used in electric vehicles, mining equipment,
aircraft, pumps, and more [2], [3], [4], [5], [6]. However, SRM
faces significant limitations due to its relatively low torque
density and substantial torque ripple, which currently hinder
its widespread adoption [7]. Different machines design and
control strategies are presented by the researcher to enhance
the performance of SRM.

The research on Axial Flux Switched Reluctance Machine
(AFSRM) as referenced in [8], [9], [10], [11] have been
extensively explored and analyzed. The magnetic field in
these types of machines is distributed in three-dimensional
space. However, the manufacturing of axial machines is
difficult as compared to the radial machine. In radial
machines, the eddy current losses are reduced by using the
lamination sheets in axial direction and efficiently minimize
the eddy currents by aligning the lamination direction
perpendicular to the primary flux path. In an axial flux
machine, the laminations are arranged in a radial pattern,
which makes traditional manufacturing methods challenging.
However, utilizing Additive Manufacturing (AM) techniques
can address these challenges [12], [13].

AM enables the creation of parts and components with
unprecedented geometric freedom without much increasing

costs, as it minimizes the material waste [14]. In contrast, the
literature on AM for soft-magnetic components primarily
concentrates on manufacturing unique geometric designs that
emerge from efforts to optimize and study materials to
enhance magnetic properties or decrease iron losses. Soft
magnetic component fabrication for axial flux machines is an
area that is rarely covered in the literature [13], [15], [16]. The
validation procedure usually involves analyzing data from
FEA along with performing conventional material
characterization tests, rather than building an electric machine
and physically evaluating its performance as a motor.

According to the author knowledge, in the existing
literature, only one AFSRM are fully fabricated through AM
[16]. The author proposed a double stator and single rotor
AFSRM, which took the printer 57 hours to complete. The
materials composition used for the machine were iron
(97.05%) and silicon (2.95%), respectively. In [17] the author
presented a radial SRM in which he fabricated the rotor
through AM. Further, the 8-pole salient type rotor was printed
in three segments due to the printer dimension limitations
through powder bed fusion. One segment length was 54 mm,
and the other two segments’ lengths were 25 mm. The samples
were heated at 1150 °C for one hour to improve the magnetic
properties and remove the residual stress.

As mentioned above, the existing literature on the
fabrication of reluctance machines through AM is quite
limited. However, the studies in [15], [18] fabricated the stator
of axial flux PM machine using the SLM technique. For the
eddy current loss minimization, the Hilbert pattern was
utilized in the AM soft magnetic component [19]. The results
show that the AM manufactured stator utilizing 6.5% Si has
34% light weight than the solid stator. Furthermore, the
Hilbert structured stator has 13% higher torque density than
the laminated stator. In another study, [20] presented the
complete AM manufactured induction machine using the
lamination thickness of 2 mm having 0.2 mm airgaps between
the laminations. Then the lattice structures were added within
the airgaps to combine the printed parts in a single core and
achieved 34% efficiency at the rated speed. After reviewing
different articles on the fabrication of different machines, it
appears that a yokeless stator has not yet been produced
through AM.

This paper introduces a 6/4 Axial Flux Double Rotor
Switched Reluctance Machine (AFDRSRM) featuring a
yokeless stator, which is fabricated using AM techniques.
Traditionally, machines with yokeless stators pose
manufacturing challenges when using conventional methods,
primarily because it is difficult to assemble the stator segments
into a complete ring. However, the adoption of AM enables
the production of yokeless machines with an integrated
assembly that is more feasible and efficient. The proposed 6/4
AFDRSRM topology is illustrated in Fig. 1. Furthermore, this
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paper is organized as section II describes the analytical
formulation for finding the output power and other
geometrical parameters. FEM based simulation results are
discussed in section III and section IV gives an overview of
the printed machine parts. Finally, conclusions are drawn in
section V.

II.  OUTPUT EQUATION AND DESIGN FORMULATIONS

A. Output power and Torque

By derivation, the output power equation of AFDRSRM is
given by [21]:

Pout = kekdklkZBgAsDavg (Doz - Diz)Nrpm (@Y)

11'2

k= 280

2

ky =12 3

=1-7 ©

where k, and k,; are the machine efficiency and the duty

cycle for each phase respectively. k; and k, are the machine

coefficients and the ratio of unaligned to aligned inductance.

Moreover, B, and A, the magnetic and electric loading of the

machine respectively, while D, and D; are the machine outer

and inner diameter. The rated speed of the machine is

represented by Nyp, . Furthermore, the derivation for the
average torque is reported in [21] and is as follows:

Tavg = kekdekSBgAsDaug(D02 - Diz) (4)
where
A
ks = 1¢ ©)

The electrical load equation of AFDRSRM can be obtained as
follows:

 2Nyim

Ag (6)

TDgyg

where Ny, is the number of turns per phase, i is the peak
current value and m represents the number of phases. In the
case of 6/4 SRM only one phase conduct at a time. In addition,
Dgyg is the average diameter of the machine and Dy, =
(D, + D;)/2. Once the electrical and magnetic loading is
fixed and the ratio of unaligned to aligned inductance is
determined then the average torque is related to the outer and

¥
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Fig. 2. Representation of geometrical parameters (a) Stator and rotor
parameters (b) Coil parameters

inner diameter of the AFSRSRM.

