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Introduction

With increasing global energy demands, system-level energy utilization and sustainability
become critical. Electrical machines utilize around 53% of electric consumption globally
[1] owing to their widespread use for a vast range of applications in modern industry and
all the aspects of everyday life [2], [3], [4]. Consequently, enhancing their performance
parameters such as torque densities and efficiencies, is critical to overall energy and
material utilization from their production stage to operational utilization. This translates
into the need for paradigm shift towards compact, efficient, and application-specific
electrical machines.

Historically, the design of electrical machines has been significantly limited by
conventional manufacturing methods, mainly involving laminated steel sheets [5].
Although effective for mass production, these traditional methods inherently restrict
designs to planar, two-dimensional geometries, severely limiting electromagnetic
optimization possibilities. As a result, decades of research have focused on improvements
within this restricted design space such as winding layouts [6], [7], material enhancements
[8], [9], and cooling strategies [10], [11]. However, these traditional design optimization
possibilities are now approaching saturation, with limited performance gains.
The increased demand for improved performance parameters and the limitations on
design optimization possibilities originating from the conventional manufacturing
techniques necessitates a fundamental shift towards the utilization of advanced
manufacturing techniques such as additive manufacturing (AM).

1.1 Limitations of Conventional Manufacturing

Conventional electrical machine manufacturing, primarily based on stacking stamped or
laser-cut laminated steel sheets, has long imposed limitations on structure and evolution
of machine design. Consequently, all electromagnetic and structural features, such as slot
shapes, winding configurations, or components for thermal management, must conform
to two-dimensional planar constraints. This approach has general implications on design
flexibility for improved performance parameters of all types of electrical machines [12],
[13]. Whereas the applications requiring special-purpose geometrical structures with
integrated-functionalities are particularly impacted by this limiting approach.

Advanced fields such as robotics, biomedical devices, aerospace, and wearable
technologies can benefit the most from complex customized geometries with integrated
design features. Achieving such geometries through conventional manufacturing often
requires custom-tooling, segmented assemblies and extensive post-processing. This makes
their production economically less viable when also considering the low-volume
production demand of such machines [9], [14], [15], [16].

In contrast, additive manufacturing (AM) eliminates many of these constraints,
enabling the direct realization of complex and three-dimensional geometries. This unlocks
new opportunities for improved performance through electromagnetic design innovation
and supports rapid, application-specific machine development, something conventional
techniques inherently struggle to achieve.



1.2 Opportunities Introduced by Additive Manufacturing

Additive manufacturing, especially metal-AM techniques such as Laser Powder Bed
Fusion (LPBF), Directed Energy Deposition (DED), and Binder Jetting, offers an innovative
shift in how electrical machines can be designed and built [17], [18], [19], [20], [21].
Unlike traditional subtractive methods, AM fabricates components layer-by-layer,
enabling complex, three-dimensional geometries that were previously unfeasible [13],
[22], [23], [24].

For electrical machines, this opens the door to novel electromagnetic design
possibilities beyond the limitations of 2D-planar laminations. Design features like
non-uniform airgaps, axial slot modulation, integrated cooling channels, spatial windings,
and embedded structural elements can now be implemented directly, without
segmentation or separate assembly [6], [7], [9], [25]. This geometric freedom not only
enhances performance but also allows true application-specific customization, including
robotics, aerospace, biomedical devices, and autonomous systems. Additionally, AM
enables the integration of multiple functionalities into single parts — reducing parasitic
losses, part count, cost and assembly complexity [11], [12], [16], [18], [24], [26], [27],
[28], [29], [30]. Its digital nature supports rapid prototyping and iterative development,
ideal for low-volume, high-performance designs.

AM allows tailored material distributions, functionally graded regions, and even
localized magnetic property control through build orientation or thermal gradients.
These capabilities support performance tuning within a single part, something conventional
processes cannot offer [31], [32].

Despite these advantages, the full potential of AM in electromagnetic design remains
underexplored. Most of the research emphasizes isolated part-wise structural or thermal
improvements, with limited focus on exploiting 3D topological freedom for fundamental
electromagnetic enhancement [5], [33], [34]. To bridge this gap and allow high
performance parameters for AM enabled machines, innovations in design and
computational tools-capable of efficiently modeling and optimizing AM-enabled features
are essential.

Table-l presents a brief comparison between AM and conventional manufacturing
methods based on factors such as material composition, production nature, and the
capacity of fabricating complicated structures.
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Table-I. Comparison of characteristics and capabilities of Conventional Manufacturing Techniques

and AM [5].
S. -, . -, . Ref.
No Traditional manufacturing method Additive manufacturing method
Employ subtractive methods or material | In AM, an object is created by [16],
removal such as machining and milling, sequentially depositing and [18],
1 leading to considerable negative consolidating layers of material, [35]
environmental impacts, material waste | which lead to (35 — 80%) reduced
which may lead to higher cost material utilization and convenient
production. low-cost production.
Traditional EM manufacturing may be AM offers the opportunity to [36],
constrained by material composition. integrate materials at different scales, [37],
Incorporating novel materials it becomes possible to customize the [38],
2 composition with enhanced electrical properties of components, such as (39]
and magnetic properties into traditional | thermal, magnetic, electrical,
production method can pose mechanical, and multifunctional.
challenges.
Fabrication of the required winding The utilization of metal AM has the [40],
shape/profile with the capability of capacity to revolutionize traditional [41],
3 reduced losses and thermally stable winding design by eliminating [42].
behavior is quite complex and limitations on conductor shapes,
challenging using conventional configurations, and integrated
manufacturing methods. thermal mechanisms.
The conventionally laminated structure | With the help of AM technology, it is (8],
of an EM was essential and favorable now possible to create a [39],
due to low eddy current losses, but its ferromagnetic core that allows the [43],
basic limitation is its anisotropic flow of magnetic flux in 3D. SMC core [44]
4 property of magnetic flux. Creating materials also enable 3D magnetic 45]'
complex structure by joining lamination | flux flow, however hysteresis loss, [
and attaining the required structure is low permeability, and reduced
challenging or perhaps not possible. mechanical strength are the main
issues.
The EMs with intricate flux path and AM constructs a 3D object by layering | [45],
mechanical structure complexity such material and has gained significant [46],
as axial flux machine, transverse flux attention and acceptance in various [47],
machine, claw pole machines, spherical | fields. This is mostly owing to its (48]
5 machine and tubular linear actuator are | capability to produce intricate [49]'
significantly constrained by limitations components that would be extremely
imposed by traditional manufacturing challenging or perhaps unattainable
techniques. using traditional manufacturing
techniques.
Structural design with multiple By utilizing AM, it is possible to [71,
functionalities integrated with integrate internal features into [91,
individual machine part can offer components, allowing for enhanced [14],
improved performance parameters. thermal management and improved [40]
6 Conventional manufacturing techniques | overall performance. Accomplishing

have the limitation of producing an
integrated structure for an EM, due to
their structural complexity and proper
material consideration.

this task using conventional
approaches can be quite difficult or
even unattainable.
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1.3 Definition of the Research Problem

While AM has demonstrated clear advantages in structural integration, thermal
management, and part consolidation for electrical machines, its full potential in
electromagnetic design remains largely unexploited [7], [50], [51]. Most existing efforts
focus on adapting traditional topologies to AM rather than leveraging AM to redefine
them. Specifically, the opportunity to expand electromagnetic design into the third
dimension — enabled by AM — has received limited attention. Concepts like contoured
airgaps or 3D flux-paths have been proposed, but few studies systematically explore their
impact on key performance indicators such as torque density, efficiency, or flux linkage.

A second critical gap lies in the design process itself. While 3D finite-element-analysis
(FEA) tools can simulate complex geometries, their high computational cost makes them
impractical for iterative design - especially in the AM context, where production is most
suitable for low-volume and application-specific needs. Analytical methods, though
faster, typically cannot handle nonlinear material properties or 3D design features like
contoured airgaps, limiting their utility for modern machine design.

Despite the significant potential of additive manufacturing to enhance the design and
performance of electrical machines, the research gaps identified as follows, limit its
broader integration into electromagnetic design and production processes.

1. Three-dimensional Design Topologies: The current state-of-the-art in AM of
electrical machines demonstrates significant efforts and potential for performance
parameter enhancement through different aspects of its integration in machine
design and production process. These aspects include improved electromagnetic
characteristics of the materials, improved thermal management solutions, structural
topology optimization and integrated functionalities. Through very limited research,
the current literature also suggests the potential of expanding the electromagnetic
design space to 3D [52], [53]. Yet, there is a lack of research into the fundamental
electromagnetic design innovation and its validation.

2. Computationally Efficient Iterative Design Process: While conventional numerical
methods like FEA very well handle the complex 3D geometries, they require
extensive computational resources, limiting the rapid, iterative design processes
essential for low-volume production of application-specific electrical machines
through AM. This dependence on numerical models is further imposed by the
lower accuracy, inability to incorporate magnetic material characteristics and
three-dimensional design features, of current state-of-the-art in analytical modeling
techniques.

In the context of stated facts about electromagnetic design and modeling for
AM-enabled electrical machines, the research problem converges on investigation of
improved electromagnetic performance parameters of electrical machines through the
utilization of three-dimensional design space, and to improve the computational
efficiency of the iterative design process for incorporation of non-linear material
characteristics and the three-dimensional design features.
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1.4 Hypotheses

This thesis addresses the research gaps identified in the problem statement, through

the following proposed hypotheses:

1. Contoured airgap topology enabled by additive manufacturing enhances the
electromagnetic performance of electrical machines.

2. The hybrid FEA-Analytical approach reduces computational time and complexity in
the machine design analysis, thereby enhancing its suitability for iterative design
process.

3. Enhancing MWFA through segmented machine geometry improves its ability to
handle 3-dimensional design features, such as contoured airgap topology and
skewed machine structures.

1.5 Research Tasks

To prove the hypotheses put-forward in this thesis, a series of targeted research tasks
were defined. These tasks are designed to investigate and verify the viability of
AM-enabled three-dimensional contoured airgap topology, for enhanced electromagnetic
performance of electrical machines. The other tasks relate to the improving the
computational efficiency of the iterative design process through enhanced analytical
modeling approach for precise modeling of machine performance across various regions
of core material’s permeability and the integration of complex three-dimensional design
features. The specific research tasks are outlined as follows:

1. Formulation of geometric equations to enable the introduction of various contour
shapes into the airgap structure of electrical machines.

2. Development of an airgap contouring strategy for effective implementation within
the airgap structure of electrical machines.

3. Implementation of planar and contoured airgap topologies in a simple benchmark
magnetic circuit, to demonstrate and theoretically validate the comparative flux
linkage improvements offered by contoured topology, along with the design
implications for optimal shape selection and contour sizing.

4. Implementation of selected contoured airgap topology in case-study electrical
machines and optimizing the contour amplitude against performance gains using
numerical modeling.

5. Validation of performance gains from contoured airgap topology through practical
measurements.

6. Enhancing modified-winding-function-analysis based analytical model to incorporate
the electromagnetic characteristics of the machine’s core material into its
performance estimation process.

7. Validation and benchmarking the computational performance of the enhanced
analytical model against numerical modeling.

8. Extending the modified-winding-function-analysis, to incorporate three-dimensional
design features such as contoured airgap topology and slot skewing and validate its
performance against numerical modeling.

13



1.6 Contributions of the Thesis

1.6.1 Scientific Novelties

1.

Design innovation for the electromagnetic performance enhancement of electrical
machines through the development of a contoured airgap topology.

Methodology for effective contour implementation in airgap structures of electrical
machines.

Simplifying the multi-objective problem of contour amplitude optimization through
its iterative refinement methodology against the performance gains at selected
operating points of electrical machine.

Enhanced torque density of electrical machines, for space-constrained applications
through contoured airgap topology.

Support for diverse machine types and flux topologies, due to the fundamental
nature of the design innovations introduced.

Enhanced accuracy of modified-winding-function-analysis achieved by introducing
a hybrid FEA-analytical approach to incorporate core material’s non-linear
characteristics in the performance estimation of electrical machines, in a
computationally efficient manner.

Extension of modified-winding-function-analysis’s state-of-the-art, to incorporate
three-dimensional design features, enabling skewed slots and contoured airgaps to
be accurately represented in an analytical model.

1.6.2 Practical Novelties

1.

Development of an automated design, implementation, and analysis tool that
enables characterization of contoured airgap topologies and significantly
streamlines the design iteration process.

Practical adaptation of the contoured airgap strategy in radial-flux synchronous
reluctance and axial-flux switched reluctance machines, assessing torque and
efficiency improvements via comprehensive numerical modeling.

Fast and accurate design capability provided through refined analytical and hybrid
methods, which expedite the design iteration process over traditional, numerically
intensive workflows.

Enabling synthetic data generation for Al-based training and optimization that
enhances the learning and predictive accuracy of machine learning models,
particularly in data-scarce scenarios.

Seamless integration from CAD software to 3D printers, facilitating modern-era
industrial production with rapid design-to-manufacturing transitions.

Bridging the gap between theoretical design and practical implementation with the
fabrication of contoured airgap surfaces using metal additive manufacturing.
Integration of contoured rotor/stator sections with standard machine components
while maintaining compatibility with conventional windings, bearings, and
couplings.

14



1.7 Thesis Layout

The thesis structure is as follows:

Chapter 2 describes the fundamental electromagnetics behind torque production,
the role of airgap reluctance, and the basic equations for the proposed methodology
of reducing the airgap reluctance.

Chapter 3 outlines how the proposed method is applied to both radial-flux SynRM
and axial-flux SRM. Describes the design constraints, iterative amplitude sweeps,
initial FEA results and practical validation of the concept.

Chapter 4 details the enhancements made to MWFA, including the incorporation of
material’s non-linear magnetic characteristics and segmentation for 3D topologies.

Chapter 5 summarizes key findings and suggests directions for further research.
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Abbreviations

AM
LPBF
DED
FEA
SRM
SynRM
WFA
MWFA
MMF
MTPA
CAD

Additive Manufacturing

Laser Powder Bed Fusion
Directed Energy Deposition
Finite Element Analysis
Switched Reluctance Motor
Synchronous Reluctance Motor
Winding Function Analysis
Modified Winding Function Analysis
Magnetomotive Force
Maximum Torque per-Ampere
Computer-Aided-Design
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2 Theoretical Foundations of Contoured Airgap Topology in
Electrical Machines

2.1 Fundamentals of Torque Production in Electrical Machines

Torque production in electromechanical systems can be fundamentally explained by the
basic physical phenomena such as the Lorentz force on current-carrying elements or the
interaction of magnetic fields with the dipoles in the magnetic material. For practical
purposes, analytical approximation techniques serve as the best characterization tools
for the force and torque production in complex electromechanical energy conversion
systems. These analytical approximations provide simplistic mathematical relations but
don’t include factors such as magnetic non-linearity. However, the results of such
analytical relations can, if necessary, be corrected through semi-empirical methods.
The most effective and widely utilized analytical techniques for estimating the force or
torque production of an electromechanical system with reasonable engineering accuracy
are tangential stress analysis and, the energy and co-energy analyses.

Considering the radial flux topology in electrical machines, as illustrated in Figure. 2.1,
the analytical expression for the determination of torque T production through
tangential strass analysis [54] is as follows.

(2.1)
T = Otan 17 Sy

(2.2)
Ocan = As By

where g, is the tangential stress acting on the rotor surface area S, with a moment
arm of r,.. A; and B,, represent the average values of linear current density and normal
flux density in the airgap, respectively. Substituting the expression of tangential stress in
(2.1) and re-arranging yields

T=mnA¢ (2.3)

where ¢ = B, S, represents the average airgap flux. The analytical expression of (2.3)
dictates the interpretation that the torque production is directly proportional to the
magnitude of flux available in the airgap for a fixed value of linear current density and
the machine’s main geometrical parameters.

Figure 2.1. lllustration for machine structure for radial flux topology in electrical machines.
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2.1.1 Airgap Reluctance and its Influence on Torque Production

Having established previously that the extent of torque production in an
electromechanical system depends strongly on the magnetic flux in the airgap, following
discussion describes the impact of airgap geometry on the flux production in a magnetic
circuit. Consider the simple magnetic circuit with its core having a planar airgap topology,
which is uniform in the third dimension, as shown in Figure 2.2. Provided that the airgap
thickness is sufficiently small, the two series components of the circuit illustrated in
Figure 2.2 i.e. the core with mean length [. and cross-sectional area A., and the airgap
with the thickness l; and cross-sectional area A, can be considered to carry the same
flux.

¢
—
- Maonetic ———— —>——
. ,’ ll:h&:],u“_ ¥ Mean core
T . : e | length I, R.
p : ) : ~— Air gap +
A Air gap X ! Ar gap, _ars
;cn"h)ll - L permeability 1z, mmf = Ni ()
B & st | Area A, _
: g
) . p
Winding, e —<-——— | =— Magnetic core R:-‘
N turns permeability s,
Area A,

Figure 2.2. Magnetic circuit with planar airgap topology and its equivalent circuit representation [55].

Considering the linear magnetic permeability, the relation between magnetomotive
force (mmf = Ni) and magnetic flux is given by,

mmf = ¢ (Re + Ry) (24)
The reluctance of core R, and airgap R, are calculated as follows,
R = le (2.5)
¢ w4,
7 = ly (2.6)
g Ho Ag

where © =y, W, is the permeability of the core material ( 1, > 1 for ferromagnetic
materials and p, = 1 for air). With the higher magnetic permeability and consequently
very low reluctance of the core material, the airgap reluctance dominates and the total
mmf drop can be approximated only across the airgap. Reducing the airgap reluctance
has a direct impact on the electromagnetic performance of the machine, i.e. a lower
airgap reluctance increases the total flux leading to higher flux linkage and consequently,
higher torque production.

The dominance of airgap reluctance has an important implication, small geometric
changes to the airgap (its thickness or cross-sectional area) can yield significantly large
impacts on the flux, inductance, and consequently the torque production. For conventional
electromagnetic designs, reducing the airgap reluctance is often attempted by decreasing
the airgap thickness [, or increasing its surface area A, through increase in dimensions
of the core components forming the airgap. However, these strategies come with practical
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engineering constraints such as mechanical clearances, thermal expansion allowances,
and the risk of underutilizing core material i.e., pushing the machine’s flux density to a
less optimal region on the B — H curve. These constraints emphasize the importance of
carefully managing the airgap to ensure it becomes neither so small as to compromise
mechanical reliability nor so large that overall flux weakens significantly. Hence, any
innovative approach aiming to improve torque density, particularly in advanced or high-
performance rotating machines, must focus on ways to reduce the effective airgap
reluctance without incurring impractical mechanical or material disadvantages. In the
subsequent sections, a novel contoured airgap topology for increasing the effective
surface area of the airgap (and thereby reducing its reluctance) is presented, while
maintaining the same normal gap thickness and major machine dimensions.