B. Geometrical parameters of AFDRSRM

The geometrical parameters for the AFDRSRM can be
determined as follows. The geometrical parameters of the
stator and rotor are illustrated in Fig. 2(a). However, the
average width of the stator tooth can be expressed as:

Wst = ﬁ X nDavg
Bse N

where By, is the magnetic flux density of the core material
in the stator tooth and N represent the number of stator teeth.
Further, the width of copper around the stator tooth is
illustrated in Fig. 2(b) and can be formulated as:

Q)

_ (T[Davg) - (NSWg) - (NsWst)
Weu = 2N,

®)

where wy is the minimum possible gap between the coils
and is assumed to be 1mm on the inner side of the coil. Setting
up this threshold to a minimum possible gap between the coils
at the inner diameter of the coil. Reducing this value will result
in joining of the coils at the inner point. Moreover, the average
width of the rotor pole, pole shoe width, pole shoe depth and
length of pole shoe can be expressed as:

B Tauy
" By Ny
Weor = T[Davg x ﬁsh
sh = X
Y ©)
W, = Wsp — Wse
¢ 2
B,
)
Lsh = B_h X Wy
S|

where Sy, T,, are the arc of the pole shoe and pole pitch
of the rotor, respectively. w, and Ly, are the depth of the pole
shoe and length of the pole shoe, respectively. Moreover, the
stator tooth length can be determined as:

AsTtDgyg

Ly=-—" 29
o 2]rmswcukas

(10)

where  J,s is the current density and kf is the copper
filling factor in the stator slot. The number of turns per phase
can be calculated from (6) when the electric loading is fixed.
However, for the phase resistance calculation the mean length
of wire can be calculated as:
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D, — D;
( Loee = % + Wey
D, +w,
Lenao = (%) X (Bst) + Wew (11)
D; —w,
Lendi = (%) X (ﬁst) + Wey

t Ly = (2Laee) + Lenao + Lenai

where Lgct, Lenaos Lenai are the active length, outer end
winding length and inner end winding length, respectively. L,
is the total mean length for one complete turn. Then the
calculation for the conductor area and wire diameter can be
determined as follows:

( Lsthukf
| Acona = N
tc
(12)
d. = 4'Acond
v T

where N, is the number of turns per coil and can be
determined from the turns per phase. d,, is the wire diameter
for selection of wire according to the wire gauge system, the
value close to the system will be selected. The resistance for
the one complete turn can be:

_ Peule

R
Acond

13)

where pg, is the resistivity of copper and the phase
resistance can simply be determined by multiplying the
resistance of one turn to the number of turns per phase as
Rpp =R XN, . The geometrical parameters of the
AFDRSRM are illustrated in Table I. Furthermore, the copper
loss calculation and efficiency can be expressed as:

P= 3]rms2 X Rph
—_ Pour X 100%

Pout+PctPiron

(14)

where [, is the rms current, P, and P;,,,, are the copper
losses and iron losses respectively. To find the efficiency of
AFDRSRM, iron losses though empirical formula does not
give the accurate calculation. For this reason, the iron losses
are evaluated through Finite Element Method (FEM).
Moreover, for the power density or torque density calculation,
the weight of each part of AFDRSRM can be determined:

{ Wst = dihstws!:Lsth

I/ch = chthuLstkas

Wsh = dihstwsthth

M/rp = dihsterLrer
Wy, = dihstnDangblNr
So, the whole weight of the machine can be determined as:
W =Wy + Wey, + 2Wp, + 2W,p, + 2Wy,; (16)

where Wy, W,,, are the weight of the stator tooth and the
weight of the copper, respectively. d; and d,. are the densities
of the iron and copper, respectively. Further, Wy, W, and
W,,; are the weight of pole shoe, weight of the rotor pole and
weight of the back iron, respectively. hy; is the height of the
stator tooth and is same for the rotor pole height also, because
the stator tooth height and rotor pole height are same. L,,, and
Ly, are the rotor pole axial length and rotor back iron length,
respectively. In addition, the torque density and power density

(15)

TABLE I. DESIGN AND ELECTRICAL PARAMETERS OF AFDRSRM

Parameters Symbols Values
No. of stator/rotor poles Ny/N; 6/4
Rated speed (rpm) Nipm 7000
Rated voltage (V) Ve 96
Number of turns per coil N 150
Electrical loading (A/mm) A 28.485
Current density rms (A/mm?) Jims 5
Airgap length (single side) Iy 0.25
Outer diameter (mm) D, 60
Inner diameter (mm) D; 33.6
Stator tooth width (mm) Wiyt 13.1
Coil width (mm) Weu 3.7
Stator tooth height (mm) hy 13.2
Stator axial length (mm) Ly 253
Pole shoe length (mm) L, 0.6
Pole shoe depth (mm) Wy 12
Rotor pole width (mm) Wip 19.6
Rotor back iron (mm) Ly 12.3
Phase resistance () Rpn 0.7535

can be calculated from the output torque and power equation
with respect to the whole machine and can be expressed as:

p, = @
@ W
T a7
T — avg
a7 w

III.  SIMULATION RESULTS

This section explores the methods and tools used to assess
the machine steady-state and transient performance
characteristics. Using the implementation of JIMAG software,
which integrates with 3D FEM, extensive simulations are run
in order to get an understanding of the machine behavior under
different conditions, including both steady state operations
and dynamic behavior.
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A. Static Analysis

The flux-linkage and torque characteristics of SRMs,
which are dependent on the position of the rotor and the
current flowing through the coil, have a significant impact on
the machine's performance as well as control methods. To
derive these characteristics, 3D Finite Element Analysis
(FEA) is utilized. The distribution of magnetic flux density for
both the aligned and unaligned positions of the rotor is shown
in Fig. 3(a) and 3(b), respectively, when a single-phase current
of 4A is supplied. The illustrations demonstrate how the
magnetic flux lines cross over from the stator tooth to one
rotor, then from that rotor, they proceed to the stator tooth that
is diametrically opposite of it and finally to the other rotor
pole. Further, at the unaligned position, the magnetic flux
density at the stator tooth measures 0.28T, while it achieves
approximately 0.53T and 0.17T at the rotor pole shoe and at
back iron respectively as illustrated in Fig 3(a).

The magnetic flux density at the stator teeth is around
1.52T in the aligned position shown in Fig. 3(b). The value
increases to 1.65T at the rotor pole shoe, which causes a red
spot to appear on the edge of the pole shoe. This observation
is noteworthy as the pole shoe was originally designed to
accommodate a magnetic flux density of 1.6T, and the FEA
simulations closely approximate this designed value.
Moreover, the flux linkage characteristics of AFDRSRM at
unaligned to the aligned position at different current levels are
studied in Fig. 4. It can be observed that the flux linkage at
unaligned position is significantly smaller and at the aligned
position it gets saturated after the knee point at the rated
current of 4A. The phase A inductance variations as the
applied current varies from 1A to 10A are shown in Fig. 5. It
has been noted that when applied current increases, inductance
decreases. This phenomenon happens because iron
components have higher reluctance to the magnetic flux at
higher currents, which lowers the inductance value. Since the
iron cores are not yet saturated at lower currents, only the
airgap can control the magnetic flux reluctance. The
maximum to minimum inductance ratio for the AFDRSRM is

at 8.73, with the highest measured inductance being 21.1mH
at 2A current and the lowest being 2.52mH.

Further, the static torque curves are depicted in Fig. 6(a)
at different positions for the excitation currents of 0 to 10A.
It is evident that the torque increases as the excitation current
increases. The maximum and average values only for positive
cycle are shown in Fig. 6(b).

B. Dynamic Analysis

JMAG FEA is used to simulate the dynamic behavior of
the AFDRSRM. The machine is powered by an asymmetric
H-bridge converter, and for this high-speed machine a typical
angular position control technique was utilized. This 3-phase
6/4 arrangement uses a single pulse control method in which
each phase activates at 0° unaligned and turnoff at 30°. Fig.
7(a) and 7(b) show the resultant current and torque dynamics
at 7000 rpm, respectively. In addition, the phase current
reaches the rated value of 4A while the average torque is 0.21
Nm.

Furthermore, the analysis extends to evaluating the impact
of varying the axial length of the rotor poles from lmm to
10mm, with the resulting effects on rotor positioning and
torque illustrated in Fig. 8. As shown in Fig. 9(a), the average
torque increases with pole length up to a certain point (5 mm),
at which point it starts to decrease. As can be seen in Fig. 9(b),
a Smm pole length yields optimal power and torque densities.

To facilitate the mechanical assembly of all stator teeth
into a single ring, a lip feature is added to the surface of each
stator tooth. This lip projected outwards by 1mm and tapers
down to Imm on both sides. Fig. 10 illustrates the torque
performance comparison between stators with and without the
lip. Adding the lip causes a slight reduction of 7% in average
torque compared to stators without the lip. However, the
torque ripple increases significantly from 54.56% to 110.02%.
Despite this increase in torque ripples, the modified design
maintains a satisfactory average torque level, with further
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TABLE II. COMPARISON OF PERFORMANCE PARAMETERS AT RATED

CONDITION
Parameters Analytical FEM
Speed (rpm) 7000
Rated peak current (A) 4.0338
Average torque (Nm) 0.211 0.2067
Output power (watt) 155 151.51
Torque ripples (%) - 54.56/110.02
Torque density (Nm/kg) 0.2386 0.2296
Power density (watt/kg) 174.93 168.34
Copper losses (watt) 12.26 12.26
Iron losses (watt) 99.11 99.11
Efficiency (%) 58.17 57.63

research to focus on reducing torque ripples. Additionally,
Table II compares the performance parameters obtained from
analytical calculations and FEA simulations.

IV. AM PROTOTYPE OF AFDRSRM

This section presents the manufacturing process of
AFDRSRM using AM technique. Before printing, some
design changes must be made in order to reduce core losses,
as printing a solid piece would lead to significant core losses.
To minimize eddy current losses in the design, the stator
segments are constructed with parallel lamination, each layer
being 0.6mm thick with incorporating a 0.2mm gap is
introduced between each lamination as shown in Fig. 11. Two
strategies were used to ensure the printing quality, low
conductivity between the plates, and mechanical stability of
the final parts.

»  Strategically spaced distancers in the middle of the
core to ensure even air-gap width throughout the core.

* Thin latticework on the sides of the core to
consolidate the thin plates into a single mechanically
stable core.

The lattice includes thick border elements to prevent
warping and delamination of parts during the printing process.
Fig. 12 illustrates the CAD model of the parallel laminated

stator segment with the addition of the lattice structure on both
sides of the stator tooth. Both the stator segments and rotors
are manufactured using SLM techniques. The material used
for the printer was silicon powder alloyed with 3wt% Fe-Si,
with particle sizes ranging from 29 to 58 um. The individual
machine’s parts were printed, which took 6h to print each rotor
and all the stator segments were printed in 10h. Followed by
a heat treatment at 1200°C, increasing at a rate of 5 degrees
per minute for an hour. The cooling process begins
uncontrolled and in the furnace, starting at 50 degrees per
minute and gradually slowing down over time. Throughout
this process, the vacuum level was maintained between 0.04
and 0.4 mbar. Fig. 13(a) and 13(b) depicts the AM printed
stator tooth and the spacer on the stator tooth to hold the
winding respectively.

Fig. 11. Parallel laminated stator without lattice

(©) (d)

Fig. 13. AM AFDRSM parts (a) Stator tooth (b) Stator tooth with spacer
(c) Stator winding (d) 4 pole rotor

The copper winding on single stator tooth and printed rotor
are illustrated in Fig. 13(c) and 13(d) respectively. The
complete assembly is shown in sectional view in Fig. 14,
which gives the idea about the visual representation of how
the entire machine will be assembled.

V. CONCLUSION

This paper outlines a design approach for an AFDRSRM,
which involves to determining its parameters analytically and
then validating these parameters through 3D FEA simulations.
The results obtained from FEA were in good agreement with
the analytical calculations. Further, a notable design feature is
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the inclusion of lip on stator tooth surface which aims to
provide the mechanical assembly made possible to close all
stator teeth together. Comparative analysis between the
design with lip and without lip showed minimal variation in
the average torque performance. However, the increase in the
torque ripple for the design featuring the lip.

The paper also addresses the manufacturing challenges
posed by complex axial machine geometries, which are
difficult to produce using conventional manufacturing
techniques. To overcome this problem, the proposed axial
machine was fabricated using SLM utilizing a material
composition of 3wt%Fe-Si. The design deliberately adopts
parallel lamination to reduce the eddy current losses,
incorporating a 0.2 mm gap between the laminations. In
addition, a lattice structure was integrated on the core sides to
join the thin plates into a cohesive and mechanically robust
core, enhancing the structural integrity of the stator core.