2.2 Contoured Airgap Topology for Improved Performance Parameters

It is evident from the previous discussion that the airgap in electrical machines is crucial
to their overall performance, particularly in terms of torque production capability and
efficiency. While decreasing the airgap thickness reduces magnetic reluctance and
increases flux linkage A, mechanical and thermal limitations often dictate how thin the
airgap can realistically be. Thermal expansion, manufacturing tolerances, and certain
electromagnetic design considerations (such as mitigating surface eddy currents) all
necessitate a minimum feasible airgap thickness.

Traditionally, to reduce airgap reluctance without altering its thickness, the dimensions
of the airgap-facing components need to be increased. This approach, however, leads to
an overall increase in the machine’s size and volume, resulting in lower torque or power
density, a critical drawback in modern-day applications where space and weight are of
extreme importance.

/ Air gap
thickness, lg

Figure 2.3. Ai gap in the magnetic core: conventional and contoured airgap topology.

To address these limitations, the proposed strategy introduces a novel approach, i.e.
contouring the airgap facing surfaces to increase the effective airgap surface area
without changing the machine’s main dimensions or the airgap thickness itself.
As illustrated in Figure 2.3, this approach maintains the same core dimensions and the
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airgap thickness, yet the surface area of the contoured airgap is higher than the straight
(planar) topology. By modifying the geometry of the airgap surfaces, while maintaining
the required mechanical clearance, the magnetic path reluctance can be reduced.
This reduction enhances flux linkage and torque production, leading to improved
performance parameters such as higher torque or power density. The following
subsections will address the theoretical validation of the concept by comparing the
electromagnetic performance indicator, i.e. flux linkage of various contoured airgap
topologies with a benchmark magnetic circuit having planar airgap topology.

2.2.1 Methodology

2.2.1.1 Contour Shape Definition and Implementation Strategy

Several geometric profiles can be employed to contour the airgap surfaces. The scope of
the current work spans three primary contouring profiles: triangular, circular, and
sinusoidal. The selection of these specific shapes is made considering their mathematically
constrained implementation on airgap structures of the machine and subsequent ability
to analytically correlate the performance parameters enhancements with the geometric
equation of the contour. This fact will be later illustrated in Chapter 4 of this thesis when
analytical incorporation of contoured airgap topology in MWFA will be presented.

As part of the airgap contouring strategy, a central contour guideline is established at
the mid-height of the airgap based on specified geometrical equations that follow.
The contour is offset by [;/2 on both sides of the guide-profile, ensuring a consistent
normal distance between the offset lines. These offset lines subsequently define the
surfaces of the core components adjacent to the airgap. The conditional geometric
equations [Publication-Il] defining the central airgap contour are as follows and are
illustrated in Figure 2.4.

Direction for Flux Flow I
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5 T "

. =N
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g I ¥
A —— ————— — —

Figure 2.4. lllustration of the central contour defining the airgap.
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Triangular airgap contour
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where x;, x, and y, are the dimensions of the airgap-facing components, in the plane

perpendicular to the flow of flux, with x; being

the starting point, x, being the endpoint

and y, being the height. A, is the contour amplitude.
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2.2.1.2 Material Properties Consideration

To accurately simulate magnetic performance while isolating the geometric effects of the
airgap contours and the effects of material’s magnetic characteristics, two different sets
of performance analyses with different material characteristics are performed on each
airgap geometry, i.e. one with a high but constant relative permeability chosen for the
linear magnetic material representing the core. A sensitivity analysis was conducted to
determine the optimal value of p, that effectively mimics an infinitely permeable
material without introducing numerical instability or excessive computational demands.
The relative permeability was incrementally increased, and the simulations were
repeated for each value. It was observed that beyond a certain threshold, further
increases in W, resulted in negligible changes in key performance metrics such as flux
linkage and magnetic field distribution. At this point, the material is effectively behaving
as an ideal magnetic conductor, and the magnetic reluctance of the core becomes
insignificant compared to that of the airgap. The final value selected for the relative
permeability was i, = 1 x 107, as increases beyond this value showed less than 0.002%
variation in simulation results. This approach ensures that core material properties do
not influence the magnetic circuit's behavior and any performance improvements
observed in contoured topologies can be directly attributed to airgap geometry changes
rather than material properties variations, ensuring a fair and meaningful comparison
and isolating the effect of airgap contouring on key magnetic performance parameter
such as flux linkage.

In contrast to the linear magnetic permeability, practical ferromagnetic materials (e.g.,
M400-50A) exhibit non-linear magnetic characteristics which can also impact the
performance gains from the contoured geometry of the airgap-forming circuit
components. To systematically investigate such impact of material’s non-linear magnetic
permeability, a separate set of analysis is conducted on the benchmark and contoured
airgap geometry.

2.2.1.3 Numerical Modeling Consideration

FEA is utilized to characterize and validate the performance of magnetic circuits with and
without the contouring. Since mesh size is critical for achieving accurate FEA results,
especially when modeling geometries with fine features like the contoured airgap
profiles. A mesh sensitivity analysis was performed to identify the optimal mesh size that
balances computational efficiency with accuracy.

The analysis involves simulating the magnetic circuit with progressively finer mesh
sizes. Starting from a coarse mesh, the mesh element size was reduced in steps (e.g.,
from 1 mm to 0.5 mm, 0.3 mm, and so on), and the resulting flux linkage values were
recorded. It was found that mesh sizes larger than 0.3 mm led to noticeable discrepancies
in the simulation results due to insufficient resolution of the geometric contours.
As the mesh size was reduced to 0.2 mm, the changes in flux-linkage between successive
refinements became less than 0.002%, indicating convergence of the solution. A mesh
size of 0.2 mm was thus selected as the optimal choice for the current analyses. This
provided a high level of accuracy in capturing the detailed geometry of the contoured
airgap while maintaining reasonable computation times. Using this mesh size ensured
that the simulations accurately reflected the electromagnetic behavior influenced by the
airgap contours without any unnecessary computational overhead. This practice of mesh
sensitivity analyses is consistently utilized in all the FEA modeling presented in this thesis.

22



2.2.2 Design and Analysis of the Benchmark Electromagnetic Circuit

2.2.2.1 Description of Benchmark Design

To assess and compare the effectiveness of the contoured airgap topologies, a benchmark
magnetic circuit with a conventional straight (planar) airgap topology is established and
illustrated in Figure 2.5. This circuit serves as the reference point against which different
contoured designs will be compared. The benchmark magnetic circuit consists of a core
with a central limb and two outer limbs forming a closed magnetic path. The central limb
is equipped with two coils on each side that generate the MMF required for magnetic
flux circulation. The airgap is introduced in the central limb. The specific shape of the
magnetic circuit is formulated to have a uniformly distributed flux density in the airgap
and the immediate core components which formulate the airgap.
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Figure 2.5. Benchmark magnetic circuit with straight (planar) airgap topology.
The design parameters of the benchmark magnetic circuit are selected to ensure the

magnetic core operation at specified magnetic conditions. The key parameters are
outlined in Table 2.1.

Table 2.1. Design Parameters of the Benchmark Magnetic Circuit.

Parameters Units Values
Core Material - M400-50A

Core Flux Density T 1.6
Coil Current (I) A 6

Airgap Thickness mm 0.5
Core thickness at central limb (th,) mm 5
Core Width at central limb (w,) mm 5

Number of Turns in Coil - 106

2.2.2.2 Analysis Of the Benchmark Design

The flux distribution obtained from the FEA simulation at a coil current of 6 A is shown in
Figure 2.6. The results confirm that the core operates at the selected average flux density
of 1.6 Tesla for the design-rated current of 6 A. The flux distribution is uniform in the
central limb and across the airgap.
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The relationship between flux linkage and coil current is plotted in Figure 2.7 (a) and
(b) for magnetic material with constant and high relative permeability, and for M400-50A
steel with non-linear relative permeability, respectively. In subsequent analyses, these
baseline values will be used to quantify the improvements achieved and the performance

implications by the contoured airgap topologies.
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Figure 2.6. Flux Distribution in Benchmark Circuit at | = 6 A.
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Figure 2.7. Coil flux linkage versus input coil current for (a) core material with constant magnetic

permeability, (b) M400-50A core material.

The baseline for comparison, the straight air gap topology with the air gap surface area
of 25 mm?, produced a steady flux linkage increase with current, ranging from
approximately 0.0037 Wb at 1 A to 0.0371 Wb at 10 A. This serves as the reference flux
linkage against which all contour designs are compared, enabling direct assessment of
each topology's effectiveness in enhancing magnetic performance.
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2.2.3 Comparative Analysis of Contoured Airgap Topologies

2.2.3.1 Analysis With Constant Linear Magnetic Permeability

In the first stage of the comparative analysis, the core is assumed to have a high and

constant relative permeability (effectively mimicking infinite). By neglecting non-linear

magnetic behavior, any observed performance improvements or drawbacks can be
attributed directly to geometric factors.

The airgap topologies used for the analysis along with their results for gains in flux
linkage versus the input current to the coil, and the increase in per-unit surface area of
the airgap for each of the chosen three topologies are presented in Figure 2.8—-2.10.
The preliminary analysis of the results presented in these figures show specific numerical
improvements in flux linkage. This improvement is due to the direct impact of
the increase in effective air gap surface area and consequently reduced overall magnetic
reluctance.

The further evaluation of presented results enhances the understanding of the impact,
that contoured airgap topology has, specifically in terms of flux linkage and the utilization
of airgap surface area. The findings highlight both analytical and simulation-based
considerations that arise from each topology’s specific gecometry.

e Linear Flux Linkage Response to Current: Across all topologies, flux linkage increases
linearly with current, a direct result of using materials with constant magnetic
permeability in the analyses. This choice removes saturation effects, simplifying the
interpretation by ensuring that any performance variations arise solely from
variations in geometry rather than non-linear material behavior. This linear response
provides a clear baseline for comparing the impact of different contours.

e Airgap Surface Area and Magnetic Reluctance: As expected, contouring the airgap
increases its effective surface area, thereby reducing magnetic reluctance and
improving flux linkage. The higher surface area correlates with lower reluctance,
allowing more magnetic flux production for the same applied MMF, which enhances
the flux linkage. For example, the sinusoidal topology with the largest amplitude
reaches a flux linkage of 0.0660 Wb at 10 A —an 80% improvement over the straight
topology. This pattern reinforces the concept that air gap contouring is an effective
strategy for increasing magnetic performance within compact machine designs.

e Non-Proportional Flux Linkage Gains Relative to Surface Area/ Effect of Localized
Core Cross-Section Reductions: However, the increase in flux linkage is not directly
proportional to the increase in air gap surface area, as illustrated in each topology’s
results, Figure 2.8 (c)-2.10 (c). While theoretical formulations suggest that flux
linkage should increase proportionally with surface area (given a constant airgap
thickness), FEA results deviate from this ideal due to a key factor: localized increases
in core reluctance in the vicinity of the contoured airgap. While the reluctance of the
core remains largely unaffected everywhere else and is predominantly very small as
compared to the air gap reluctance, in the regions where the air gap is contoured,
the cross-sectional area of the core is effectively reduced in the direction of the flux
flow. This causes a significant increase in core reluctance (since however high the
value of magnetic permeability was set; it is still a finite number having some extent
of implications) that partially offsets the expected gains from the enlarged air gap
surface area. This is highlighted in Figure 2.11 (a) and (b) and the effect is particularly
evident through the higher flux densities in those regions.
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Figure 2.8. FEA results for triangular airgap topology (a) geometry progression and the flux distribution
for =6 A, (b) flux linkage versus coil current for various airgap surface areas, (c) per-unit flux linkage
increase versus the per-unit airgap surface area increase for coil currents of 6 A.

Shaded Plot
1Bl smoothed
(M

A, =2717mm? | A, =2815mm? | 4;=2915mm? | Aj=29.53mm?

(a)
Flux Linkage vs. Current for Straight and Circular Airgaps Flux Linkage Increase vs. Airgap Surface Area Increase at 6 A (Circular)
—— Straight Airgap Flux Linkage Increase at 6 A
0.04 H= = =Circular Airgap {1 0869 p.u. area) - = =Reference y =x
Circular Airgap (1.1261 p.u. area) 12
0.035 -~~~ Gireular Airgap (1 1662 pu. area) J
— — =Circular Airgap (1.1815 p.u_ area) g
S 003 ) i
5 2115 7
-
20.025 g L
& g -
= = L
£ o002 s . -
x = -
5 El -
L0015 [ -7
-
-
0.01 1.05 %
-
.
0.005 L
0 1 laZ
1 2 3 4 5 ] 7 8 9 10 1 1.05 11 1.15
Current (A) Airgap Surface Area (p.u.)
(b) (c)

Figure 2.9. FEA results for circular airgap topology (a) geometry progression and the flux distribution
for =6 A, (b) flux linkage versus coil current for various airgap surface areas, (c) per-unit flux linkage
increase versus the per-unit airgap surface area increase for coil currents of 6 A.
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Figure 2.10. FEA results for sinusoidal airgap topology (a) geometry progression and the flux
distribution for | = 6 A, (b) flux linkage versus coil current for various airgap surface areas, (c) per-unit
flux linkage increase versus the per-unit airgap surface area increase for coil currents of 6 A.

2.2.3.2 Conclusions from Linear Magnetic Permeability Analysis

When the core material is assumed to have constant, high permeability (i.e., no saturation),

the contoured airgap topologies consistently demonstrate higher flux linkage than the

straight (planar) airgap. However, these improvements are not strictly proportional to

the increase in airgap surface area. The following points summarize the key observations:

e Contour Shape and Amplitude: Shape (triangular, circular, or sinusoidal) directly
influences how much additional surface area is introduced in the airgap. Amplitude
controls the magnitude of this increase. Larger amplitudes provide a more substantial
boost in airgap surface area — and thus lower the airgap reluctance — but also
produce a more significant reduction in the local cross-sections of the core.

As the contour amplitude grows, the adjacent core geometry narrows in the vicinity
of the contoured airgap. This localized reduction in core cross-section raises the local
reluctance, partially offsetting the gains from the enlarged airgap surface area. Despite
the offsetting effect of localized core narrowing, all contoured topologies still outperform
the straight airgap baseline under linear assumptions.

The balance between reduced airgap reluctance (via increased surface area) and
increased core reluctance (via reduced cross-sections) is contour-dependent, making
both shape and amplitude critical design variables.
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Figure 2.11. (b) lllustration of varying core cross-sections in the vicinity of the contoured air gap and
the respective increased flux densities in the core’s contoured portions.

2.2.3.3 Analysis with Non-Linear Magnetic Permeability

In contrast to the linear permeability scenario, practical ferromagnetic materials (e.g.,
M400-50A) exhibit non-linear magnetic characteristics. As the magnetomotive force
(mmf) increases, local saturation can arise in the core, especially near regions where the
cross-sectional area is reduced by contouring. Consequently, the overall flux linkage gains
observed at lower currents may diminish at higher values for input current.

In the second stage of the comparative analysis, practical non-linear magnetic
permeability (e.g., M400-50A steel) is introduced, allowing core saturation effects to
appear at higher MMF levels. The same set of triangular, circular, and sinusoidal airgap
contours are investigated to quantify how material non-linearity modifies each
topology’s potential gains. The specific flux linkage gains versus the input current to the
coil, of various airgap surface areas for each of the chosen three topologies are presented
in Figure 2.12-2.14.
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The analysis of these results presents additional performance considerations, i.e.
the expected proportional increase in flux linkage with the enlarged airgap surface area
is further compromised by saturation effects. While analytical expressions might predict
a linear relationship between increased surface area and flux linkage (assuming constant
airgap thickness), incorporation of material’s magnetic characteristics show that as
saturation sets in, the incremental gains become progressively smaller. This leads to a
marked deviation from the idealized linear behavior. This effect is particularly evident in
contoured topologies with higher amplitudes, where the local flux densities exceed the
material’s linear operating range.

Flux Linkage vs. Current for Straight and Triangular Airgaps
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Figure 2.12. FEA results for triangular airgap topology, flux linkage versus coil current for various
airgap surface areas.

Flux Linkage vs. Current for Straight and Circular Airgaps

T T T T
0.01 | 4
0.008 4
S 0.006 J
=
o
=3
T
<
£
3
= 0.004 4
S
[
Straight Airgap
= = = Circular Airgap (1.0869 p.u. area)
0.002 | . . 4
Circular Airgap (1.1261 p.u. area)
Circular Airgap (1.1662 p.u. area)
— — = Circular Airgap (1.1815 p.u. area)
0 | T T T
1 2 3 4 5 6

Current (A)

Figure 2.13. FEA results for circular airgap topology, flux linkage versus coil current for various
airgap surface areas.
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Flux Linkage vs. Current for Straight and Sinusoidal Airgaps
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Figure 2.14. FEA results for sinusoidal airgap topology, flux linkage versus coil current for various
airgap surface areas.

2.2.3.4 Conclusions from non-linear Magnetic Permeability Analysis

In summary, under non-linear magnetic permeability conditions, the performance benefits
of airgap contouring are influenced not only by the contour’s shape and amplitude — as was
observed with linear materials — but also significantly by the operating point. At moderate
currents, contoured topologies continue to outperform the straight airgap baseline;
however, at higher currents, localized saturation in the narrowed core regions limits the
net gains. This highlights the need for a multi-objective optimization strategy that
considers both geometric design and the expected use-case scenarios to maximize overall
machine performance.

Additionally, it should be noted that the airgap area adjacent to the contour edges
also exhibits a non-uniform flux distribution, affecting the overall flux-linkage gains
per-unit contoured airgap area. However, as this characteristic is consistently present
across all contour shapes, it has been omitted from the primary comparative analysis.
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3 Implementation of Contoured Airgap Topology in Rotating
Electrical Machines

From the comparative analysis of results from the previous chapter it is evident that
triangular contouring results in a non-uniform flux distribution across the airgap and
lowers the flux linkage gains per-unit increase in airgap surface area. This is due to the
occurrence of larger normal-airgap thickness at and around the tip of the triangular
contour. By contrast, sinusoidal and circular contours produce relatively uniform airgap
flux distribution and thus achieve higher flux linkage gains per-unit increase in the airgap
surface area.