The future work involves the assembling of the developed
prototype and conducting AFDRSRM experimental testing.
These tests aim to validate the prototype performance by
comparing the experimental outcomes against both the
analytical and FEM simulations. This future work will provide
a detailed evaluation of the design efficacy and its potential
for practical applications.
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Abstract—This paper presents the development of an axial flux
segmented stator dual rotor switched reluctance machine, specif-
ically designed for high-speed propulsion applications. Due to the
complex three-dimensional geometry of an axial flux machines,
traditional production methods face substantial limitations in man-
ufacturing accuracy and feasibility. However, advancements in ad-
ditive manufacturing have addressed these challenges by enabling
the production of intricate geometries with greater precision. The
paper begins with the derivation of the output power equation
for the proposed machine, followed by a detailed examination of
key geometric parameters influencing performance. The design
methodology is outlined from initial considerations to final perfor-
mance targets, with a 3D finite element method analysis conducted
to validate the calculated dimensions and assess performance.
Furthermore, a physical prototype is fabricated using Selective
Laser Melting, an additive manufacturing technique suited for
producing complex structures with high precision. The prototype
undergoes experimental testing, and the resulting performance
data are compared with simulated results. The comparison between
FEM simulations and experimental measurements indicates a close
similarity between the experimental and simulated static and dy-
namic torque values.

Index Terms—Axial flux switched reluctance machine, additive
manufacturing, eddy currents, segmented stator.

1. INTRODUCTION

HE rapid increase of electrification in the transportation
T sector, along with the available enabling technologies,
creates possibilities for the integration of drones, flying cars and
air taxi applications [1], [2]. This trend is reshaping traditional
infrastructure requirements and reducing the need for extensive
transportation networks and their associated maintenance. As
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drones become increasingly capable and efficient, they offer a
viable alternative for transporting goods, delivering packages,
and conducting surveillance operations, eliminating the need
for extensive physical infrastructure such as roads or manned
vehicles.

To drive these advanced aerial systems, Switched Reluc-
tance Machines (SRM) are suitable for the application of drone
propulsion system because it offers high speed, low weight and
high power density which are the key requirement for such
applications. The suitability of SRM as an option is also due
to their simple and sturdy design, fault tolerance, and high
reliability [3], [4], [5]. However, these machines suffer from
limitations such as low torque density and significant torque
ripples, which deter their widespread application [6], [7]. In
the past few years, various innovative designs have been put
forward to address these issues [7], [8], [9], [10], [11], [12],
[13].

The existing literature acknowledges that axial flux SRM
exhibits higher torque density and efficiency compared to radial
counterparts due to their larger active air-gap surface area [14].
By using multiple air gaps, it is possible to significantly increase
the utilization of the magnetic flux generated by the excita-
tion coils, which will increase the torque density. To further
improve the torque density, axial rotor segmented SRM has
been introduced in which the author presented the double stator
and segmented single rotor topology, and short pitch winding
configuration is utilized which have the benefit of smaller end
winding [15]. To make the magnetic flux shorter, full pitch wind-
ing configuration is adopted in which the magnetic flux path only
traverses the two adjacent stator poles and segmental rotors [7].
However, the use of full pitch winding increases the end winding
length, which also affects machine efficiency. Additionally, the
segmented rotor construction can introduce mechanical chal-
lenges at higher speeds [ 16]. As the rotor segments move relative
to each other, they can experience increased centrifugal forces,
which can lead to higher stresses and potentially increase noise
and vibration within the machine.

Another important aspect which enhances the performance
of axial machines is to reduce the eddy current losses. For
many years, electrical steel laminations have been utilized in
electrical machines to minimize eddy current losses. However,
these laminations restrict the manufacturing of axial flux SRM,
particularly those which are asymmetrical in the axial direction.
To address these limitations, Soft Magnetic Composites (SMCs)

0093-9994 © 2025 TIEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence and similar technologies.
Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on October 26,2026 at 09:07:14 UTC from IEEE Xplore. Restrictions apply.



2588

Rotor

| A

Stator Tooth

Fig. 1. Proposed axial flux dual rotor SRM.

Rotors

PCB sheets

Rotor supports

Fig.2. Exploded view of AFDR-SRM.

have been employed in 3D magnetic circuits as they exhibit
lower core losses, particularly at high frequencies.

Nonetheless, SMCs are constrained in terms of shape due
to their uniaxial pressing operation. An alternative approach to
overcome these limitations is the use of Additive Manufacturing
(AM) or 3D printing techniques, which allow us to produce com-
plex geometries while introducing the different lattice structure
for the eddy current loss reduction. In [17], the author employed
SLM to manufacture 3D printed axial flux machines with a 6/4
topology, consisting of two stators and one rotor. The entire rotor
and stators were produced in 57 hours using this technique.

In [18], [19], an axial flux stator was manufactured through
AM and compared the performance with the identical conven-
tionally manufactured baseline machine. The results demon-
strate that using Hilbert pattern can reduce the eddy current
losses by approximately 50% compared with a solid structure.
Although, the stacking factor of AM stator is lower than the
baseline due to which it exhibits 18% lower magnetizing flux.
Additionally, advancements in AM technology enable the pro-
duction of structures with thinner features and improved stacking
efficiency, enabling them to achieve comparable performance to
laminated structures across a wider range of operating condi-
tions.
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Based on the existing literature, a new 6/4 Axial Flux Dual
Rotor Switched Reluctance Machine (AFDR-SRM) is presented
as shown in Fig. 1. The segmented stator enables higher utiliza-
tion of the electrical loading, improve fault tolerant capability as
each phase operates independently and meanwhile, solid rotors
are well-suited for high speed applications. The following paper
is organized as Section II comprehensively explains the design
flow. The sizing equations and other geometrical parameters
of the machine are calculated in Section III. In Section IV the
Finite Element Method (FEM) is implemented on the basis of
the calculated parameters in Section III. Section V discusses
the prototype process of AM machine. Experimental setup and
measured results are shown in Section VI. The conclusion and
future work of this machine is explained in Section VII.