Among circular and sinusoidal profiles, the circular shape is inherently limited in
contour amplitude by its geometric constraints, since the contour amplitude cannot be
extended beyond half of the core width. On the other hand, the sinusoidal shape offers
greater flexibility in the contour amplitude all the while offering comparatively uniform
flux distribution in the airgap.

Having identified the sinusoidal profile as the most feasible airgap contour, the
subsequent task is to integrate this concept into a rotating electrical machine design.
Depending on the specific operating point of the machine, the varying contour amplitudes
canyield different degrees of gains in performance parameters. An evaluation of amplitude
sweep is necessary to optimize the reduction in airgap reluctance against potential local
reductions in core cross-sectional area and the respective onset of magnetic saturation
at specific operating points.

This chapter focuses on integration and subsequent validation of contoured airgap
topology into rotating electrical machine designs. The following are the considerations
for the selection of machine type, flux orientation (radial or axial) and the methodology
for the design implementation and analysis of the case studies.

3.1 Machine Selection Considerations

In principle, every rotating electrical machine could benefit from a contoured airgap, as
lower reluctance is universally advantageous. However, practical concerns regarding the
latest state-of-the-art in manufacturing technology limit which machine types and flux
topology are most suitable for practical validation. In context of primary selection of
manufacturing technique, additive manufacturing provides a possibility to produce the
3-dimensional geometry of a contour, but current constraints on multi-material printing
influence the choice of both machine type and flux topology.

This section details how these constraints shape the final choice of machine design
and flux orientation for implementing (and experimentally validating) the proposed
sinusoidal airgap topology in the rotating electrical machines.

3.1.1 Flux Orientation, Radial Versus Axial

A radial flux machine with contoured airgap structures, whether designed with an outer
rotor configuration or vice versa, usually demands that one component be split into
sections. That is because, in the contoured design for such machine topology,
the “barrel-like” shape of the internal component (as shown in Figure 3.1) prevents its
direct insertion into the fully fabricated counterpart. If the machine is configured with an
outer rotor, the rotor must be segmented so it can be assembled around the stator.
Mechanical seams, introduced by joining these rotor pieces, can degrade performance
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through small but consequential airgap misalignments and increased reluctance at the
seam boundaries. Alternatively, in an outer stator configuration, if the stator is composed
of multiple segments and the rotor is kept in one piece, the challenges associated with
increased reluctance at the seam boundaries shift to the segmented stator side while
also demanding a sacrificed winding configuration.

Stator

()

Figure 3.1. Comparative illustration of contoured airgap topology implementation on outer-stator,
radial-flux electrical machine.

-

Rotor

Axial flux machines are more naturally accommodating to contouring, owing to their
nature of disc-like stator and rotor assembly in an axially stacked manner (as shown in
Figure 3.2). This means that the machine components can be fabricated in or near their
final shape, and there is no need for segmentation that later must be joined. However,
the windings are predominantly of the concentrated type leading to a higher degree of
ripple in torque/speed profile in comparison with the superior distributed winding
configuration of radial flux topology. Nevertheless, in an electrical machine with axial flux
topology, the contoured airgap can be achieved without creating segments or mechanical
discontinuities that ought to complicate the assembly process and impact the performance
parameters significantly. Thus, the axial flux topology is chosen for direct implementation
and prototyping.

Figure 3.2. Comparative illustration of contoured airgap topology implementation on dual-rotor,
axial-flux electrical machine.
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3.1.2 Machine Type consideration

Current state-of-the-art in multi-material AM is less suited for designs requiring
integrated permanent magnets or specifically different magnetic-electrical materials.
Hence, the machines relying solely on reluctance-based torque production (i.e.,
no magnets or conduction-based rotor cages) naturally fit the available single-material
AM approach.

In the category of reluctance machines, although both synchronous reluctance
machines (SynRMs) and switched reluctance machines (SRMs) can benefit from reduced
magnetic path reluctance, rotor flux barriers for axial flux topology in SynRMs require
extensive internal support structures during printing and more extensive postprocessing
to remove them. In contrast, SRM rotor typically consists of solid salient pole structure
without the complex flux barriers seen in SynRMs and have a more mechanically
straightforward rotor construction suited for AM production. Considering these points,
an SRM is selected for the actual protype validation. Its rotor geometry avoids
multi-material and post-processing issues, and its stator can be printed in a form that
accommodates the contoured airgap without complicating the winding design.
Meanwhile, the broad potential of contoured airgaps is still relevant for SynRMs. A radial
flux SynRM can be evaluated numerically to illustrate how the airgap contouring concept
extends beyond flux orientation and machine type, even if it may require more complex
printing and assembly processes to produce physically.

3.1.3 Proposed Path Forward

The axial flux SRM, combining a straightforward single-material rotor and a planar disc
assembly, appears as the best candidate for prototyping a sinusoidally contoured airgap.
In this arrangement, a systematic sweep of contour amplitudes can be conducted to
identify which amplitude level maximizes torque and efficiency under the selected
operating conditions.

In parallel, the radial flux SynRM remains valuable for simulation-based analyses,
particularly given its commercial relevance in certain drives and industrial applications.
By running FEA simulations on a SynRM with a contoured airgap, it becomes possible to
demonstrate that the same principles underlying the axial flux prototype hold true in a
radial flux setting, although with the previously mentioned assembly complications.

The combination of practical validation on the axial flux SRM and numerical validation
on the radial flux SynRM provides convincing evidence of the contoured airgap topology’s
potential. It also points out how practical manufacturing constraints guide the choice of
machine design for any practical implementation. This dual evaluation, through physical
prototyping on an axial flux SRM and computational validation on a radial flux SynRM,
ensures that the key impacts of airgap contouring can be generalized and adapted for
different industrial applications.

3.2 Methodology

Having established the basis for machine type selection and flux orientation, this section
provides a generalized framework for the design, simulation, and iteration process
utilized for the implementation and analysis of the contoured airgap in the previously
mentioned SynRM and SRM machine types. The detailed implementation and results for
that specific machine follow in subsequent sections.
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The iterative procedure is governed by establishing an OLE-Automation-server within
the MATLAB environment, utilizing ActiveX/COM interfaces to control and communicate
with geometry developing CAD-tool i.e. SolidWorks and the FEA tools i.e. FEMM,
Simcenter MAGNET and JMAG for machine design analysis and iterative optimization.
MATLAB provides the initial analytical design calculations, dimensional parameterizations
(including stepwise variations of the contour amplitude), and supervisory scripting for
the automated control and communication with other involved CAD and FEA software.
SOLIDWORKS generates the 3D geometry based on these parameters, enabling exact
representation of the contoured airgap in a solid model. The geometry is then imported
into a FEA environment to compute electromagnetic performance. Finally, these results
are returned to MATLAB for post-processing and comparative analysis. Figures 3.3 and
3.4 present a high-level block diagram and illustration of the methodology utilized for the
subsequently presented studies[56], [Publication-lll], [Publication-IV].

|| MATLAB I,

v
Analytical Design
Parametrization

4
3D-geometry formation
(SOLIDWORKS)

'

FEA based Analysis for
- Electromagnetic Performance
(FEMM, Simcenter MAGNET, JMAG)

contour
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* step-wise
incrementin

[
Ll

h 4
Processing/Analysis of
Results

Figure 3.3. Block diagram for implementation of contoured airgap in electrical machines and
subsequent analysis.
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3.3 Implementation of Contoured Airgap in Axial Flux SRM

The axial-flux SRM design of [59], [60], having a planar airgap topology is considered
reference point for this case study [Publication-IIl]. This reference design provides the
geometry and performance characteristics against which the characteristics of
implemented contoured airgap topology will be analyzed. Its key design and design
parameters are presented in Table 3.1.

Table 3.1. Design Parameters of the Benchmark Axial Flux SRM.

Parameters Units Values

Rated Voltage \" 96
Rated Phase Current (peak) A 4.03
Rated Speed rpm 7000
Stator Rotor Pole Ratio - 6/4
No. of Turns/coil No. 150
Electric Loading A/mm 28.485
RMS Current Density A/mm? 5
Airgap Length mm 0.25
Outer Diameter mm 60
Inner Diameter mm 33.6
Stator Tooth-width mm 13.1
Coil Width mm 3
Stator Tooth Height mm 13.2
Stator Axial Length mm 25.3
Rotor Pole Width mm 19.6
Rotor Pole Height mm 5
Rotor Back Iron Height mm 12.3
Phase Resistance Q 0.7535

Finite element analysis, conducted under steady-state conditions using tools such as
FEMM and Simcenter MAGNET, confirms that the baseline SRM design produces an
average torque of approximately 0.23 Nm aligning closely with analytical design
estimation. The performance metrics, including load conditions, torque production, and
efficiency, are documented to form the reference for subsequent contour amplitude
sweeps. Figure 3.5 presents the current and torque profile at rated voltage and speed.
Figure 3.6 presents the respective magnetic flux density distribution in the machine parts
at the rated current, generated by FEA. At rated parameters, the FEA calculated values
for torque production, ripple rate and efficiency are approximately 0.23Nm, 66% and
59% respectively. The output characteristics of benchmark design are also presented in
Table 3.2. The ripple rate is calculated by

Tmax - Tmin % 100
Tavg

Ripple rate = (3.1)
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Figure 3.5. Current and torque profile of benchmark machine at rated voltage.
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Figure 3.6. Magnetic Flux-Density Distribution in Machine Parts at Rated Current.

Table 3.2. Output Characteristics of Benchmark Axial-flux SRM Design.

Parameters Units Values
Average Torque (T,,) Nm 0.229
Torque Ripple Rate (Tgg) % 66.27
Torque Density (Tgensity) Nm/kg 0.249
Efficiency % 59.2

Next subsections will detail how this reference design is modified, simulated
iteratively, and ultimately optimized for enhanced torque production and efficiency.
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3.3.1 Integration and Evaluation of Sinusoidal Airgap Contour

To enhance the electromagnetic performance of the axial flux SRM, the conventional
planar airgap is modified into a sinusoidally contoured profile. This integration aims to
increase the effective airgap surface area, reducing the airgap reluctance and
consequently increasing the flux linkage, without altering the nominal airgap thickness.
The sinusoidal airgap contour is mathematically defined by (2.12). The depiction of
increased airgap surface area from implementation of contour is made in Figure 3.7.

Effective Airgap Area

Increased Airgap Area
from contour implementation

Figure 3.7. lllustration of increased airgap surface area from contour implementation.

During the contour implementation process, specific design constraints are imposed
to preserve key parameters associated with the magnetic core. That means as the
adjacent stator and rotor pole faces were contoured, the contouring was also translated
similarly to other surfaces of the rotor back iron. This constraint is key in preserving the
saliency ratio of the rotor. The other parameters such as outer diameter, inner diameter,
and winding configuration were kept unchanged.

This case study iteratively implements and analyses varying contour amplitude from
1mm to 10mm in discrete consecutive steps of Imm. Each contour amplitude is analyzed
for key performance indicators — including average torque, torque ripple, flux density
distribution, and efficiency — under identical operating conditions.

The generated torque profile as a function of rotor position, for various values of
contour amplitude is shown in Figure 3.8. The analysis of the torque profiles shows that
from the rotor position of unaligned to aligned, initially, the increase in generated torque
for contoured geometry is not very distinct. That is because of the higher local magnetic
saturation at sharp teeth edges of rotor poles. This increased local saturation limits the
increase in flux linkage and hence the torque production initially but diminishes when
rotor-stator poles start aligning with each other.
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Figure 3.8. Machine’s Torque Profile with varying contour amplitude.

The generated mean torque at rated input parameters, as a function of varying
contour amplitude is presented in Figure 3.9. Figure 3.10 presents the variation of torque
density as a function of contour amplitude. Figures 3.11 and 3.12 present the variation
in electromagnetic efficiency and the torque ripple rate as a function of contour
amplitude. All the presented results are for rated input parameters, identical to the
benchmark design with planar airgap topology. The analysis of the results showcases
consistent behavior as to the conclusions drawn from the analyses made in previous
chapter. The torque production, torque density and efficiency values demonstrate the
effect of decreased airgap reluctance in the form of increasing trend for increasing values
of contour amplitude. The reason for the increase in torque density and efficiency is that,
with a comparatively smaller increase in stator volume (contoured stator-teeth face),
a larger gain in air gap surface area and hence the torque generation occurs. On the other
hand, the small volume of added material in the stator core causes only iron losses and
these losses are a very small portion of the total losses in the machine, i.e. iron losses
and copper losses. That is so until a specific point from where the extent of localized
saturation in the vicinity of contoured airgap is ought to dominate the gains from reduced
airgap reluctance. After that, with further increase in contour amplitude deteriorates the
output performance. The results indicate the increased output performance parameters
of the machine at a cost of increased torque ripple rate. This increased torque ripple rate
is associated with increased slope of reluctance profile from unaligned to aligned
position, i.e. the aligned reluctance is comparatively lower than the benchmark design of
planar airgap. For the operating conditions of the current analysis, the presented results
indicate the design with contour amplitude of 5mm to be the optimal. The specific
performance variation of the selected optimal design in comparison with the benchmark
design is presented in Table 3.3.

39



0.28

0.26

0.25

Mean Torque (N.m)

0.24

0.22 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Sinusoidal Amplitude (mm)

Figure 3.9. Mean torque production of machine at rated voltage, as a function of varying contour
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Figure 3.11. Efficiency variation as a function of varying contour amplitude.
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Figure 3.12. Variation in torque ripple rate as a function of varying contour amplitude.

Table 3.3. Output Characteristics of Benchmark and Optimal Design.

. Benchmark | Optimal | Percentage
Parameters Units . . .
Design Design Variation

Amplitude of the contour (4.f) mm 0 5 -
Average Torque (T,,) Nm 0.229 0.286 +24.7
Torque Ripple Rate (Tgg) % 66.27 76.07 +14.7
Torque Density (Tgensity) Nm/kg 0.249 0.295 +18.4
Efficiency % 59.2 64.2 +8.44

3.3.2 Practical Validation through Static Torque Measurements

To practically validate the performance gains from implementing a contoured airgap
topology, static torque measurements were performed. This practical validation provided
a crucial confirmation of the theoretically and numerically predicted improvements in
electromagnetic performance parameters, particularly output torque comparison
against the identical input coil current for planar and contoured airgap topology.
Simplified and reduced two-pole setup of the benchmark and optimal design from the
previous analysis were prototyped to effectively represent and validate the essential
characteristics of the contoured airgap configuration.

3.3.2.1 Prototype Design and Manufacturing

A reduced-scale mock-up setup was designed to enable direct comparison between
planar (straight) and contoured airgap topologies. This simplified prototype consisted of
two stator teeth and two rotors with two poles each, effectively forming a two-pole
configuration that adequately represents the airgap geometry and flux paths of a
full-scale machine. The design illustrations for the stator-rotor components of the
reduced-scale setup are presented in Figure 3.13.
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Figure 3.13. lllustration of the stator and rotor components for reduced-scale setup.

These main components, two stator teeth and two rotor structures each, were
fabricated using metal-AM. Due to the static nature of the intended torque measurements,
solid metallic structures were chosen rather than traditional laminated cores, as the
absence of alternating fields eliminates concerns regarding eddy current losses.

The magnetic core components were fabricated with SLM Solutions GmbH Realizer
SLM-280 LPBF 3D printer. As illustrated in Figure 3.14 (a), the L-PBF process entails
melting thin layers of metal powder with a laser beam. After each layer is scanned,
the build platform is lowered, and a fresh powder layer is applied. After printing,
the prototype core was cut off from the base plate, cleaned, and annealed. The
subsequent thermal treatment for grain recrystallization was conducted in a graphite
chamber Webb-107 vacuum furnace. The Fe-Si powder used for the printing process was
supplied by the Sandvik Group. It consisted of nearly spherical particles with a median
diameter of 38um (d50). This high-purity powder had a chemical composition of 3.7%
silicon, trace elements, and iron.
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Figure 3.14. Laser powder bed fusion of soft magnetic materials, (a) printing process schematic
[30], (b) DC magnetization curve of the printed heat-treated material [61].
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The complete workflow on which the processing parameters selection is based upon
is outlined in detail in [61], exploring the considerations before, during, and after printing
to facilitate the 3D printing of cores with desirable magnetic properties. The empirical
DC material magnetization curve used for the numerical simulations is outlined in Figure
3.14 (b). The optimized printing and annealing parameters are summarized in Table 3.4.

Table 3.4. Prototype printing and heat treatment parameters [61].

Printing Parameters Units Values

Laser power W 350
Scanning velocity mm/s 750
Energy density J/mm3 77
Layer thickness um 50
Hatch distance um 120
Laser spot size um ~120
Scan strategy - Stripes
Environment - Nitrogen
Preheating - No
Remelting - No
Chamber oxygen % ~0.1
Annealing Parameters Units Values
Temperature °C 1200
Hold time min 60
Heating rate ° C/min 5
Vacuum level mBar ~0.1

Post-processing steps included careful removal of support structures, surface finishing
to achieve the desired airgap accuracy, and manual winding of the stator teeth with
insulated copper wire according to the specified winding configuration.

The assembly procedure involved precise alighnment of rotor and stator components,
ensuring consistent airgap dimensions and mechanical robustness. The assembled
prototypes were then mounted on a suitable mechanical fixture to facilitate accurate
static torque measurement. Due to practical limitations, the achieved airgap dimensions
were 0.5mm instead of the theoretical value of 0.25mm. Figures 3.15 and 3.16 present
the workflow of the prototyping and practical measurement process along with the
pictorial illustration of the additively manufactured components and the assembled
reduced-scale mock-up setup, clearly illustrating both planar and contoured airgap
prototypes in the measurement setting.
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3.3.2.2 Experimental Static Torque Measurement Setup

The experimental validation of static torque was performed using a dedicated
measurement setup, shown in Figure 3.16, designed to precisely assess the torque
characteristics of the planar and contoured airgap topologies. The reduced-scale mock-up
prototypes were mechanically coupled to a servo motor operating at a very low rotational
speed (£ 1 rpm). This very low and controlled rotational speed allowed accurate
replication of static rotor positioning, facilitating the measurement of torque at defined
angular steps.

Torque was measured using an ST (Sensor Technology) torque sensor (model
RWT421-DE-KG), selected for its accuracy and suitability for low-magnitude torque
measurements. During the experiments, the stator coils were powered using a regulated
DC power supply, and the excitation current was systematically varied from 2.5A to 5A
in increments of 0.5 A to evaluate torque performance across different excitation levels.

The measurement data was acquired and logged using a DEWETRON data acquisition
recorder, providing reliable and high-resolution recording capabilities. Torque data was
collected for both planar (benchmark) and contoured (optimal) airgap topologies under
identical measurement conditions, enabling direct comparative analysis.

The measured static torque values facilitated the comparison against those obtained
through FEA. The evaluation involved calculating mean torque values and quantifying the
percentage improvement achieved by the contoured airgap design relative to the planar
airgap design, thus providing experimental validation for the theoretical performance
enhancements predicted by numerical simulations.

3.3.2.3 Results and Comparative Analysis

The static torque characteristics obtained through practical measurements and finite
element analysis (FEA) simulations are presented in Figure 3.17 and Table 3.5. The torque
profiles illustrate the comparative behavior of the planar and contoured airgap
topologies across excitation current levels ranging from 2.5 A to 5 A. It was observed that
the contoured airgap consistently exhibits higher torque values compared to the planar
airgap across all current levels, verifying the theoretical prediction that airgap contouring
reduces reluctance and consequently increases torque output.

Table 3.5 summarizes the mean torque values and the corresponding percentage
increases calculated from both practical measurements and numerical simulations.
The percentage improvement provided by the contoured topology, compared to the
planar airgap topology, is clearly evident and consistent across both FEA and practical
measurements. Small discrepancies between the practical and FEA values are observed,
primarily due to differences in material properties and practical experimental factors.

Due to the absence of accurate magnetic properties of the material, utilized for AM
production of stator-rotor components in the FEA software's database, numerical
simulations were performed using the M400-50A magnetic steel model. In contrast,
practical prototypes utilized a slightly different magnetic material (3.5% FeSi) as
documented in [61]. This discrepancy in materials accounts for the lower torque values
observed in practical measurements compared to simulation results. Nevertheless, the
consistency in the percentage increase of static torque between straight and contoured
topologies, as observed experimentally, closely aligns with simulation predictions.
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Table 3.5. Comparison of Mean Torque and Percentage Increase (FEA vs. Practical) for | = 2.5A to 5A.

Coil Mean Mean
Current Airgap Torque, Torque, % Increase % Increase
(A) Topology FEA Practical (FEA) (Practical)
(Nm) (Nm)
55 Planar 0.02054 0.0188 71.56 66.38
Contoured 0.03524 0.03128
3.0 Planar 0.02963 0.02527 71.48 61.45
Contoured 0.05081 0.0408
35 Planar 0.0404 0.03257 70.89 69.51
' Contoured 0.06904 0.05521
40 Planar 0.05282 0.04247 69.67 68.82
Contoured 0.08962 0.0717
45 Planar 0.0669 0.05215 67.11 62.01
Contoured 0.1118 0.08449
50 Planar 0.08262 0.06638 63.27 64.50
Contoured 0.1349 0.1092

Additional practical factors contributing to deviations include minor inaccuracies in
component alignment and dimensional tolerances introduced during laboratory-scale
prototyping. Furthermore, inherent accuracy limitations of the torque measurement
sensor (ST RWT421-DE-KG) may introduce minor variations in measured results.

Despite these influencing factors, the relative percentage improvement in torque
from planar to contoured airgap topologies remained highly consistent across
simulations and practical measurements. This consistency reinforces and validates the
fundamental hypothesis that airgap contouring significantly enhances the electromagnetic
performance parameters of electrical machines and provides a foundation for future
optimization and scaling efforts.

3.4 Implementation of Contoured Airgap in Radial Flux SynRM

From the comparative analysis of results from previous section, the effectiveness of
contoured airgap topology for axial-flux SRM’s electromagnetic performance parameter
enhancement is established. To showcase potential of the principle for diverse machine
types and flux-orientations, this section presents the implementation and numerical
modeling-based validation of contoured airgap topology in radial-flux SynRM. The results
from this case study will also serve as the benchmark for the validation of enhance
modeling technique presented in the next chapter.

The radial flux SynRM of [62], initially designed with the state-of-the-art presented in
[54], [63], [Publication-V] was further improved to have fluid flux-barriers in the rotor
design [64]. This improved design as illustrated in Figure 3.18, with design parameters
presented in Table 3.6 was selected as the benchmark machine design to evaluate the
effects of implementing a contoured airgap topology.
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Figure 3.18. Machine geometry, 2D layout of conventional stator and rotor design from [62] and
the improved rotor design.

The finite element analysis of the benchmark machine, conducted at varying levels of
machine’s operating point i.e. at 1/3 lrated, 2/3 lrated aNd lrated, along-with the respective
load angles for maximum-torque-per-ampere (MTPA), confirms the output performance
parameters wherein, the respective torque profiles are presented in Figure 3.19 and the
main output characteristics validated through FEA are presented in Table 3.7. The next
subsection will detail the design criteria employed while implementing the contoured
airgap topology and simulated iteratively for the incremental increase in contour amplitude.

Table 3.6. Design Parameters of the Benchmark Radial-flux SynRM.

Parameters Units Values
Rated Power kW 13
Rated Voltage \Y 230
Rated Phase Current (RMS) A 22.27
Rated Speed rpm 1500
Number of Phases - 3
Number of Rotor Poles - 4
Number of Stator Slots - 36
No. of Turns/coil - 132
Electric Loading kA/m 42.77
RMS Current Density A/mm? 3.89
Airgap Length mm 0.5
Airgap Diameter mm 131
Machine Stack Length mm 150
Stator Outer Diameter (Dos) mm 231
Rotor Inner Diameter (Di) mm 57.5
Stator-tooth Width mm 6
Stator Yoke Width mm 18.2
Phase Resistance ohm 0.6
Load angle for MTPA @ rated load deg 60
Average Flux Density for Core T 1.5
Rotor Flux-barrier to Guide ratio - 0.5
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Figure 3.19. Torque profiles for varying operating points of the benchmark machine under MTPA
strategy.

Table 3.7. Output Characteristics of Benchmark Radial-flux SynRM Design.

Parameters Units Values
1/3 Irated 20.64
Mean Torque 2/3 Irated Nm 52.91
Irated 82.71
Torque Density Nm/kg 1.97
Efficiency % ~92
Torque Ripple Rate @ rated load % 40.5

3.4.1 Implementation and Evaluation of Airgap contour

The major imposed criteria for this study are described below and illustrated with the
help of Figure 3.20. Sinusoidal airgap contours with varying amplitudes (Ac) from Omm
(benchmark) to 45 mm, in increments of 5 mm were systematically evaluated using FEA.
The contoured rotor surface was generated by axial variation of rotor radius, maintaining
a consistent airgap clearance, while the stator geometry was adapted accordingly.

e The stator back iron thickness is kept constant, i.e. the outer perimeter of the stator
follows the contoured profile of the airgap.

e The stator slot area is kept constant throughout the machine length, to accommodate
the same number of winding conductors throughout the machine’s stack length.

e The stator tooth width is also kept constant, resulting in the decreased slot height
when increasing the contour amplitude.

e The airgap thickness is also kept constant throughout the machine length.

e For the rotor design, while increasing the mid-plane diameter, the flux-barrier and
the flux-guide width was kept constant.
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end-plane

Figure 3.20. Cross-sectional views of the end-plane and mid-plane geometry.

The effects of contoured airgap topologies were evaluated through comprehensive
FEA simulations. Torque characteristics at three distinct operating points of the machine
(1/3, 2/3, and full-rated current) were analyzed. Figures 3.21, 3.22 and 3.23 present the
variation in machine’s main performance parameters with varying amplitude of the
contour. It is evident that the contoured airgap consistently improved mean torque
output at each investigated operating point of the machine, compared to the benchmark
planar airgap configuration. This confirms the validity of the concept efficacy in the case
of radial-flux SynRM too. Analysis of the other performance parameters such as torque
density and efficiency also yield the same conclusions as established from Chapter 2
where the fundamentals of airgap contour implementation in practical, non-linear
magnetic materials were discussed. That is to say, the torque density does show an
increasing trend with an increasing amplitude of the contour until at an optimal point
beyond which the degrading effects of localized saturation dominates. Another
observation, in line with the conclusions drawn in the previous chapter, is the relatively
higher gains at lower applied MMF and vice versa. The torque ripple also shows increased
value as the applied MMF and /or contour amplitude increases. The specific numerical and
percentage values for the performance parameter variations are presented in Table 3.8.

3.5 Conclusion

In conclusion, this chapter has successfully demonstrated the practical feasibility and
effectiveness of implementing contoured airgap topologies in rotating electrical
machines, validating the hypotheses set out at the beginning of this thesis report. The
comprehensive analyses conducted through both numerical simulations and practical
experimental validation clearly establish that airgap contouring significantly enhances
electromagnetic performance parameters. Specifically, the implementation of sinusoidal
contouring led to notable increases in torque production, torque density, and machine
efficiency across varying operational conditions. This supports the first hypothesis,
confirming that contoured airgap topology enabled by additive manufacturing effectively
reduces airgap reluctance and enhances electromagnetic performance.
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Table 3.8. Performance Parameters for Varying Contour Amplitude in SynRM.

. . Operating Contour Amplitude (mm)

Analysis | Parameter | Units | o0 ition | 0 5 10 15 20 25 30 35 40 a5
Mean 1/3 lrated 20.65 21.45 22.28 23.07 23.71 24.75 25.76 26.57 27.17 27.64
Torque Nm 2/3 Irated 52.91 54.07 55.27 56.45 57.30 58.15 58.81 59.44 60.02 60.55
Irated 82.71 84.38 85.89 87.56 88.93 90.22 91.16 92.03 92.35 92.43

Torque 1/3 lrated 0.49 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.57 0.57

§ Density Nm/kg 2/3 lrated 1.26 1.28 1.29 1.30 1.30 1.30 1.29 1.28 1.27 1.25
= Irated 1.97 1.99 2.00 2.01 2.02 2.01 2.00 1.98 1.95 1.91
E{J 1/3 lrated 95.51 95.53 95.57 95.58 95.61 95.71 95.79 95.81 95.78 95.69
= Efficiency % 2/3 lrated 94.49 94.49 94.52 94.57 94.57 94.56 94.54 94.50 94.47 94.41
Irated 92.80 92.83 92.89 92.98 93.01 93.02 93.01 92.99 92.87 92.78
Torque 1/3 Irated 26.87 27.77 29.20 31.38 32.79 36.35 39.00 41.31 42.73 44.50
Ripple % 2/3 lrated 36.38 39.82 41.55 44.06 45.40 47.83 48.96 51.47 60.60 63.97
Rate Irated 40.52 45.65 48.27 56.10 57.25 59.51 61.49 63.67 65.91 69.33
Mean 1/3 Irated - 3.89 7.91 11.75 14.83 19.84 24.76 28.67 31.58 33.86
rx% Torque 2/3 Irated - 2.19 4.46 6.68 8.30 9.90 11.14 12.35 13.44 14.43
€ Irated - 2.01 3.84 5.86 7.52 9.08 10.21 11.27 11.65 11.75
'Cg % Toraue 1/3 Irated - 2.99 5.74 7.99 9.29 12.20 14.68 16.10 16.54 16.20
& g Denclity 2/3 Irated - 1.30 2.36 3.10 3.08 2.89 2.16 1.37 0.47 -0.67
g 'E % Irated - 1.12 1.75 2.30 2.34 2.13 1.31 0.40 -1.11 -2.99
&g 1/3 Irated - 0.02 0.06 0.07 0.11 0.21 0.29 0.32 0.28 0.19
,5 E Efficiency 2/3 lrated - -0.01 0.03 0.08 0.08 0.07 0.05 0.00 -0.02 -0.09
.‘E ‘2% Irated - 0.04 0.10 0.20 0.23 0.24 0.22 0.20 0.07 -0.02
= Torque 1/3 lrated - 3.38 8.69 16.81 22.06 35.32 45.17 53.78 59.03 65.65
X Ripple 2/3 lrated - 9.45 14.21 21.09 24.77 31.45 34.56 41.47 66.55 75.81
Rate Irated - 12.67 19.12 38.46 41.28 46.87 51.76 57.13 62.65 71.11




4 Modified Winding Function Analysis for Iterative Design
Process Optimization

The advent of AM has introduced new possibilities for electrical machine design, allowing
for the realization of relatively complex three-dimensional geometries that were previously
unfeasible with conventional manufacturing techniques. This essential expansion of the
design space to 3D, presents new challenges in modeling and simulation. The reliance on
three-dimensional FEA increases as traditional analytical models lack in incorporating the
complexities of three-dimensional machine designs. Without advancing the analytical
modeling approaches, the reliance on full three-dimensional FEA based iterative design
process will become a bottleneck in the AM-enabled ecosystem of rapidly producible
application-specific electrical machines. In the context of AM-enabled ecosystem of
electrical machine production, the design process itself must also evolve to accommodate
more rapid iterations. This shift necessitates the development of improved analytical
models capable of better approximating performance parameters and handling
three-dimensional design features while maintaining computational efficiency.

Among analytical approaches, the modified winding function analysis has emerged as
a valuable tool for electrical machine performance evaluation, particularly in early-stage
design iterations. Compared to traditional magnetic equivalent circuit (MEC) and d—q
models, its primary advantage lies in its direct inductance-based formulation, which is
well-suited for analyzing the influence of spatial airgap variations due to slot openings
and/or salient pole geometries on stator or rotor sides and, different winding
configurations with a higher degree of computational efficiency. MWFA extends classical
winding function analysis (WFA) by incorporating the physical stator and rotor geometry
instead of considering the airgap throughout the machine periphery, a constant or
approximated by series functions. However, despite its advantages, MWFA has
traditionally been developed for two-dimensional design space, where the third
dimension is assumed to be uniformly stacked and non-skewed. This assumption limits
its applicability to electrical machines with three-dimensional design features, including
those enabled by additive manufacturing. Additionally, MWFA does not incorporate
material non-linearities, making it less effective for analyses at operating points where
saturation effects become prominent.

By improving the accuracy and scope of design features that MWFA can incorporate,
the dependence on intensive three-dimensional FEA simulations in design iterations can
be reduced. This will allow MWFA to remain a viable, computationally efficient tool for
evaluating machine performance, particularly in the context of AM-enabled designs.
The advances presented in this chapter aim to bridge the gap between rapid analytical
modeling and high-precision numerical validation, ultimately streamlining the iterative
design process for rapidly produceable, mass-personalized modern electrical machines.

In this chapter, the focus is on extending and refining the MWFA methodology
specifically to address these emerging requirements. The enhancements discussed
include strategies to incorporate the electromagnetic characteristics of machine’s core
materials, allowing for accurate modeling under nonlinear operating conditions in a
computationally efficient manner. Additionally, a comprehensive formulation is introduced
to effectively handle the three-dimensional design features, particularly the incorporation
of contoured airgap topologies and slot skewing, both critical to modern machine
designs.
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Subsequent sections of this chapter will comprehensively review the state-of-the-art
in MWFA, propose and validate a hybrid FEA-Analytical approach to account for nonlinear
magnetic behavior, and present a novel strategy to incorporate three-dimensional design
features in MWFA. The proposed modifications ensure that MWFA not only retains its
inherent advantages of computational efficiency and applicability in iterative design
process but also aligns closely with the practical realities and challenges posed by
advanced machine designs enabled through additive manufacturing.

4.1 State-of-the-art and Fundamental Principles Of MWFA

MWFA is an analytical modeling approach primarily utilized for early-stage electromagnetic
evaluation of electrical machines. MWFA enhances classical winding function analysis by
integrating precise winding configurations and physical stator-rotor geometries, such as
slot openings and salient poles, directly into inductance calculations. Consequently,
inductance becomes a rotor position-dependent parameter, providing more accurate
torque profile estimations. Despite its effectiveness, MWFA has a traditionally limited
role in the iterative design process owing to its simplifying assumptions such as linear
magnetic properties, planar airgaps and non-skewed geometric structures, posing
challenges for three-dimensional designs for modern machines specifically enabled by
AM.

The generic MWFA based modeling procedure involves two main phases: an offline
calculation of inductances for a complete mechanical rotation using MATLAB scripts, and
an online SIMULINK-based performance evaluation that utilizes the rotor-position based
precomputed inductances. The overall modeling framework is depicted in Figure 4.1.
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Figure 4.1. Block diagram for MWFA based modeling procedure.
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The following subsections provide detailed formulations of MWFA’s fundamental
principles, illustrated through a reference SynRM [62], [Publication-VI], [Publication-VII].
Key parameters of this reference machine are presented in Figure 4.2 and Table 4.1.
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Figure 4.2. Machine geometry (a) 2D-layout of stator and rotor, (b) Rotor flux-barrier dimensions,

(c) Stator slot dimensions.

Table 4.1. Design Parameters of SynRM.

PARAMETERS VALUE PARAMETERS VALUE
Rated Power 13426 VA HO 5 mm
Rated Current 20.3A HO1 1mm
Stator Inner Diameter 135.95 mm H1 20 mm
Rotor Outer Diameter 135 mm H11 0.85 mm
Air-Gap Length 0.95 mm H13 14.3 mm
Stack Length 200 mm BO1 2.5mm
Number of Poles 04 B02 4 mm
Number of Stator Slots 36 B03 5mm
Core Material M400-50A B11 3 mm
Number of Winding Turns per-Slot 23 B12 5.85 mm
Number of Winding Layers 02 B13 8.5 mm

4.1.1 Inductance Calculation

In MWFA, the inductances, self and mutual, as a function of rotor position (8) are
calculated using the following fundamental formulation

Lyy(8) = porl J P(8, B)Ny (0, B)ny (6, )db

(4.1)

where 1, p,, I, P(6,5), Ny(6,B) and n,(6,p) represent the average airgap radius,
permeability of free space, stack length, airgap permeance function, winding function,
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and turn function, respectively. These terms are the function of stator and rotor relative
position with 3 measured from a fixed reference point and 0 relative to the stator frame
of reference.

To reduce the complexity of solution, the inductance calculation equation can be

reduced to a mean value function as follows, giving its discrete implementation.
n

2mrl
Ly ©) =222 (P(0,6)-No(6,8).1y 0, 5)) a.2)

k=1

In practical computations, inductances are determined at discrete rotor positions
spanning one full mechanical rotation ( 0 to 2m). Therefore, rotor position-dependent
functions are represented as vectors with "n" discrete elements. The mean inductance
at any given rotor position 0 is then obtained through element-wise multiplication of
these vectors, followed by averaging the elements of the resultant vector over all
discrete steps. This discretized approach significantly simplifies the complexity inherent
in continuous integral formulations of equation (4.1), especially as the number of rotor
position-dependent variables increases.