II. DESIGN FLOW OF AFDR-SRM

For this study, the selection of 6/4 configuration of the SRM
was due to simplicity of its structure and its inherent fault tolerant
operating capability. The practical limitations and freedoms
offered by the manufacturing process are also the important
factors to be considered in the design process. Therefore, the
main topological features of the said configuration and some
important aspects from assembly point of view are discussed as
follows. The three phase 6/4 SRM structure comprises a stator
with six trapezoidal teeth and a dual rotor configuration with
each rotor having four salient poles. Each stator tooth is equipped
with concentrated winding where the pairs of diametrically op-
posite teeth have their windings connected in series, to constitute
individual phases of the machine.

While the dual rotor SRM design is conceptually straight-
forward, the segmented nature of the stator teeth complicates
mechanical assembly, as the stator is not a single structure.
To address this, the stator tooth surfaces near the air gap are
modified with a lip projected outward, as shown in the exploded
view of Fig. 2. This lip enables all stator teeth to connect in
a circular configuration, where they are held together on both
sides with a PCB sheet. This not only helps to align the segments
but also integrates the coil connections inside the PCB.

The design and analysis process itself consists of two major
stages, the analytical design estimation, and the FEM based vali-
dation. The basic design and analysis flow is illustrated in Fig. 3.
This process starts with specifying the design parameters in the
form of fixed or free variables. The fixed variables primarily
include desired machine output characteristics, such as rated
voltage, output power, speed, and current density, which are held
constant during the process. Additionally, to initiate the design
process some variables are assigned values based on design
constraints, specific design decisions, or empirical knowledge
from established design practices. The value of these free vari-
ables is iteratively fine-tuned according to design constraints,
through FEM simulation. The values of fixed variables and initial
assumptions for the free variable are presented in Table I. Once
these initial variables are set, the next step involves calculating
the machine dimensions.

After analytical calculations, the design process undergoes
into the static analysis. The design is validated through static
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TABLE 1
DESIGN REQUIREMENTS OF AFDR-SRM
Parameters Symbol Value
Rated voltage (V) v 96
Assumed operating flux density B s
in stator tooth (T) * :
Rated speed (rpm) Nipm 7000
Current density (A/mm?) Jrms 5
Output power (watt) Pout 150

FEM analysis and once the static analysis phase is complete, the
design proceeds to dynamic analysis. This phase includes dy-
namic current simulation, focusing on fine-tuning the machine’s
operational characteristics. The most optimal design from these
simulations is chosen as the final configuration, ensuring that the
AFDR-SRM meets its targeted performance criteria in terms of
torque, speed, and efficiency. This systematic process optimizes
the machine’s design through iterative analysis and validation,
delivering a final design that is both efficient and feasible from
assembly point of view.

III. ANALYTICAL DESIGN PROCESS

The output equation for an axial flux SRM typically relates the
machine’s output torque or power to its key design parameters,
such as the average diameter, speed, and magnetic and electric
loadings. It is worth mentioning that the specific form of the
output equation for an axial flux SRM can vary depending on
the machine’s configuration, control strategy, and the objectives
of the design. Therefore, it is crucial to consider these factors
while formulating the output equation to accurately represent the
SRM performance characteristics. The general power equation
for 6/4 axial SRM can be defined as [20]

Pyt = nkqaVIm (1)

where 7 is the efficiency, k4 represents the duty cycle, V' and
I are peak values of voltage and current respectively and m
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denotes the number of phases. The duty cycle can be expressed
as

_ 91 mNT
360

where 6; is the conduction angle, and NV, is the number of
rotor poles. The applied voltage can be determined in terms
of inductance and current as

(La® — Ly) it
t

where L,° is the aligned saturated inductance, L,, is the un-
aligned inductance. The time it takes for the rotor to rotate from
an unaligned position to an aligned position is denoted as ¢ and
can be expressed as

kq (@)

V = 3)

t = & 4)

Wm
where [, wy, are the stator pole arc and angular velocity in
rad/sec respectively. Substituting (4) in (3) and the voltage Eq.

becomes
n . 1
V=i (- — ©)
Bs T50,

where o, 0, are the ratio of saturated aligned to unsaturated
aligned inductance and ratio of unsaturated aligned and un-
aligned inductance. The flux linkages in the aligned position
can be represented using either the flux and the number of turns,
or the flux density and the dimensions of the machine.

Diz) Bszh,

(©)
where ¢, Npj,, By and A, is the aligned flux, number of turns
per phase, airgap flux density and stator pole area respectively.
Dy, D; are the outer and inner diameter of the machine. More-
over, the electric loading can be expressed as

. 1
LaSZ = ‘PNph, = BgAsprh = ng (Doz -

_ 2Npuim

As )

wD avg
where D, is the average diameter of an axial machine. In the
case of 6/4, only one phase conducts at a moment. Substituting
(6) and (7) in (5).
1
) N, TpmM

050y
®
where N,,,,,, represents the rotor speed in revolution per minute.
Putting the (8) in (1) to get the output power Eq.

Py = nkdklkZBgAsDavg (D02 - D7,2> N, 9

w2 1
M=gg0 2= (1 - rau)

The output torque Eq. can be derived from the above output
power Eq. and can be expressed as
P U

=2 (11)

Wm

w1

_ = 2 _ 2 _
= 480 im DoAsDavg (Do* = D7) (1

where

(10)
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Substituting (9) in (11), the torque Eq. becomes

T = T]kdk2k3BgAsD(wg (D02 - Diz) (12)
where
™
ky = 16 (13)

The average torque of the machine depends on the inner and
outer diameters of the stator once the electrical and magnetic
loads have been set, and the maximum and minimum inductance
ratios are specified. Based on [20], the maximum average torque
can be achieved by maintaining an inner-to-outer diameter ratio
of 0.577.