4.1.2 Turn Function and Winding Function
The stator winding function, N, (6), is defined as

N,(6) = n(8) — (Pn)/{P) (4.3)

where n,(0) is the turn function and (P) is the mean airgap permeance. In multi-layer
windings, shifts between winding layers help achieve better sinusoidal flux distributions.
To incorporate this characteristic, the per-layer turn functions are shifted relative to each
other, before adding to yield a resultant turn function. The machine under consideration
has a double-layer winding with a short-pitch value of one stator-slot.

The per-layer turn function for the phase-A winding is shown in Figure 4.3 (a). For each
layer, a stator slot houses 23 number of windings turns. The resultant winding function
per phase and for all three phases is presented in Figure 4.3(b) and Figure 4.4.
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Figure 4.3. Phase-A (a) per-layer turn function, (b) resultant winding function for two-layers.

59



69
46 |

23 L

23
-46

Winding Function (turns)

B

0 90 180 270 360 450 540 630 720

Rotor Angle (electrical degrees)

Figure 4.4. Winding Function of three-phase stator.

4.1.3 Airgap Permeance Function
The airgap permeance function considers stator and rotor geometrical influences.
The overall permeance function is then given by,
1
PO.B) = —=—FT——>—=
9s(0) + g-(6,P)
The stator side airgap function, g;(8), incorporating the stator slot opening is defined
by,

(4.4)

6) = {gavg Bi1 <0 < By + By

95150 = Yavg + Hi1 0<6<By
T — T,

Yavg = = 2 = (4.6)

(4.5)

where H,;, B;; and By; are the thickness of the empty portion from the stator slot, the
width of stator slot opening and stator tooth-tip, respectively. ;5 and 7, are the inner
radius of the stator and outer radius of the rotor, respectively. The machine’s geometry
is illustrated in Figure 4.2. The rotor-associated airgap remains constant at g,,,4, as the
rotor has a uniform surface. The stator and rotor air-gap functions as a function of rotor
position 8 are shown in Figure 4.5.
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Figure 4.5. Stator and rotor associated air-gap function.
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4.1.4 Rotor Flux-Barrier Translation

The operating principle of SynRM relies on the insertion of flux barriers into the rotor
structure. These flux barriers introduce anisotropy into the rotor’s magnetic path, creating
distinct difference in reluctance along the direct-axis (d-axis) and quadrature-axis (g-axis).
This reluctance differential is fundamental for torque generation, as torque arises from
the rotor’s tendency to align itself with the stator’s rotating magnetic field, thus seeking
the path of minimum magnetic reluctance.

The reluctance of a magnetic path is directly proportional to its length and inversely
proportional to the cross-sectional area available for magnetic flux transmission.
To analytically model this effect within the MWFA framework, the flux barriers’
reluctance is translated into an equivalent increase in the rotor-associated air-gap length.
To achieve this translation, the rotor is segmented into subsections, each corresponding
to a specific flux barrier. The ratio between the rotor subsection’s surface area without
flux barriers A; and the area with flux barriers A,, along with the bridge area Azp that
connects adjacent flux paths, determines the equivalent extension of the air-gap length.
This relationship is mathematically expressed as follows,

A
o= [ )1, )

where I, and [, are the equivalent air-gap length for flux barrier and the actual air-gap
length respectively. Since this surface area bridges two individual flux paths, the value of
scaling factor for bridge area k, in this case is chosen to be %. The air-gap function for
rotor flux-barrier translation by (7), for one rotor pole is presented in Figure 4.6.
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Figure 4.6. Rotor flux-barrier translation towards airgap, with a stepped transition between flux
barriers.

4.1.5 Torque Calculation
Torque in MWFA is computed using co-energy analysis, dependent on inductance
variations with rotor position, 6.

_Poyr
T, =" %[Lw)]l 1] (@8)

where p is the number of pole pairs, [I] is the input current matrix and d[L(6)]/0 is
the inductance matrix derivative at the respective rotor angular position 8. For the case
of SynRM, the load angle § is introduced towards the input current in the form of
following equations
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L Sin(wt + 6)
I = |[LkSin(wt — 21/3 + &) (4.9)
LySin(wt + 2m/3 + &)

4.1.6 Results And Analysis

The self and mutual inductances for stator phases are calculated by (2). For illustration
purposes, the self-inductance of phase A and mutual inductance between phase A and B
are presented in Figure 4.7 (a) and (b). The self and mutual inductance profiles for other
phases are like those illustrated in Figure 4.7 but displaced 120° apart. The electromagnetic
torque waveforms for the machine under consideration, for peak input currents of 10A
and 18A at § = 10° mechanical, are presented in Figure 4.8.
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Figure 4.7. (a) Self-inductance of one phase, (b) Mutual inductance between two phases.
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Figure 4.8. Electromagnetic torque waveform for input current of 10A and 18A, at § = 10°.

The analytical MWFA model presented is evaluated based on its ability to reflect the
sensitivity of output performance parameters to various machine design parameters.
The parameters considered include stator slot count, winding configuration, layered
windings, stator-teeth dimensions, air-gap length, and rotor geometric characteristics
such as pole-arc to pole-pitch ratio and flux barrier dimensions.

Figure 4.9 (a) and (b) illustrate the air-gap function and corresponding torque profiles
for two different pole-arc to pole-pitch ratios, holding all other parameters constant with
an input current of 15 A and a load angle 6 of 10°. These results illustrate the influence
of minor geometric variations on the machine performance, demonstrating an increase
in mean torque from 20.5 Nm to 22.6 Nm and a ripple percentage rise from 33.1% to
36.7% upon decreasing the pole-arc.
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Figure 4.9. (a) Air-gap function for design variation in pole arc (b) Associated torque profile for
respective design variation.

Similarly, adjustments in flux-barrier width directly impact the available area for d-axis
flux. As depicted in Figure 4.10, a 1 mm increase in flux-barrier width reduces the mean
torque from 20.5 Nm to 19.6 Nm, while the torque ripple decreases slightly from 33.18%
to 31.4%, given the same input conditions (15 A, 6 = 10°).
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Figure 4.10. (a) Air-gap function for design variation in flux-barrier width (b) Associated torque
profile for respective design variation.

To assess the accuracy and practical applicability of the MWFA model in the design
iteration process, a comparison with an FEA model is conducted. Torque profiles
calculated using MWFA and FEA for different load angles at a 10 A input current are
shown in Figure 4.11. The mean torque obtained through FEA was 11.29 Nm, whereas
MWFA vyielded 12.13 Nm at a load angle of 10° representing a deviation of
approximately 7.4%. This discrepancy, though minor, is primarily attributable to localized
saturation effects inherent in complex machine structures and the lower temporal
resolution of FEA simulations. Notably, increasing the temporal resolution of FEA
significantly escalates computational time, highlighting MWFA’s computational
advantage.

In context of torque profile estimation, the MWFA model also demonstrates
conformity with the torque profiles observed in FEA simulations. The shape and phase of
the MWFA-predicted torque profiles align closely with their numerically simulated
counterparts. This consistency confirms that MWFA can not only approximate the mean
torque values but also accurately capture the dynamic electromagnetic behavior of the
machine.
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Figure 4.11. Torque profile comparison between MWFA and FEA for different load angle § and | = 10 A.

Further analysis over the entire input current range, i.e. from no load to rated
conditions, reveals limitation of the conventional MWFA approach, especially when
utilizing it in the machine design process where near-rated or rated operating conditions
push the magnetic characteristics of the material in the non-linear region. As illustrated
in Figure 4.12, deviations from FEA predictions become pronounced near rated currents
due to magnetic saturation of the ferromagnetic core material. With the assumption of
linear magnetic material in the mathematical formulation of MWFA, the squared value
of I in torque calculation of (8) renders its behavior to follow the same squared trend
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of non-linearity in magnetic permeability and FEA.
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Despite these limitations, the MWFA method significantly outperforms traditional
numerical methods regarding computational efficiency, with simulation runtimes of
approximately 15 seconds per iteration compared to multiple hours required by
equivalent FEA simulations. This characteristic makes MWFA particularly suited for initial
rapid iterative evaluations, facilitating early-stage design optimizations before more
detailed numerical analyses.

4.1.7 Characteristics of MWFA

Although the MWFA-based approach offers computational efficiency and rapid
assessment in early-stage design iterations, its overall applicability in the design process
of modern electrical machines and viability for design process optimization is constrained
by several fundamental assumptions. These limitations often necessitate extensive use
of numerical modeling techniques, such as three-dimensional FEA, to achieve design
accuracy in diverse operating conditions and more complex geometries. The key limiting
assumptions of conventional MWFA can be summarized as follows.

4.1.7.1 Linear Magnetic Characteristics

In the derivation of flux linkages and inductances for classic winding function analysis
(WFA) which formulates the foundation of MWFA, the magnetic permeability of the core
material is considered infinite, rendering the magnetomotive-force (MMF) drop across
the core material to be non-existent. This assumption leads to an overestimation of the
airgap MMF and the relationship between applied MMF and the airgap MMF to be linear.
Whereas in reality neither is the MMF drop in the machine’s ferromagnetic core
negligible, nor does it follow the applied MMF in a linear relationship. The MMF drop in
the core is proportional to the magnetic path reluctance offered by the core which
depends on two main factors: the core’s geometry and material’s magnetic permeability.

4.1.7.2 Planar Airgap Topology

MWFA usually assumes a uniform (planar) airgap topology, which disregards any axial or
radial variations in airgap length. Modern designs, especially those facilitated by AM,
incorporate contoured or non-uniform airgaps to enhance performance parameters.
Conventional MWFA formulations lack the mechanisms to account for such three-
dimensional complexities in the machine structure, limiting their effectiveness when
considered for these newer design possibilities.

4.1.7.3 Non-Skewed Structure

Another simplifying assumption in MWFA is the treatment of the machine as having a
perfectly symmetric, non-skewed structure along the direction normal to the flow of flux.
In practice, slot skewing is a common design technique employed to mitigate torque
ripples and reduce harmonic content in electrical machines. Since MWFA inherently
assumes a non-skewed structure, it fails to estimate the performance enhancements and
ripple reduction effects introduced by skewed configurations. This further limits its
accuracy and viability for the iterative design process.

4.1.7.4 Implications for The Design Process

Although MWFA offers rapid performance parameter estimation, the inherent
simplifying assumptions limit its use to early design iterations. As design complexity
increases, particularly with the integration of non-linear core material behavior,
contoured airgaps, and skewed machine structures, the dependence on more detailed
numerical modeling methods increases. Addressing these limitations is essential for
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reducing the dependency on computationally intensive numerical methods in the design
process. The modifications proposed in subsequent sections aim to extend MWFA’s
accuracy and applicability by incorporating correction factors and hybrid strategies
that account for the non-linear, three-dimensional characteristics of modern electrical
machines.

4.2 Incorporation of Core Material’s Electromagnetic Characteristics

This section details a hybrid approach [Publication-VI], [Publication-VII] to overcome that
limitation by introducing an airgap MMF reduction factor, namely permeability factor,
into the fundamental MWFA equations. The key objective is to map how the effective
permeability of the core material changes with the operating current, then incorporate
that permeability factor into the winding function formulation to achieve more realistic
performance estimate.

4.2.1 The Proposed Strategy
The standard formulations for airgap MMF, flux linkage and Inductance calculation for
WFA are presented as follows,

F.(8) = N,(0). 1, (4.10)
21
P ;rl f ,(0) n, (8)d6 (4.11)
0
2
Ly, = % _ Hort f N,(6) 1, (6)d6 (4.12)
0

where (13) lays the foundation of the MWFA approach. These formulations assume that
the ferromagnetic core has negligible reluctance. In other words, the analytical
derivation treats magnetic permeability as infinite, resulting in all thew applied MMF to
appear across the airgap alone. Consequently, analytical predictions while ignoring the
MMF-drop in the core can overestimate inductances and torque values at higher
excitation.

In reality, however, the MMF drop within the core is non-negligible. Its value is
dictated by the magnetic path reluctance of the core, which in turn depends on both its
geometry and the material’s magnetic permeability. As a consequence, the effective
airgap MMF, and hence the computed flux linkages and inductances, are lower than the
calculated values of (10)-(12). To incorporate this effect of reduced airgap MMF a
permeability factor, kp, is introduced into the MWFA formulations. The modified
expressions become,

F(0) = kyNy(0). 1y (4.13)
2m
o7l
MLy = Jy 2 f F,(0) n, (6)dO (4.14)
g 0
1 I 2m
Ko
Ly = by =2 = 22 f N, (8) 1, (6)d6 (4.15)

0
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The specific value of permeability factor is defined by the ratio of the airgap magnetic
reluctance (R,4) to the total reluctance (R,, + R.), where R, represents the core’s
reluctance. It can be expressed as,

k, = Rag _ g
Rag+ Re g+ I/

(4.16)

where, [, and [ denote the effective magnetic path lengths of the airgap and the core,
respectively, while p, is the relative permeability of the core material. While the magnetic
path lengths in airgap and the core can be estimated analytically with a fair degree of
accuracy, the relative permeability of the material depends on the specific operating
point of the machine core on the BH-curve of the material.

4.2.2 Determination of Machine Core’s Operating Point on the BH-Curve
To accurately integrate material’s electromagnetic characteristics into MWFA, it is
essential to determine the precise operating point of the machine’s ferromagnetic core
on the material’s BH-curve. The operating point depends primarily upon the magnetic
field intensity (H) experienced by the core material under different input current
conditions. Correct identification of this operating point ensures that the permeability
factor, ky, introduced in the previous subsection reflects realistic magnetic conditions,
thereby enhancing the analytical model’s predictive accuracy in all the operation regions
of the machine.
The magnetic field intensity (H) within a simplistic core structure is mathematically
defined as,
NI
H=—

l (4.17)

where N represents the number of winding-turns, I is the input current, and [ denotes
the mean magnetic path length within the core. For a given electrical machine geometry
and winding configuration, the magnetic field intensity can be directly related to the
input current through a geometry-dependent proportionality constant A, as expressed
in the simplified form,

H=A41 (4.18)

where 4 controls the proportionality of the magnetic field intensity relative to the input
current, as illustrated conceptually in Figure 4.13 (a)-(d). Determining the appropriate
value of 4 is crucial, as it directly affects the accuracy of mapping the machine’s operating
zone onto the BH-curve and subsequently impacts the calculated permeability factor.
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Figure 4.13. (a) BH-curve mapping against input current for (b) A =5, (c) A = 10, (d) A = 20.

The specific value of 4 is established through an iterative hybrid FEA-Analytical
calibration process, illustrated by the algorithmic block diagram in Figure 4.14. This
hybrid approach systematically combines numerical accuracy with analytical efficiency

and involves the following key steps.
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Figure 4.14. Block-diagram of the iterative procedure for determination of machine’s operating
point on BH-curve and subsequent calculation of saturation factor ky, as a function of input current.

4.2.2.1 FEA Benchmarking

The reference or benchmark value of torque is obtained from 2D-FEA for a half cycle of
rated input current applied to the fundamental symmetrical section of machine geometry.
The value of € decides the error limit or accuracy of mapping.

4.2.2.2 Analytical Torque Estimation and Iterative Calibration

For the benchmark input current, an initial guess of the proportionality constant 4 is
made. Using this value, the magnetic field intensity is calculated. The corresponding
magnetic flux density (B) and relative permeability values are then extracted from the
known BH-curve of the selected core material. Using these values, the permeability
factor is computed based on equation (16) from the previous subsection. Incorporating
this computed k,, value into the MWF, a corrected analytical torque is calculated. This
analytical torque value is then directly compared with the corresponding FEA benchmark
value.

4.2.2.3 Convergence and accuracy criterion

If the difference between the analytical torque and the benchmark FEA torque exceeds
the pre-defined tolerance g, the value of 4 is adjusted iteratively. This iterative
calibration continues until the analytical and benchmark torque values converge within
the acceptable tolerance, establishing the final optimized value of A. Figure 4.14(b)—(d)
visually demonstrates this iterative procedure, showing BH-curves mapped against a
representative input current range (0-25 A) for various values of A. Upon convergence
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to the desired accuracy g, the value of 4 is finalized, accurately defining the machine’s
operational mapping onto the BH-curve.

Once optimized, the determined proportionality constant (4) enables straightforward
estimation of the core’s operating point on the material BH-curve for any input current
level. For computational efficiency, the corresponding relative permeability (u,.) values
for the complete operating current range are precomputed and stored in lookup tables.
During the online simulation phase, MWFA rapidly retrieves the appropriate permeability
factor from these tables, facilitating fast yet precise analytical performance evaluation.

As an illustrative example, the machine under investigation in this chapter utilizes
M400-50A as the core material. The iterative hybrid calibration procedure described
above vyields an optimal 4 value of approximately 13.5 for this specific geometry and
material. Consequently, the relative permeability for M400-50A, ranging from zero up to
a maximum of approximately 64,868.9, leads to calculated permeability factor values
within a realistic range, typically 0 < k,, < 1.

4.2.3 Results and Validation

The iterative hybrid FEA-analytical mapping procedure outlined in the previous
subsection was implemented to determine the optimized proportionality constant for
the reference SynRM. After iterative calibration, the optimal value of 4 was identified to
be approximately 13.5. This optimized value enabled precise mapping of the core’s
operational points onto the BH-curve for the input current range of 0-25 A. Although this
range exceeds the machine’s rated current of 20.3 A, it was deliberately selected to
evaluate the MWFA model’s accuracy and robustness under overload conditions, thus
ensuring comprehensive validation.

Figure 4.15 illustrates the machine’s calculated operational zone. Specifically, Figure
4.15(a) depicts the mapped BH-curve corresponding to the determined value of 4, clearly
indicating the operating points at different input currents. The associated variation in
relative permeability is shown in Figure 4.15(b), while Figure 4.15(c) presents the computed
permeability factor across the entire evaluated input current range. The computed k,
values logically remain within realistic boundaries (0 < k, < 1), demonstrating the
analytical model’s effectiveness in capturing the effect of material’s non-linear magnetic
characteristics.
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Figure 4.15. Operating zone of the machine under consideration on (a) BH-curve, (b) Permeability
curve, (c) Value of k,, versus input current.

To further evaluate the impact of incorporating core material’s electromagnetic
characteristics, airgap MMF distributions calculated analytically, both without and with
the inclusion of the permeability factor, are compared for two distinct current levels (10A
and15A peak) at a mechanical load angle of 6 = 10°. As shown in Figure 4.16(a) and (b),
neglecting core material’s characteristics overestimates the airgap MMF significantly.
Conversely, when the permeability factor is employed, the calculated airgap MMF is
effectively reduced reflecting the consideration of MMF-drop in the machine core.

71



Non-Modulated
Modulated

——— Non-Modulated
1000 Modulated

2000

1000

0

-1000

-1000
-2000

Air-Gap MMF (A.Turns)
Air-Gap MMF (A.Turns)

0 90 180 270 360 450 540 630 720 0 90 180 270 360 450 540 630 720
Rotor Angle (electrical degrees) Rotor Angle (electrical degrees)
(a) (b)
Figure 4.17. Airgap MMF with and without the inclusion of saturation factor ki, for input current
of (a) 10A, (b) 15A.

These material-characteristic dependent corrections in airgap MMF directly influence
electromagnetic torque calculations. Figure 4.17(a) and (b) illustrate torque waveform
comparisons between MWFA predictions (with and without permeability factor
correction) and corresponding FEA results at input currents of 10 A and 15 A respectively,
maintaining the same mechanical load angle i.e. § =10°. The inclusion of the
permeability factor evidently improves analytical torque predictions, aligning closely
with FEA-derived torque waveforms and thereby validating the enhanced MWFA
formulation’s accuracy.
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Figure 4.17. Torque waveform comparison with FEA results, § =10° mechanical (a) 10A, (b) 15A.

For additional validation over the complete range of input current, Figure 4.18 presents
a comparison between the mean electromagnetic torque calculated by the analytical
MWFA model without incorporating core material non-linearity and corresponding FEA
results across the evaluated input current range. As expected, the linear MWFA
predictions exhibit a purely quadratic relationship with input current, significantly
diverging from numerical FEA results, particularly at higher input currents where
magnetic saturation becomes prominent.
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Figure 4.19. Comparison of mean torque calculation by the proposed analytical model (under non-
linear magnetic condition) and FEA for different materials (a) M400-50A, (b) 36F185, (c) M235-35A.

On the contrary, after integrating the permeability factor into the analytical MWFA
formulation, the analytical torque estimations closely align with FEA results across the
full input current range, as depicted in Figure 4.19(a), for core material M400-50A.
To further illustrate the accuracy and general applicability of this modeling strategy,
additional validations using alternative core materials, 36F185 and M235-35A, are
presented in Figure 4.19(b) and (c). In each case, the proposed modification in the
analytical model maintains good agreement with the corresponding FEA results,
reinforcing its effectiveness and diverse utility across varying material properties.

The comparative evaluation of simulation runtimes, benchmarked on the identical
computational resource of a 12-core modern CPU, further reinforces the practical utility
and computational efficiency of the proposed hybrid MWFA methodology. As summarized
in Table 4.2, the initial hybrid calibration procedure, performed only once per machine
geometry and core material, typically requires approximately 15—-20 minutes. After this
calibration, subsequent iterative analyses leveraging the MWFA approach are completed
in roughly 15 seconds per iteration.
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Table 4.2. Simulation runtime comparison for same temporal resolution and machine runtime (4 sec),
FEA vs Analytical.

Type of Modeling Simulation Runtime
Analytical tuning V|a*P}\éigdtiﬁ,:-Arr;ilzsfi)procedure 15-20 minutes
MWFA P
each subsequent iteration 15 seconds
FEA each individual iteration Approx. 50 Hrs.

Conversely, achieving similar precision and temporal resolution via full-scale
three-dimensional FEA demands approximately 50 hours per iteration. This stark
contrast in computational times validates the fundamental hypothesis that improving
the accuracy and applicability of MWFA enables the analytical method to significantly
alleviate computational burdens traditionally associated with iterative numerical
simulations. Consequently, the refined MWFA framework not only accurately accounts
for core saturation effects but also fundamentally enhances the iterative design workflow
— shifting the majority of iterative computational burden from resource-intensive FEA
simulations to rapid and efficient analytical evaluations. This transition is particularly
advantageous in the context of additive manufacturing-enabled electrical machines,
where rapid, precise, and computationally efficient design iterations are critical for
achieving optimal, customized machine performance.

Following this detailed analysis, it is evident that by far, the second hypothesis has
indeed been proved. The hybrid FEA-Analytical approach not only reduces the
computational time and complexity associated with machine design analysis but also
substantively enhances its suitability for iterative design processes. This streamlined
approach allows for quicker iterative refinements in design.

4.3 Incorporation of Three-Dimensional Design Features

As previously outlined, conventional MWFA inherently assumes a three-dimensionally
uniform machine geometry, neglecting critical three-dimensional variations such as
contoured airgaps and skewed stator or rotor configurations. Addressing this limitation
is essential for MWFA to effectively support the iterative design optimization process,
especially in the context of advanced machine geometries enabled by AM. Although the
proposed strategy presented here is applicable to various flux topologies, i.e. radial or
axial, all subsequent modifications and explanations are provided in the context of the
machine topology currently under consideration i.e. radial flux SynRM. The following
subsections propose specific strategies and associated formulations to extend MWFA for
incorporating these complex three-dimensional design features.

4.3.1 The Proposed Strategy

To effectively incorporate three-dimensional design features within the MWFA-based
modeling framework, the proposed strategy [Publication-VIII] involves segmenting the
machine geometry into discrete sections in axial direction. Each segment independently
captures local variations in critical design parameters, including the airgap radius, airgap
permeance function, winding functions, and turn functions. By discretizing the geometry
into m segments, each with its own distinct characteristics, the inductance formulation
can accurately represent the cumulative impact of axial variations.
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Referring to the fundamental inductance formulation (2), all involved parameters are
inherently functions of stator and rotor relative positions, expressed through the angles
0 and B. For each axial segment j (j =1, 2, ..., m), the inductance calculation is conducted
separately as follows

Ho2m

Ul

n
Loy-5(6) = P(6,8). Ny (65, 6). 1y (6, 5)) (429
k=1
where, 7; and I; denote the mean airgap radius and axial length of the j-th segment,
respectively. Similarly, Pj(Gj,,B), ij(Bj,,B) and nyj(Gj,ﬁ) represent the permeance,
winding, and turn functions specific to segment 8. 6; indicates the rotor angular position
within the stator reference frame for the j — th segment, allowing the model to reflect
localized rotational asymmetries.

The total inductance of the machine, accounting for axial variations, is then obtained
by summation of the inductances of individual segments as follows.

Loy (®) = Z Ley(6)) (420

n

ny 0) =

1

(01,8)- Nea (61,B).1y1 61, 8))

k:1
n

+ 7 22( 2 (02, B). Ny2 (62, B). nyz(gz,ﬂ)) (4.21)

k

+ 5.0

M:A

(PO B)- Ny (B, B)- My (O, ),

k=1

Through this segmented approach, MWFA effectively handles the complexity associated
with three-dimensional geometric features, significantly enhancing its predictive accuracy
while maintaining computational efficiency suitable for iterative design processes.

4.3.2 Formulation for Contoured Airgap Topology

As previously discussed, conventional MWFA inherently assumes a planar (uniform) airgap,
neglecting axial variations introduced by contoured topologies. While the complexity of
implementing these topologies in MWFA varies based on specific design constraints,
the fundamental modification framework remains consistent. In the context of the radial
flux SynRM under consideration, constraints implemented for airgap contouring
specifically impact the effective airgap dimensions, whereas other machine parameters
and material properties remain unchanged. The effect of specific design constraints on
the formulation of MWFA under proposed strategy is discussed in the next subsection.

4.3.2.1 Effect of Design Constraints for Contoured Airgap Topology on MWFA
Formulation

Considering the inductance formulation of MWFA (21), the terms contributing to
inductance include the turn function, winding function, airgap permeance function,
material permeability, and airgap surface area. The effects of airgap contouring on these
terms, under previously described constraints of contoured airgap topology for radial
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flux SynRM, are discussed as follows. Additionally, since the rotational symmetry along
the axial direction is not altered under the currently discussed constraints of airgap
contouring, 8, ... 6, = 0.

1. Turn Function and Winding Function
The winding parameters, including the number of winding-turns per slot, coil
arrangement, and their spatial distribution around the stator periphery, remain
unaffected by airgap contouring. Consequently, the turn and winding functions
remain identical for each axial segment.

2. Airgap Permeance Function

The airgap permeance function considers spatial variations in airgap thickness
associated with stator and rotor design. Given that the constraints defining
contoured airgap topology maintain uniform airgap thickness and unchanged stator
slot layout, including slot openings, the permeance function remains identical for
each axial segment.

3. Airgap Surface Area
The most significant impact of airgap contouring arises from the increased airgap
surface area. This increase, depicted in Figure 4.20, directly influences inductance
calculations. Under the current constraints, the inductance formulation (21) reduces
to,

Uo2TC

ny(B) = [l + rly+ -

n (4.22)
+ bl D (PO.)-N6.8).1,6.8))
k=1

Astraight = 2mryl, Acurvea > Astraight

Figure 4.20. Change in airgap surface area due to contouring.

The increased airgap surface area is dependent on the contour shape and
amplitude. Since the contour utilized in this current example is sinusoidal, instead of
segmenting the machine, it can be accounted for by incorporation of a
proportionality factor k. in inductance formulation of MWFA. The value of k. is
directly proportional to increased airgap surface area due to the contour and is given
by

4.23
k.= Acurved/Astraight ( )
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The contour equation (as defined in 2.18) becomes

r(x) = 1, + A,sin (?) 0<x <, (4.24)
The surface area for the contoured airgap is calculated by
o . (TX TA, Ty (4.25)
Acurvea = Zﬂf [T'g + A sin (-)] 1+ ( cos (—)) dx
0 lo lo lo

where the surface area of the straight airgap surface is simply calculated by 2mryl,.

4. Magnetic Path Reluctance

Under the specific constraints of contouring, individual dimensions, i.e. the thickness
of the stator-rotor components remain unchanged. This makes the machine’s
operating point on the BH-curve largely unaffected. However, contouring increases
the magnetic path length around the periphery of the machine, consequently
increasing magnetic path reluctance. To incorporate this effect, the permeability

factor formulation is adjusted by introducing the proportionality factor k..

R, !
k, = g _ - g 4.26
P Rag+ R g+ kel /uy (4.26)

The Inductance formulation of (21), with incorporated effect of contoured
airgap topology, essentially becomes,

Uokpkc2mr,l,

Ly (6) = (P, B).N:(6,8).m, (6.)) (4.27)

n

n k=1
4.3.2.2 Results and Analysis
The proposed analytical methodology incorporating the proportionality factor k. and
permeability correction factor k, has been validated through comparative analysis
against FEA results. A parametric sweep of the contour amplitude A., varying in
consecutive increments of 5 mm, was performed on the benchmark radial-flux SynRM.

Figure 4.21(a) illustrates the proportionality factor as a function of contour amplitude.
As the contour amplitude increases, k. exhibits a nonlinear relationship, underscoring
that the effective increase in airgap surface area does not follow a linear trend, but
instead depends specifically on the contour’s geometry. Figure 4.21(b) shows the
corresponding variation of the permeability correction factor as a function of input
current for different contour amplitudes. This factor demonstrates a decreasing trend
with increasing contour amplitude, reflecting the higher magnetic reluctance due to the
extended magnetic path length imposed by the contouring, thus offsetting some of the
benefits gained by increased airgap surface area.
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Figure 4.21. (a) Values of proportionality factor k. vs. the contour amplitude, and (b) Values of
permeability factor k;, vs. the input current, for different values of contour amplitude A..

To determine the validity of the proposed MWFA strategy, comparisons of torque
waveforms under various operational scenarios were conducted. Figure 4.22 illustrates
torque estimation for a machine with a planar airgap (i.e. A, = 0 mm) at a loading
angle 6 = 10° and an input current of 10A-peak. The MWFA model, after incorporating
the correction factors, accurately aligns with the FEA-calculated values, in terms of
torque profile and the mean torque (T, _pwra=5.0775 Nm versus T,_gg4s = 5.2729 Nm).
Excluding these correction factors results in significant deviation i.e. T,_yypa=7.5687 Nm,
as illustrated in the figure, establishing the validity and efficacy of the proposed strategy.

Figure 4.23 extends this analysis to a contoured airgap machine (A, = 5mm) under the
same operating conditions. The MWFA model, without correction factors, predicts a
significantly higher torque (T,_pwra = 7.5687 Nm), whereas the corrected MWFA closely
aligns with the FEA result (T,_pyra = 5.4385 Nm compared to T,_pg4 = 5.6534 Nm).

Figure 4.24 illustrates torque profiles for an airgap contour amplitude of 25mm under
different operational conditions (8 = 20°, input current of 20A-peak). Without correction
factors, the overestimated mean torque value through MWFA comes out to be 56.8850
Nm. Whereas, incorporating the proposed correction factors notably lowers the
deviation, aligning closely with the FEA-derived torque (T,_yyra = 26.4262 Nm versus
To_rga = 25.0032 Nm). Table 4.3 summarizes the quantified percentage deviations
between MWFA-predicted torque and corresponding FEA results for the above presented
results.
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Figure 4.22. The generated torque in case of a planar airgap machine (A.= 0), under loading angle
(6 = 10°), stator current (I;;, = 10A-peak).
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Figure 4.23. The generated torque in case of a contoured airgap machine (A.= 5mm), under loading
angle (6 = 10°), stator current (I;,, = 10A-peak).
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Figure 4.24. The generated torque in case of a contoured airgap machine (A.= 25mm), under
loading angle (§ = 20°), stator current (I, = 20 A-pk), while the mean torque using FEA is (To_rga
= 25.0032N-m), and through MWFA (Te_ywra = 56.8850N-m without proposed strategy) and
(Te_mwra= 26.4262N-m with proposed strategy).

Table 4.3. Summary of MWFA-Calculated Torque Deviations from FEA.
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Figure 4.25. The comparison of generated torque calculated using FEA (blue) and proposed MWFA
(red) under loading angle (& = 10°), stator current (I;;, = 10, 20 and 30Apeax)-
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Figure 4.26. The comparison of generated torque calculated using FEA (blue) and proposed MWFA
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These results and analyses conclusively demonstrate that the proposed MWFA
modifications effectively capture the complex relationship between geometric and
magnetic factors in machines with contoured airgaps. Consequently, this enhanced
analytical model proves reliable for accurate, computationally efficient performance
prediction and iterative design optimization in advanced machine designs enabled by
additive manufacturing.

4.3.3 Formulation for Slot Skewing

Skewing in electrical machine structures is utilized to mitigate torque ripple and reduce
spatial harmonics, particularly the slotting harmonics (SH). Incorporating slot skewing
within the MWFA framework enhances its capability to accurately represent practical
machine behaviors, broadening its application to more realistic machine designs. Due to
its extensive use in induction motors, the implementation and validation of slot skewing
in MWFA is illustrated through an induction motor.

Incorporating slot skewing into MWFA necessitates the introduction of angular
displacement parameter, termed as the skew angle (og), into the fundamental
formulation of the proposed strategy of (4.19)—(4.21). The machine geometry is divided
into m segments axially, each displaced by an incremental skew angle from the previous
segment. Each segment independently captures local variations in critical design
parameters, including airgap permeance, winding, and turn functions, reflecting the
skewed configuration.

For a total skew angle oy divided uniformly across m axial segments, each segment
experiences an incremental angular shift, denoted as Aaq, illustrated in Figure 4.27 and
calculated by

Ao = o /m (4.28)
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Figure 4.27. The illustration of rotor segmentation and skew angle.

In each axial segment j (j = 1, 2, .., m), the rotor’s angular position 6; relative to the
stator frame is adjusted to reflect the cumulative skew, formulated as
, (4.29)
0;=0+(G—1)Aa
Utilizing these modified rotor positions, the inductance calculation per axial segment

follows the generalized form established previously in (19)-(21), capturing segment-
specific winding and airgap functions affected by skew.

2 n
Ley-1(61) = % il Z (P61, 8)- Ny (63, 8)-my; (6, ﬁ))k (4.30)
k=1

The total inductance, considering skewing, is obtained by aggregating the individual
inductance of each segment along the axial direction.

Ly () = ) Ly (6)) (4.31)
j=1

This segmented skewing approach effectively incorporates the spatially distributed
angular displacement into MWFA, significantly enhancing the analytical method's
capability to accurately represent torque ripple reductions and harmonic attenuation
associated with skewed structures.

4.3.3.1 Results and Analysis

The proposed slot skew formulation within MWFA was validated through an induction
motor whose key specifications are summarized in Table 4.4. The validation employs
numerical simulations and experimental data, confirming the efficacy of MWFA in
estimating reductions in SH components and the attenuation of torque ripple, thereby
extending MWFA'’s practicality to skewed machine topologies.
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Table 4.4. Design Parameters of Induction Motor.

Parameter Symbol Value Parameter Symbol | Value
Rated speed Nr 1400 Number of poles P 4
rpm@50 Hz
18 kW@50 Number of rotor
Rated power Pr Hy bars skewed Nrb 40
Connection Y, A Star (Y) Number of stator
Power factor cosd 0.860 slots Ns 48

The proposed MWFA approach employed to compute stator-rotor mutual inductance
profiles essential for calculating machine performance parameters is illustrated in Figure
4.28 (a). The inductances are calculated by dividing the rotor axially into four equal
segments, each shifted with incremental angular shift for equivalent skew angle of one
stator slot pitch. Summation of these segmented inductances smooths the overall
inductance profile, effectively attenuating slot-related ripples, as illustrated in Figure
4.28 (b).

10 - x10™
| IR 12 210 |
1.1
) I =
E 0 > (60 75 90 =
— Skew angle / 5
0 00 120 180 240 300 360 0 60 120 180 240 300 360
Rotor Position (fe) Rotor Position (fe)
(a) (b)

Figure 4.28. The stator-rotor mutual inductance, (a) for each segment (4 segments), (b) the overall
inductance profile.

Figure 4.29 demonstrates that rotor slot skewing not only smoothens stator-rotor
mutual inductances but also significantly reduces ripple magnitudes in stator-stator self
(Lqq), stator-stator mutual (L), stator-rotor (L,,-), and rotor-rotor (L,..) inductances.
Comparative analysis of the plots clearly highlights the reduction in peak-to-peak ripple
magnitude when rotor slot skew is considered.
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Figure 4.29. The calculated inductances with (red) and without (blue) rotor slots skew, (a) stator to
stator self (Lqq), (b) stator to stator mutual (L,p), (c) stator to the rotor (L,,.), and (d) rotor to rotor
(L,-+) concerning the rotor position.