A. Geometrical Parameters

The geometrical parameters for the AFDR-SRM can be de-
termined as follows. The geometrical parameters of the stator
and rotor are illustrated in Fig. 4(a). The average width of the
stator tooth can be expressed as [21]

B, o TDavg

14
kiBst Ns ( )

Wst =

where By, k; are the magnetic flux density of the core material
in the stator tooth and the stacking factor respectively, and N
represent the number of stator teeth. Further, the width of copper
around the stator tooth is illustrated in Fig. 4(b) and can be
formulated as

(TDavg) — (Nswy) — (Nswst)
2N,

5)

Wey =

where wy, is the minimum possible gap between the coils and
is assumed to be 1mm on the inner side of the coil. Setting up
this threshold to a minimum possible gap between the coils at
the inner diameter of the coil. Reducing this value will result in
joining of the coils at the inner point. Moreover, the average
width of the rotor pole, back iron length of the rotor, pole
shoe width, pole shoe depth and length of pole shoe can be
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expressed as

iy = i x o

L= £ x B

wep = TR x B (16)
Wy = Wsh —Wst

Lgp = % X wWq

where By, is the flux density in the rotor back iron, S, 7, are
the arc of pole shoe and pole pitch of the rotor, respectively.
wq and Lgy, are the depth of the pole shoe and length of the
pole shoe, respectively. Moreover, the stator tooth length can be
determined as

A D

Ly = s avs
’ ZJT'mswcukas

a7
where J,.,,,s is the current density and this value is selected based
on the thermal consideration for air cooled machine [22]. kj is
the copper filling factor in the stator slot and the number of turns
per phase can be calculated from (7) when the electric loading
is fixed. For the phase resistance calculation, the mean length of
wire can be calculated as

Do—D;

Lot = — 2 + Wey

Lendo = (%) X (6st) + Wey
Le"di = (%) X (Bst) + Wey
Ly = (2Lact) + Lendo + Lendi

where Lact, Lendos Lenai are the active length, outer end wind-
ing length and inner end winding length, respectively. L, is the
total mean length for one complete turn. Then the calculation
for the conductor area and wire diameter can be determined as
follows

(18)

_ Lstwcukf
Acond = Nie (19)
dy = 4Acond

™

where V;. is the number of turns per coil and can be determined
from the turns per phase. d,, is the wire diameter for selection of
wire according to the wire gauge system, the value close to the
data sheet will be selected. The resistance for the one complete
turn can be

— pcuLt

" Acnnd

(20)
where p,,, is the resistivity of copper and the phase resistance
can simply be determined by multiplying the resistance of one
turn to the number of turns per phase as R,, = R X Npy.
The geometrical parameters of the AFDR-SRM are presented
in Table II. Furthermore, the copper loss calculation can be
expressed as

P, = 3Irm52 X Rph 20

where I,.,,, s is the rms current. For the efficiency of AFDR-SRM,
iron losses through empirical formula does not give accurate
calculation due to the non-sinusoidal nature of magnetic excita-
tion. For this reason, the iron losses are evaluated through FEM
simulations. The weight of each part of AFDR-SRM can be
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TABLE I
DESIGN AND ELECTRICAL PARAMETERS OF AFDR-SRM

Parameters Symbol Value
No. of stator/rotor poles NN, 6/4
Number of turns per coil Nee 150
Electrical loading (A/mm) A 28.485
Airgap length (single side) Iy 0.25
Outer diameter (mm) D, 60
Inner diameter (mm) D 33.6
Stator tooth width (mm) We 13.1
Coil width (mm) Weu 3.7
Stator tooth height (mm) hy 13.2
Stator axial length (mm) Ly 253
Pole shoe length (mm) L 0.6
Pole shoe depth (mm) Wq 1.2
Rotor pole width (mm) Wip 19.6
Rotor back iron (mm) Ly 123
Phase resistance (Q) Rpn 0.7535

determined as

Wt = di hspwse Lt N
Wcu = dc LtwcuLstkas
Wen = d’L hstwsthhN'r
er = dz hstwrpL'rpN'r
Wy = d; hstﬂ—DangblNr

(22

So, the whole weight of the machine can be determined as
W = W‘;t + Wcu + ZWs‘h + Zer + 2VVI)I (23)

where W, W, are the weight of the stator tooth and the weight
of the copper, respectively. d; and d,. are the densities of the iron
and copper, respectively. Wy, W;.,, and W, are the weight of
pole shoe, weight of the rotor pole and weight of the back iron,
respectively. hg, is the height of the stator tooth and is same
for the rotor pole height also, because the stator tooth height
and rotor pole height are same. L,, and Ly; are the rotor pole
axial length and rotor back iron length, respectively. The torque
density and power density can be calculated from the output
torque and power equation with respect to the whole machine
weight and can be expressed as

P, = Pout
o Tf‘jg (24)
d= "W

IV. FEM BASED DESIGN VALIDATION

To analyze the performance of the proposed machine design
3D FEM simulations are carried out using JMAG software.

A. Magnetic Flux Density

Fig. 5 shows the magnetic flux density distributions of the
machine at the aligned and unaligned positions of the rotor
when the excitation current of phase A is applied of 4 A. At
the unaligned position, the magnetic flux density at the stator
tooth is 0.28 T, while it achieves approximately 0.53 T and 0.17
T at the rotor pole shoe and at back iron respectively as shown
in Fig. 5(a).

The magnetic flux density at the stator teeth is around 1.52 T
in the aligned position shown in Fig. 5(b). The value increases to
1.65 T at the rotor pole shoe, which causes a red spot to appear
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on the edge of the pole shoe. This observation is noteworthy
as the pole shoe was originally designed to accommodate a
magnetic flux density of 1.6 T, and the FEA simulations closely
approximate this designed value. These results prove that up
to 4 A machine is operating close to the design values, except
for the rotor pole shoe where the magnetic flux density is more
extensive reaching about 1.65 T.

B. Static Simulation Results

The flux linkage characteristics of AFDR-SRM at unaligned
to the aligned position at different current levels are studied in
Fig. 6. It can be observed that the flux linkage at unaligned
position is significantly low and at the aligned position it gets
saturated at higher values of current. Moreover, Fig. 7(a) and (b)
shows the static flux linkage and static torque of both designs a
flat surface and with lip.