Similarly, the inductance derivatives concerning rotor position also exhibit significant
reduction in ripples upon rotor skew inclusion, as shown in Figure 4.30. These reduced
ripples directly correlate with reduced torque ripple and smoother current waveforms,
significantly improving the machine’s operational characteristics.
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Figure 4.30. The derivative of the inductances with (red) and without (blue) rotor slot skews (a)
stator to stator self (Lqg,), (b) stator to stator mutual (L), (c) stator to the rotor (Lg,-), and (d)
rotor to rotor (L,,) with respect to the rotor position.
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The comparative simulation results of phase currents and torque waveforms for both
skewed and non-skewed rotor conditions are presented in Figure 4.31. The currents with
rotor slot skew (Figure 4.31(b)) exhibit reduced harmonic distortion compared to the
non-skewed rotor (Figure 4.31(a)). Torque profiles further highlight this improvement,
with reduced ripple amplitudes clearly observable in Figure 4.31 (c) and (d). As stated
earlier too, slot skewing predominantly targets attenuation of slotting harmonics (SH).
Figure 4.32 depicts how rotor skew significantly reduces the principal slotting harmonics,

SH1 and SH2. Theoretically predicted frequencies of these harmonics were calculated
using (31).

fsn = [(knb +ny) ( ) + v]fs (4.32)

where slip (s), number of rotor bars (n,), and pole pairs (P) directly influence harmonic
frequencies. For the machine under test (40 rotor bars, two pole pairs, at 0.0067 slip),
SH1 and SH2 theoretically appear at 883 Hz and 983 Hz, respectively. With skew, these
harmonics attenuate from 0.04922 A and 0.0617 A to 0.00398 A and 0.00914 A.
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Figure 4.31. The stator currents with the rotor in (a) 2D without slot skew, (b) 3D with slot skew
equal to one stator slot pitch, (c) the comparison of torque profile with and without rotor slot skews,
(d) the zoomed comparison of torque profile with and without skews.
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Figure 4.32. The development of PSH1 and PSH2 with and without slot skew in phase current.

Further analysis summarized in Table 4.5 and illustrated in Figure 4.33 illustrates
slotting harmonics variations with slip, confirming the method's robustness under

various load conditions.

Table 4.5. The Development of PSH with Skewed Rotor.

Simulation slip RSH1 RSH2
(s) (Hz) (A) (Hz) (A)
0.0030 946.96 0.00047 1047 0.0005
0.035 914.90 0.00231 1015 0.0048
0.05 899.90 0.00332 1000 0.0068
0.0667 883.17 0.00454 983.27 0.0075
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Figure 4.33. The development of PSH1 and PSH2 with skewed rotor bars while PSH2 is present
because the phase-current is taken into consideration here.

For experimental validation, a dedicated test rig comprising two identical motors
coupled back-to-back was utilized (Figure 4.34). Practical measurements of stator
currents, using a DEWETRON transient recorder with 10 kHz sampling frequency over
70 seconds, facilitated high-resolution frequency spectrum analysis.

Digital Signal
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| RPM
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Tested Machi7 Loading Machine

[ 1
AT
Mechanical Support Fastened to the Base

Figure 4.34. The experimental setup, block diagram (left), test rig (right).

Measured results (Figure 4.35 and Table 4.6) demonstrate excellent agreement with
simulated data (Figure 4.34 and Table 4.5), particularly for the SH1 component.
The validated MWFA approach incorporating slot skew effectively predicts operational
behavior, providing significant computational advantages while ensuring analytical
accuracy, suitable for rapid iterative design processes. Minor discrepancies in SH2 result
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accuracy, suitable for rapid iterative design processes. Minor discrepancies in SH2 result
primarily from neglected magnetic nonlinearities and localized saturation effects. These
factors could be accounted for by integrating the earlier proposed strategy for
incorporation of material B-H curves.

Table 4.6. The Development of PSH with Skewed Rotor in Practical Measurement.

] RSH1 RSH2
Slip
(Hz) (A) (Hz) (A)
0.0030 945.40 0.00042 1045.20 0.0005
0.035 914.76 0.00189 1014.76 0.0008
0.05 899.23 0.00233 999.21 0.0007
x107 |
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Figure 4.35 The PSH1 and PSH2 in practical measurements.
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5 Conclusions and Future Work

This doctoral thesis has established a comprehensive framework for designing and
modeling contoured airgap topologies in additively manufactured electrical machines,
aiming at enhancing their electromagnetic performance. The investigations highlight the
critical role of airgap design in optimizing machine performance. Leveraging additive
manufacturing (AM) technologies, this work successfully demonstrates the feasibility of
integrating complex airgap contours which were previously impractical with traditional
manufacturing methods.

The findings from analytical and simulation studies provided significant insights into
the behavior of these machines under various operational conditions. The implementation
of sinusoidal and other airgap contours, as validated through both theoretical modeling
and experimental validation, resulted in improved flux linkage and reduced magnetic
reluctance, thus leading to enhanced torque production and overall machine efficiency.
The research also highlighted the trade-offs between increased airgap surface area and
the onset of magnetic saturation, which were crucial for determining the optimal contour
designs.

This doctoral thesis has successfully established a detailed framework for the design
and modeling of contoured airgap topologies in additively manufactured electrical
machines, significantly enhancing their electromagnetic performance. Through analytical
and simulation studies, the thesis demonstrates how advanced airgap designs optimize
machine efficiency and performance, particularly through the strategic use of additive
manufacturing (AM) technologies.

Equally critical to realizing the full potential of AM, however, is the need to overcome
the computational inefficiencies that limit iterative design workflows -especially for
low-volume, application-specific machines. This brings focus to the second major
research gap, the lack of a computationally efficient yet sufficiently accurate modeling
framework that can handle non-linear magnetic properties and complex 3D geometries.
It is within this context that the optimization of the design process became central to the
broader contribution of this work. The enhancement of the Modified Winding Function
Analysis (MWFA) played a crucial role in reducing the reliance on computationally
expensive finite element methods (FEA). By refining the MWFA to accurately account for
complex geometries and saturation effects within the machine core, the thesis offers a
potent tool for rapid, iterative design processes. This optimization is particularly
beneficial in the context of AM, where the overall production efficiency demands for the
design process to be rapid and optimized for computational efficiency.

Moreover, the thesis lays groundwork for further integration of design process
optimization by suggesting segmented modeling approach for analytical models that
could incorporate hybrid flux topologies and complex volume calculations. This would
not only enhance the analytical accuracy in predicting machine losses but also fosters a
more agile design framework capable of adapting to diverse manufacturing settings and
operational demands.

In conclusion, the research presented in this thesis marks a substantial step forward
in the electromechanical design field, especially in the utilization of AM for electrical
machines. It opens up new possibilities for future research, particularly in extending the
capabilities of analytical models to fully leverage the design freedom offered by AM
technologies, ultimately leading to smarter, more efficient, and cost-effective machine
designs. These advancements emphasize the transformative potential of integrating
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detailed design process optimization strategies into the core of electrical machine
development, promising a new era of innovation and efficiency in electromechanical
manufacturing.

5.1 Future Works

Building upon the foundation established in this doctoral thesis, future research can
further enhance the design and analysis of electrical machines with the following
advanced studies:

1.

Investigation of More Complex Geometrical Shapes for Airgap: Expanding the
scope of airgap geometries could explore the effects of more complex shapes, such
as non-periodic or asymmetric contours. This exploration aims to optimize flux
linkage and torque production beyond traditional sinusoidal and circular contours,
potentially uncovering new pathways to efficiency improvements.

Saturation Mitigation Techniques: Developing shapes or configurations specifically
aimed at mitigating saturation effects in the core, especially near the contoured
airgaps, is critical. Research could focus on geometric modifications or the
introduction of composite materials within the core to distribute flux densities more
evenly, thereby reducing local saturation and enhancing performance.

Application and Case Study for PM Machines: Conducting case studies on the
implementation of contoured airgap topology in permanent magnet (PM) machines
could reveal opportunities to reduce the mass of rare-earth magnets used. This
research could contribute to cost savings and resource efficiency in PM machine
production, aligning with sustainable manufacturing practices.

Extending Modified Winding Function Analysis (MWFA): Enhancing the MWFA to
better account for localized saturations and complex geometrical impacts on
electromagnetic and thermal performance. This extension would involve integrating
more refined core material characteristics and loss modeling into the analytical
framework, thus providing more accurate predictions of machine behavior under
varied operating conditions.

Incorporation of Complex Geometry in MWFA: Extending the MWFA to include
more detailed volume and geometry calculations could improve its capability in
estimating losses, such as iron and copper losses, especially for machines with
complex geometries. This would enhance the model's utility in the design process
by providing more accurate loss profiles and helping in thermal management
optimization.

Incorporation of Hybrid Flux Topologies in MWFA: Advancing the MWFA to
incorporate hybrid flux topologies, such as those found in machines combining
characteristics of both radial and axial flux machines, could broaden the applicability
of the analytical approach. This expansion would allow for the exploration of
innovative machine designs that could offer superior performance characteristics.
Utilization of Developed Algorithms for Data-Driven Insights: Leveraging the
refined algorithms and models to generate extensive datasets detailing the effects
of various design parameters on machine performance. This data could be used to
train machine learning models, providing predictive insights and optimizing design
processes through Al-driven tools. Such applications could drastically reduce design
cycles and enhance the adaptability of machines to specific applications.
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8. Integration of Thermal and Mechanical Considerations into Design and Prototyping
Workflow Focus on enhancing the practical prototyping process by incorporating
thermal management solutions and mechanical design constraints directly into the
early-stage electromagnetic design workflow. This would involve co-optimizing
thermal dissipation pathways, mechanical robustness (e.g., vibration tolerance,
structural stresses), and electromagnetic performance — particularly for AM-fabricated
components. Developing such models and prototyping strategies would ensure
more reliable, application-ready machines while reducing post-design iterations and
enabling a more holistic, performance-driven design approach.

These proposed directions not only aim to deepen the understanding of contoured
airgap technologies but also seek to integrate advanced computational tools and
manufacturing techniques, setting a robust platform for the next generation of
high-performance electrical machines.
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Abstract

Design and Modeling of Contoured Airgap Topology for
Additively Manufactured Electrical Machines

This doctoral thesis presents a comprehensive framework for the electromagnetic design
and modeling of contoured airgap topologies in electrical machines, enabled by additive
manufacturing (AM). The research is motivated by the need to overcome the geometric
constraints imposed by conventional manufacturing, which traditionally limit electrical
machine topologies to planar, two-dimensional designs. While additive manufacturing
has already proven beneficial for structural integration and thermal management in
electrical machines, its full potential for electromagnetic design innovation, especially in
three-dimensional topology, remains largely unexploited.

To address this gap, the work introduces and systematically validates contoured
airgap surfaces as a novel approach to reduce magnetic reluctance and enhance flux
linkage within compact machine geometries. A range of contour shapes, including
sinusoidal, triangular, and circular profiles, were analyzed through finite element
simulations and compared against benchmark planar topology. The performance
improvements, particularly in flux linkage, torque production, and torque density, were
evaluated under both linear and non-linear magnetic material conditions. Experimental
validation using additively manufactured prototypes confirmed that contoured
geometries yield consistent and significant improvements in output torque across a
range of operating currents, validating the first hypothesis of this thesis.

In parallel, this work addresses a second critical research challenge: the computational
inefficiency of the iterative machine design process when using three-dimensional finite
element analysis (FEA). To avoid this limiting characteristic, this work enhances the
Modified Winding Function Analysis (MWFA) to support the rapid and accurate modeling
of machines in nonlinear region of material characteristics and three-dimensional
features, including contoured airgaps and slot skewing. A hybrid FEA-analytical approach
is developed, enabling accurate estimation of saturation effects in the core material
through a one-time FEA-supported correction that significantly reduces the computational
load of subsequent iterations. Benchmarked against FEA, the enhanced MWFA reduces
iteration time from several hours to under 20 seconds without compromising accuracy,
thereby validating the second hypothesis concerning computational efficiency.

Furthermore, the thesis proposes an extended MWFA formulation using a segmented
modeling approach that incorporates three-dimensional variations in machine design,
thus enabling the analytical modeling of complex 3D machines with a high degree of
flexibility. These advancements enable the extended use of MWFA in iterative design
workflows and lay foundation for future utilization for machine learning-based
optimization possibilities, enabling smarter, faster, and more application-specific
machine development in the AM context.

In conclusion, this thesis not only demonstrates the performance potential of
contoured airgap topologies enabled by additive manufacturing but also provides the
analytical tools necessary to exploit this design-freedom efficiently. By bridging the gap
between design innovation and computational modeling, the work lays the foundation
for a new generation of electrical machines — compact, efficient, and customized for
high-performance applications through AM-driven design workflows.
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Lihikokkuvote

Koverdatud ohupilu topoloogiaga kihtlisandusmeetodil
valmistatud elektrimasinate projekteerimine ja
modelleerimine

Kaesolev doktorit6d keskendub elektrimasinate projekteerimisele ja modelleerimisele,
kasutades kihtlisandustehnoloogia v&imalusi, eelkdige uudse kdverdatud G&hupilu
topoloogia rakendamist. Uurimistoo |ahtepunktiks on vajadus Uletada traditsioonilise
tasapinnalise disainiga elektrimasinate geomeetrilised piirangud ning uurida véimalusi,
mida pakub kihtlisandustehnoloogia kolmemddtmelise geomeetria vabaduseks.

T66 esimeseks eesmargiks oli valja to6tada ja katseliselt valideerida kdverdatud
Shupiluga geomeetriaid, mis véimaldavad viahendada magnetahela magnetilist takistust
ja suurendada aheldusvoogu. Uurimuses analiisiti IGplike elementide meetodil mitmeid
erinevaid ohupilu kuju — sealhulgas siinuselised, kolmnurksed ja ringikujulised profiilid —
ning vorreldi neid klassikalise tasapinnalise topoloogiaga. Anallilisi tulemusena tuvastati,
et kdverdatud Shupilu geomeetriad véimaldavad markimisvaarselt tdsta aheldusvoogu,
poordemomenti ja momenditihedust nii lineaarsete kui ka mitte-lineaarsete materjalide
korral. Katsekehadega labiviidud katsed kinnitasid neid tulemusi, tdestades, et selliste
topoloogiate rakendamine suurendab elektrimasinate valjundmomenti erinevatel
koormustel, toetades esitatud hiipoteesi.

Teise olulise uurimissuundana kasitletakse IGplike elementide meetodi (FEA) psShise
iteratiivse projekteerimise arvutuslikku ebaefektiivsust. Selle lahendamiseks taiustati
modifitseeritud mahisefunktsiooni analiilisi meetodit (MWFA), et see toetaks kiiret ja
tdpset elektrimasinate arvutust mitte-lineaarsetes toopiirkondades ning vdimaldaks
arvestada kdverdatud Shupilu ja ruumilise geomeetria eriparadega. T60 kdigus tootati
vdlja hiibriidarvutusmetoodika, mis kombineerib analliitilise ja FEA-pdhise Idhenemise,
vOimaldades Gheainsa FEA-arvutusega tdpselt hinnata sidamiku killastusmdjusid ning
oluliselt vdhendada iteratsioonide arvutuskoormust. Parendatud MWFA meetod
vahendab arvutusaja mitmelt tunnilt alla 20 sekundi, sailitades kGrge tapsuse, ja kinnitab
teist hiipoteesi arvutustdhususe kohta.

Lisaks pakub t66 valja edasiarendatud MWFA valemi, mis tugineb segmenteeritud
modelleerimise Iahenemisele ja vBimaldab integreerida kolmemddtmelisi geomeetrilisi
muutujaid masina konstruktsiooni. Selline |dhenemine suurendab analiiGtilise
modelleerimise paindlikkust, toetab MWFA laiemat rakendamist iteratiivses
projekteerimisprotsessis ning loob aluse tulevikusuunalistele tehisintellektil pdhinevatele
optimeerimisvdimalustele, eriti seoses kihtlisandustehnoloogia rakendustega.

KokkuvéGttes demonstreerib doktoritéd, et koverdatud Ohupilu geomeetria
kasutamine kihtlisandustehnoloogias vdimaldab oluliselt parandada elektrimasinate
elektromagnetilist joudlust. Uurimistulemused ning vdlja té6tatud arvutusvahendid
pakuvad tugeva aluse uue pdlvkonna elektrimasinate loomiseks — masinatele, mis on
kompaktsemad, efektiivsemad ning paremini kohandatavad erinevatele rakendustele,
kasutades ara kihtlisandustehnoloogia geomeetrilist vabadust ja
innovatsioonipotentsiaali.
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Abstract: This paper presents current research trends and prospects of utilizing additive manu-
facturing (AM) techniques to manufacture electrical machines. Modern-day machine applications
require extraordinary performance parameters such as high power-density, integrated functionalities,
improved thermal, mechanical & electromagnetic properties. AM offers a higher degree of design
flexibility to achieve these performance parameters, which is impossible to realize through conven-
tional manufacturing techniques. AM has a lot to offer in every aspect of machine fabrication, such
that from size/weight reduction to the realization of complex geometric designs. However, some
practical limitations of existing AM techniques restrict their utilization in large scale production
industry. The introduction of three-dimensional asymmetry in machine design is an aspect that
can be exploited most with the prevalent level of research in AM. In order to take one step further
towards the enablement of large-scale production of AM-built electrical machines, this paper also
discusses some machine types which can best utilize existing developments in the field of AM.

Keywords: additive manufacturing; conventional electrical machines; non-conventional electrical
machines; asymmetry in machines; metal 3D-printing; future electrical machines; electrical ma-
chine design

1. Introduction

Additive manufacturing (AM) or 3D-printing is an all-encompassing terminology
used for the processes where the manufacturing is done in layers, rendered from the digital
model of a specific item or assembly. Recently, there has been a growing interest in the field
of AM as it has emerged as an alternative manufacturing process, offering virtually unlim-
ited potential for a wide range of industrial and special-purpose applications [1]. The AM
offers various benefits over other conventional manufacturing processes, such as realizing
complex/special purpose geometries, a wide range of multi-material usage possibilities,
and rapid prototyping. There is also a potential for large in-volume production of complex
mechanisms using AM, which is also evident from the fact that few aerospace companies
have already announced the employment of AM in their manufacturing processes [2-6].