When comparing stator design with and without lip, a slight
difference in torque and flux linkage characteristics is observed.
Projected lips cause localized concentration of flux in the airgap
but also cause localized saturation in the stator teeth facing the
airgap. This localized magnetic saturation near the lip limits the
total achievable flux linkage, yielding a slightly lower overall
flux linkage compared to the flat surface design. Conversely,
the flat stator tooth design allows for a more uniform flux
distribution, which minimizes localized saturation and thereby
achieves a higher total flux linkage. However, this design does
not concentrate the magnetic flux as effectively at the airgap,
resulting in a small reduction in torque.
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C. Dynamic Simulation Results

To further analyze the characteristics of the designed
AFDR-SRM prototype, dynamic performance simulations are
conducted. The phase switching is set to provide with the 300
conduction angle in the design value. The analysis explores the
effects of changing the axial length of the rotor poles from 1mm
to 10mm, with the corresponding impact on rotor positioning
and torque is shown in Fig. 8. Fig. 9 presents the three-phase
current and torque waveforms of the machine operating in Single
Pulse Control (SPC) mode at a speed of 7000 rpm and a DC link
voltage of 96 V.

In Fig. 9(a), a smoother current waveform is achieved by
distributing flux more evenly across the tooth surface, reducing
localized saturation. This uniform magnetic flux interaction
results in a more stable torque profile with lower ripple than that
produced by the lip stator tooth design. The current and torque
waveform for lip-projected stator tooth, shown in Fig. 9(b),
concentrates magnetic flux near the airgap, enhancing torque but
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Fig. 9.  Steady state current and torque waveform under SPC (a) without lip
on stator tooth (b) Lip on stator tooth.

also causing localized magnetic saturation, particularly during
the initial phase of current buildup. This flux concentration and
resultant saturation introduces ripples in the current waveform.
The increased torque ripple in the lip-projected design is simi-
larly due to this higher flux concentration at the airgap, creating
fluctuations in magnetic force on the rotor as it passes the stator
poles. Consequently, these fluctuations lead to torque pulsations
or ripples, as the rotor experiences varying magnetic pull from
the uneven flux distribution along the lip projection.

Moreover, the dynamic response of the SRM designs under
Current Chopping Control (CCC) simulations were conducted at
1000 rpm on a constant load. At lower speed, the torque ripple is
more pronounced in both SRM designs compared to the previous
simulation at 7000 rpm. This increase in torque ripple at a lower
speed is likely due to the extended conduction time for each
phase at slower speeds, allowing flux variations to have a greater
impact on the torque waveform as shown in Fig. 10(a) and (b)
respectively.

The torque-speed and power characteristics of the proposed
SRM machine are presented in Fig. 1 1. From 0 to the rated speed
of 7000 rpm, the torque remains nearly constant, indicating the
machine’s ability to maintain consistent torque in the low-to-mid
speed range. As the speed approaches the rated value, the ma-
chine’s output power increases linearly due to the combination
of constant torque and rising speed, reaching its peak at the
rated speed. This optimal operating point is where the machine
achieves maximum efficiency, as seen in Fig. 12.

Beyond the rated speed, the torque begins to decline, a typical
behavior in SRMs. This decline is attributed to the increasing
back EMF, which limits the effective current flowing through
the windings. With reduced current, the torque output drops,
leading to a decrease in power output. Additionally, higher
speeds result in increased core (iron) losses due to eddy currents
and hysteresis within the magnetic materials, as shown in Fig. 13.
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Fig. 15.

In Fig. 12, the efficiency map highlights the SRM’s performance
across various operating conditions. The results indicate that
the machine operates with peak efficiency near the rated speed,
where the power output is highest. In the constant torque region
(up to the rated speed), iron losses remain relatively low due to
limited eddy currents and magnetic hysteresis within the core.

However, as the speed exceeds the rated value, the iron
losses increase significantly. This increase in iron losses at high
speeds reduces the machine’s efficiency, as more input power
is lost as heat rather than being converted to useful torque and
power. Fig. 14 presents the copper losses map which is high
in the constant torque region due to the high current required to
maintain steady torque. Copper losses are calculated using (20),
which incorporates the resistivity of copper that varies with
the machine’s working temperature. Beyond the rated speed,
the machine cannot achieve the reference current due to the
increased back EMF, which leads to a significant reduction in
current. As the current decreases, copper losses also decline,
contrasting with the trend in iron losses. This behavior highlights
the shift in loss mechanisms from copper losses in the constant
torque region to iron losses at higher speeds.
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V. DESIGN FABRICATION OF AM AFDR-SRM

This section presents the manufacturing process of the AFDR-
SRM using AM techniques. To reduce the core losses in the
prototype, certain design modifications were applied before
printing, as a solid piece would lead to considerable eddy current
losses. To address this, the stator segments were constructed
using parallel laminations, with each layer being 0.6 mm thick
and separated by a 0.2 mm gap, as presented in Fig. 15.

A. Fabrication Strategy

Two main strategies are employed to ensure high print quality,
low conductivity between laminations, and mechanical stability
in the final assembly:

e Strategically placed spacers within the core to maintain

consistent air-gap width across the structure.

e Thin lattice structures along the sides of the core to combine

the thin plates into a single, mechanically stable core.

To prevent warping and delamination during printing, the
lattice includes thicker border elements. Fig. 15 displays the
CAD model of the laminated stator segment with lattice struc-
tures on each side of the stator tooth. The FEM simulations
are conducted on the laminated design, where the B-H curve of
Fe-3.7wt% Si steel was experimentally measured from different
toroid samples, by following standard magnetic characterization
techniques as reported in [23]. Additionally, the B-H curve of
35H210 steel from the JIMAG materials library and the exper-
imentally obtained B-H curve of the Fe-3.7wt% Si material
exhibit a strong similarity as shown in Fig. 16(a) . The complex

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 62, NO. 2, MARCH/APRIL 2026

50 T T T T T T
I .aminated Stator Core

40 [ Solid Stator Core

E Total iron losses

H

]

-

=

£

=

5 10 15 20 25 30
Harmonic order

Fig. 18.  Iron loss comparison of solid and parallel laminated stator core.
TABLE III
SUMMARY OF PRINTING PARAMETERS
Parameter Value
Layer thickness 50 um
Hatch distance 120 pm
Laser Power 350 W
Scanning velocity 0.75 m/s
Volumetric energy density 83 J/mm?

geometry of the stator tooth (Fig. 15) required fine mesh settings
for precise dynamic analysis.

Consequently, a static analysis for a single phase is performed,
and the static torque results across different magnetic materials
are shown in Fig. 16(b). It can be observed that the 35H210 and
Fe-3.7wt% Si gives the same torque waveform when the constant
current of 4A is applied. Fig. 17 shows the flux distribution
within the laminated stator tooth, revealing a uniform flux distri-
bution across each lamination layer. To evaluate the effectiveness
of parallel lamination in minimizing iron losses in the stator core,
a comparison of stator iron losses at the fundamental value is
presented in Fig. 18. With parallel lamination, the iron losses in
the stator core are reduced by 32.09% due to the restriction of
eddy current circulation within the core.

B. Printing Process

Pre-alloyed, gas-atomized Fe-Si powder from Sandvik Group
was utilized for manufacturing the machine cores through L-
PBEF, with its chemical composition confirmed using EDX and
Spark AES [24]. The powder, comprising spherical particles
ranging from 29-58 pm with a median diameter of 38 pm, was
processed using an SLM Solutions GmbH Realizer SLM-280
printer equipped with a 350 W infrared laser. To mitigate density
degradation in large-volume printing, the scan strategy was
adjusted from a “stripe” to a “chessboard” pattern, enhancing
partcompletion and uniformity, in alignment with prior research.
Furthermore, the re-melting scan strategy was halted as it con-
tributed to increased surface roughness and reduced powder
flowability, leading to uneven part growth, with key printing
parameters provided in Table I11.

Each rotor took 6 hours to print, while the stator segments
required 10 hours in total. Post-printing, the parts were heat-
treated at 1200 °C, with a temperature rise of 5 °C per minute
for one hour. Cooling was performed in the furnace at an initial
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Dynamic test setup of the proposed AFDR-SRM.

rate of 50 °C per minute, gradually decelerating. Throughout
this process, vacuum levels were maintained between 0.04 and
0.4 mbar. Fig. 19(a) and (b) shows the AM-printed stator tooth
and the spacer used to hold the winding, respectively, while
Fig. 19(c) and (d) displays the copper winding on a single stator
tooth and the printed rotor, respectively.

VI. EXPERIMENTAL SETUP AND TEST RESULTS

The objective of the experimental validation in this article is to
confirm the effectiveness of the proposed machine manufactured
through AM.

A. Test Setup

Fig. 20 shows the laboratory setup of the proposed machine.
A dc motor is used as a load, and a rotary position encoder is me-
chanically coupled to the test machine to read the position of the
rotor. An asymmetric three phase half bridge Semikron inverter
is used to power the AFDR-SRM, in which the gate pulses for
the IGBTs are generated based on the position of the rotor. An
RWT421-DE-KG Sensor Technology torque transducer is used
to extract the torque and speed waveforms.
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B. Experimental Results

To validate the accuracy of the proposed AFDR-SRM, its
static torque characteristics are experimentally measured and
compare with FEM simulation results using Fe-3.7wt% Si as
the core material. A servo motor is used to drive the prototype
machine, rotating it to specific positions via a coaxial shaft
coupling with an attached torque sensor. At each rotor position,
the servo motor locks the proposed machine, and a constant
current is applied to the winding, enabling the torque sensor to
capture the static torque at that position.

Fig. 21 presents a comparison between the static torque pro-
files obtained from FEM simulations and experimental measure-
ments across various rotor positions. Furthermore, a FEM-based
sensitivity analysis was performed to assess the influence of
varying air gap lengths, ranging from 0.25 mm to 1.00 mm, on
static torque performance. The discrepancies observed between
simulated and experimental results are mainly attributable to
changes in the magnetic properties of the additively manu-
factured components following the post-printing process, as
well as practical factors such as assembly misalignments and
measurement uncertainties. Nonetheless, the experimental static
torque waveform closely aligns with the trend of the simulated
counterpart, thereby providing validation of the proposed ma-
chine static performance characteristics.

Additionally, a dynamic performance test was conducted in
single pulse control mode. The AFDR-SRM is powered by a
Semikron three-phase half-bridge inverter, with rotor position
detected by an incremental encoder generating 1000 pulses per
rotation. Fig. 22 shows the encoder pulses and the gate signals for
the three phases, showing that when one phase deactivates, the
next phase immediately activates. Fig. 23 displays the voltage
and current waveforms with no load on the machine shaft. Due
to the encoder limitation, the machine reaches a speed of 5200
rpm as shown in Fig. 24, when the applied voltage is 22 V and the
machine draws 0.5 A current at no-load condition. The dynamic
torque response of the machine was investigated using FEM
and validated through experimental measurements, as shown in
Fig. 25, presents the torque waveforms obtained under single-
pulse control mode at the machine’s rated speed of 7000 r/min.
To simulate realistic full-load operating conditions, an external
DC link voltage of 96 V was applied, causing the machine to
draw a current of 4 A. The close correlation between the FEM
and measured results confirms the accuracy of the FEM model in
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representing the machine’s performance under loaded operating
conditions.

VII. CONCLUSION

This paper presented the design and development of an
AFDR-SRM for high-speed propulsion applications. The study
started the derivation of the output power equation, followed
by calculations of other geometric parameters. The analytical
results were validated through FEM simulations, demonstrating
good agreement with the analytical calculations. Subsequently,
a dynamic analysis based on the torque-speed curve across
various operating points was performed to evaluate the machine
efficiency. The analysis also investigated losses, quantifying
both iron and copper losses in different regions of the machine.

A prototype was manufactured using SLM, an additive man-
ufacturing technique that enabled precise fabrication of the
complex machine geometry. The prototype was experimentally
tested, and the results showed that the experimental static torque
was approximately consistent with the simulated value, hav-
ing minor deviations attributed to manufacturing variances. A
comparison between the chosen JMAG library material and the
3D-printed material revealed that both exhibited similar static
torque performance. The preliminary load torque waveform
of the machine was validated through experimental testing,
which demonstrated the consistency between the measured and
simulated loaded torque waveforms. The future work involves
detailed experimental testing under different dynamic condi-
tions. In future studies, comprehensive experimental testing will
be conducted, and topology optimization will be performed to
enhance flux distribution and maximize the efficient utilization
of the core volume.
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