Due to the promising aspects of what it has to offer, AM has also attracted interest from
the electrical machines’ manufacturing point of view. For electrical machines, as compared
to the conventional manufacturing processes, the AM process has not yet progressed to
an advanced stage. With the ongoing advances in the field of AM, it would soon find its
place as the better alternative for electrical machines” manufacturing. This is due to the
fact that flexibility in design possibilities offered by employing AM, such as integration of
structural and thermal management components with the active parts, make it the best
solution for a wide range of applications such as special-purpose machines for aerospace,
medical, robotics and automotive industry where high power-density, ruggedness, and
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compact structure is required. With the forecasted improvements in the field of AM, the
manufacturability and performance of electrical machines could be significantly improved.

At present, research work has been done majorly on the AM of individual working
parts for various electrical machines, like mechanical and thermal management assemblies,
coils/windings, permanent magnets (PM), and stator/rotor packs, etc., but a complete
AM-built and user-ready electrical machine, for large scale production and industrial
applications, is a feat which is yet to be accomplished owing to a few challenges regarding
slow manufacturing speed, internal constructional defects, limited multi-material printing
capability and the need for post-processing of printed parts [7]. The flexibility in employing
AM process for the manufacturing of electrical machines is dependent on the individual
machine design, AM technique, post processing technique and its effects on machine
properties. Another front for integration of AM into electrical machines” manufacturing
industry is the automation or minimization of post-processing procedures. Although it is
currently on its initial stages of development, but it is another step forward towards the
integration of AM in large-scale production industry [8].

This study investigates the current level of research and development, regarding
employment of AM in manufacturing individual working parts of electrical machines
and the potential of its employment for a completely AM-built electrical machine. This
article also presents some candidates for AM-built electrical machines for the possibility of
exploiting maximum benefits offered by AM at present stage, while keeping in view the
limitations of currently available AM techniques.

2. Trends of AM in Construction of Electrical Machines

When considering AM for electrical machines, it offers virtually unlimited possibilities
from prototyping to mass-personalized production. Employment of AM in production
of electrical machines is a promising aspect offering various benefits over conventional
manufacturing techniques, such as; realization of 3D-designs (including electrical, magnetic,
mechanical and thermal considerations) [9], recyclable constructions [10] and optimal
material utilization. Basic and standardized AM techniques for manufacturing processes
have been described in [11,12] almost all of which have been used in manufacturing
electrical machines or its parts, at various instances [13-15]. Among all the AM processes,
selective laser melting (SLM), fused deposition modeling (FDM) and binder jet printing
(BJP) technology are the ones shown to be most promising for the manufacturing of
electrical machines [16].

2.1. Part-Wise Approach

From design and manufacturing point of view, any electrical machine can be subdi-
vided into two basic subassemblies; active parts like core, coils/windings, PMs and the
passive parts like thermal management components, mechanical assemblies. The research
and development is progressing with a significant pace on both fronts with industrial
implementations actually ahead of what is reflected in the research literature [13,17,18].

2.1.1. Active Parts

Active parts in electrical machines mainly comprise of core, windings/coils and PMs;
responsible for the main functionality of the machine.

Core

Core in an electrical machine is the body with high magnetic permeability, used to
confine and guide magnetic field. When considering its design and construction, magnetic
properties such as, magnetic saturation, permeability, hysteresis losses, eddy current losses
and mechanical properties are needed to be considered. Soft magnetic composite (SMC)
and intermetallic alloys possess best of electromagnetic properties. Existing conventional
methods employ these materials by molding, stacking or sintering them to achieve required
geometry and electromagnetic properties [19]. But these materials are usually tricky to
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process using conventional methods, due to poor mechanical properties and limitation on
the realization of complex geometries.

AM offers flexibility in various aspects; from selection of material composition and
complex geometric shape realization to structural topology optimization. This gives a better
control over electromagnetic and mechanical properties. Many researches have showcased
promising results, highlighting the potential of AM utilization in manufacturing electrical
machines. In addition to the flexibility in geometrical shape realization, [20,21] report high
magnetic permeability of up-to 31,000, low hysteresis losses i.e., low coercivity of minimum
16 A/m and up-to 50% weight reduction in AM-built machine core. However increase in
eddy currents, due to non-laminated dense structure was also reported [22,23], but this can
be decreased significantly with the help of layered structure of different electrical resistivity.
The layer-based manufacturing process of AM can also introduce a degree of anisotropy
i.e., difference in electromagnetic properties, in build direction compared to other direction.
This is a challenge that research in machine design and topology optimization has to address
or account for, collectively [24]. Another issue associated with AM is the introduction
of macroscopic faults in structure, which is also shown to decrease by using preheated
print-bed [21]. In [25] the authors have shown that conventionally brittle Fe-Co and Fe-Si
intermetallic alloys, at almost ideal compositions for electromagnetic applications, can be
processed in bulk form by employing AM techniques without consequential macroscopic
defects.

AM'’s ability to realize different topology optimizations could be the means to produce
high mechanical strength-low density, special purpose core geometries to optimally guide
magnetic energy in electrical machines [20,26-32]. This also comes with the additional
advantage of increased ductility due to enablement of multiscale microstructures. For
major applications ranging from automotive to aerospace industries, the cores for rotating
electrical machines need to have high torque-to weight ratio while keeping the structural
integrity intact in conjunction with high permeability and low hysteresis and eddy current
losses. Virtually, AM provides possibility for achieving maximum limits for this by provid-
ing opportunity to utilize topology optimizations in order to have appropriate geometry for
electromagnetic energy guidance, optimal geometry for reduction in eddy current losses
and cogging torque, optimal material composition for reduction in hysteresis losses and
weight reduction due to low material usage while keeping the structural integrity. Figure 1
presents some of such examples for AM-built core structures.

Coils/Windings

The winding assembly consisting of coils/windings, electrical insulation material and
the holding assembly; is responsible to produce magnetic field in the electrical machine.
From design and construction point-of-view, for electrical machines; the power losses
are needed to be kept at minimum. Low electrical resistivity and high conductor fill-
factor produces less power losses and indicates a good winding design. However, for
modern machine applications requiring high speed and high frequency operation, the
losses associated to skin and proximity effect dominate and hence complicate the design of
winding assembly. With conventional design and manufacturing techniques, the balance
between these important factors gets compromised.



Energies 2021, 14, 1940 40f24

Tt s -+

/ | Copper Cladding

/

Figure 1. Examples of AM-built cores (a) solid steel rotor with copper cladding for usage in electric
vehicles-Rolls Royce Central Technology [33] (b) PM rotor with optimized torque density [34] (c)
prototype rotor for switched reluctance machine [16,26] (d) lightweight rotor utilizing lattice structure
topology, for PM synchronous machine [35] (e) stator and rotor assemblies of an induction machine
for automotive applications [36].

AM-built copper-alloy based coil, showed varied electrical properties for different
heat treatments i.e., electrical conductivity from 51 to 75% international annealed copper
standard-pure copper 100% (IACS) for the CuCrZr alloy [37,38]. Furthermore, it has
been shown that specific profiling of the winding conductors, as shown in Figure 2a
not only improved the slot area utilization (fill-factor) but also minimized the AC losses.
Experimental results showed 20% improvement in continuous operation output [39].

Bare Insulation Removable|| Open slot stator
defect slot ra‘lge Aluminum casting
; / Compressed aluminum
winding

Insulation
coating

Figure 2. Examples of AM-built windings (a,b) AM-built shaped-profile, electrically insulated
winding [39] (c) MM-AM built winding assembly with integrated ceramic insulation [13] (d) AM-
built tooth-coil winding with integrated liquid-cooling channels [40].
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Furthermore, processing of the coils/windings such as electrical insulation or coating
can be done via Multi-Material (MM)-AM, rather than the conventional insulation tech-
nique such as enameling with resin, as illustrated in Figure 2b,c. This effectively eliminates
the need for post processing of the AM produced part. The winding assembly along with
insulation was tested thermally, by heating it 20 times up-to 300 °C, without showing any
structural defects in insulation or change in electrical parameters of the coil.

Also, compared to conventional resin based insulation, good thermal characteristics
of the resin based insulation from MM-AM provides for the attainability of higher current
density in printed coil structures [13]. With the advent of AM in electrical machines,
there’s a potential possibility for unique/novel/application-specific winding design with
improved manufacturability and material utilization without compromising on the vital
design factors. This shows the prospective improvements in electrical machine performance
with the utilization of AM techniques.

Permanent Magnets

Machines having efficiency, compactness and high torque-to-weight ratio as primary
concerns, utilize permanent magnets (PMs) and therefore the manufacturing and conse-
quent properties of PMs have significant importance. For such applications, PMs need
to possess good functional magnetic, thermal and mechanical properties. For common
applications, low energy-density PMs/soft magnets like Ferrites or MnAIC are used.
But, for high energy-density /high specific-output applications, hard magnetic and high
energy-product permanent magnets of materials like NdFeB/AINiCo/SmCo are essential.
Conventionally, PMs are either made by sintering or bonding which involve a large num-
ber of lengthy mechanical steps including pressing/molding and subsequent machining.
This causes increase in production time and cost with the limitation on realization of
complex/application-specific design possibilities.

In [24] the authors have presented a comparison about effects of various AM tech-
niques on the mechanical and magnetic properties of PMs. The PMs produced by SLM
have shown to produce magnets with 90% density [41] but significant cracks and residual
stresses are introduced in magnet which negatively impact its mechanical and magnetic
properties. But this issue, as discussed earlier, can be suppressed to a large extent by pre &
post-AM heat treatment [21]. The material extrusion and Binder Jet printing (BJP) produced
NdFeB PMs have similar properties to that of fused deposition modelling (FDM) based
PMs [42,43]. The challenge with BJP manufactured PMs is that the volume content needs
to be increased which would in-turn increase the magnet density and residual flux density.
This is shown to be done with the help of eutectic alloy infiltration with BJP technique [44].
Big area additive manufacturing (BAAM) is a special technology, NdFeB magnets manufac-
tured through this technique have shown significantly enhanced performance as compared
to other AM techniques. With material density and residual flux density being 20% higher
and energy product (indicating of magnetic energy density) being 40% higher than that of
other AM-PMs, BAAM magnet reflects competitiveness in terms of intrinsic coercive force
and residual flux density. Thermal degradation performance of AM magnets is also better
than its counterparts as also illustrated in Figure 3 [45-47].
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Figure 3. Comparison regarding the effect of thermal degradation on performance of conventional and AM-manufactured

magnets (a) Remnant flux density as function of ambient temperature (b) Intrinsic coercive force as function of ambient

temperature [24,45].

Furthermore, topology optimization (TO) enablement with almost all the AM tech-
niques makes it easier to shape the PM geometry with relatively less analytical mod-
elling. TO gives optimal distribution of multi-material within a specific, more complex or
application-specific design space compared to conventional optimization techniques. This
gives better magnetic energy delivery with the least of material waste [48-50]. Figure 4
presents various design concept realizations by utilizing AM.

Figure 4. Examples of AM-built PMs (a) complex shaped PM realization [51] (b) NdFeB magnet
produced by Selective Lase Sintering (SLS) [52] (c) bi-material hollow shape for electrical engines,
with base material as iron and having NdFeB-Al composite at 0°,90°,180°,270° [53] (d) Enhanced
interior PM motor for hybrid electric vehicle, with layered PM (left) design concept (right) fabrication
process utilizing cold-spray AM [54].

Introduction of rare-earth elements in material composition is also used to enhance the
magnetic properties such as intrinsic coercive force of the subject PM, even at high operating
temperatures of 180 °C and higher. But this usually increases the cost of production which
is less desirable in many applications [55,56]. Decreasing the use of rare-earth elements in
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magnet production has a positive effect on the cost and production diversity [57]. Through
AM, isotropic or anisotropic properties can be modified /created by controlling the grain
structure [15,58,59]. This yields better control over magnetic properties without relying
much on rare-earth materials like Dy, Tb, Pr etc.

2.1.2. Passive Parts

Passive parts in electrical machines include mechanical and thermal management
assemblies comprising of machine frame, shaft, cooling structures and bearings, etc. These
assemblies must have integrated functionalities in order to achieve compactness and
improvement in performance parameters, vital for modern machine applications. Real-
izing the concept of integrated functionality is somewhat hindered due to limitations of
conventional manufacturing techniques.

AM allows the machine designer/manufacturer to rethink the design of these as-
semblies by offering a wide range of material selection, reduction in the size/weight of
structural parts due to enablement of various lattice structures and integration of various
functionalities together, which cannot be realized with conventional manufacturing tech-
niques. This means more compact, high power density and low-inertia electrical machines
in an application-specific design space without compromising the operational performance.
Figures below showcase some of the examples regarding employment of AM in mechanical
and thermal management assemblies for electrical machines. In these examples [35,60-64]
as shown in Figure 5, uniquely designed heat exchangers and various potential options
for structural topologies have been presented. These include liquid and air-cooled rotor
and stator assemblies, lattice structure assemblies, heat exchangers utilizing alternative
plastics and ceramics, heat guides and rolling bearings etc. The integration of different
functionalities, together in a structure, resulted in higher total mass flow for the heat
exchange with consequent increase in cooling efficiency and reduction in overall weight.
Due to increased mass flow for heat exchange, rapid cooling of peak loads also allowed for
longer operation at peak loads.

Liquid-cooled heat exchange:

iodda’ i
Housing with integrated| Stator winding

cooling channels

Stator core pack

o) - A -~
o Integrated cooling
channels

ir cooled heat exchanééf

f)

Alternative heat guides

Figure 5. AM-built electrical machine parts (a) [60,61], (b) [65], (d) [62] integrated liquid cooled
assemblies (c) air cooled rotor and stator assembly [66] (e) rolling bearing cages [63] (f) heat exchang-
ers [67].
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Research and development in this area of AM manufacturing is relatively on advanced
stage with results comparable to the conventional techniques, as demonstrated by the
comparison of mechanical properties for various conventional methods (wrought annealed,
forging and casting) vs. AM techniques, as shown in Figure 6 [68-71].
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Figure 6. Comparison of mechanical properties for AM-built and Conventional built metallic material
Ti-6Al-4V (UTS-ultimate tensile strength, YS-yield stress, DMD-direct metal deposition, LENS-laser
engineered net shaping, DMLS-direct metal laser sintering, EBM-electron beam melting; HT-heat
treated, HIP-hot isostatic pressing) [69].

In conclusion, AM has a lot to offer in almost every aspect of manufacturing process
for electrical machines, such as:

reduction in time and cost of production
reduction in weight due to enablement of structural topology optimization

e  Dbetter control over magnetic properties owing to the opportunity of varying the
material composition

e less dependency on rare-earth elements due to control over isotropic/anisotropic
properties through modification of grain structure

e enablement of complex/application-specific design realizations, by eliminating a lot
of mechanical steps as well as the need of molds for almost any desired geometrical
shape

e increase in power density, due to the opportunity of integrated functionalities within
individual assemblies

2.2. Holistic Approach

It is only very recently that there has been emphasis on AM of electrical machines.
That is why the technological developments and achievements in this field are relatively
immature, however, research is progressing at a significant pace regarding the employment
of AM in manufacturing electrical machines. Scientific research is a step-wise process so
naturally, as a rule of thumb; research efforts were initially focused on the application of
AM to produce individual machine components.

Various approaches by researchers are being adapted for the realization of completely
AM built, self-replicating electrical machines; Figure 7a shows a simple brushless, Hal-
bach array DC electric motor in which only the mechanical assembly is made using AM
(from PLA plastic material), that houses its active parts like permanent magnets and
coils/windings etc. This motor showcased efficiency of approximately 68% [72].
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Figure 7. Examples of AM-built electrical machines (a) halbach array DC motor [72] (b) stator of
end-winding reluctance machine [17] (c) Prototype Axial-Flux SRM [73].

Researchers from Chemnitz University of Technology claimed to have produced a
completely MM-AM built end-winding reluctance machine, functional machine using high
viscosity metallic/ceramic pastes (Figure 7b). The machine is reported to have withstood
operating temperatures of 300 °C due to the use of ceramic insulation which has high
thermal conductivity but it needs extensive post-processing [17]. Figure 7c showcases an
SLM printed prototype, fully functional axial-flux switched reluctance machine (SRM) but
this prototype-production too, involved significant amount of post-processing [73].

In [74,75] the authors have presented a prototype of an advanced electric motor
design with hybrid field topology for automotive traction (Figure 8). The theoretical
modelling shows promising performance characteristics of continuous power density at
2.8 kW/Kg or 8.6 kW/L and an above 90% efficiency in a broad operating region on
torque-speed characteristics plot. This is a lot high relative to the commercially available
traction motors. The authors report that the motor is currently under construction and after
completion, results on the performance characteristics will be presented after third-party
testing /validation.

ROTOR TIGHTLY PACKED. C. )

YOKE END-TURNS.
r

ROTOR

TEETH ki 2
b.) i

Figure 8. Hybrid-field Traction Motor (a) rotor (b) stator with integrated cooling (c) Partially assem-
bled motor [74,75].

Another aspect in realization of complete additively manufactured electrical machine
is the integration of power electronics, research in which has also been initiated. Efforts



Energies 2021, 14, 1940 10 of 24

in micro-scale laser based AM to produce structures below 100 um resolution may enable
integration of power electronics with the electrical machines, that will enable production
of integrated motor drives resulting in compact electrical machines for high performance
demanding applications like in automotive and aerospace industry [76,77].

3. Future Prospects of Holistic Approach

As presented in previous sections, efforts have resulted in varied level of progress
towards production of additively manufactured machine parts; with development in
production/integration of thermal management and mechanical assemblies ahead from the
production of active parts (core, coils/windings and the permanent magnets). However, to
manufacture a fully additively manufactured electrical machine, very little has been done.
It is now that the researchers are entertaining the idea of holistic manufacturing of electrical
machines through AM and the most natural step forward seems to direct the efforts towards
a comprehensive design approach, keeping in view the current state-of-the-art in this field.

3.1. Conventional/Symmetrical Electrical Machines

Conventional machines such as induction and synchronous machines have a widespread
use for bulk energy conversion. Usually, they are simple/symmetrical in design and
large in size. Industrial manufacturing of such machines, at present, is most feasible with
conventional methods owing to the fact that resultant performance parameters obtained
are very much mature and offer best results corresponding to operational requirement, cost
and time for in-volume production. Employment of AM in industrial production of such
machines is hindered, due to the following factors;

e limitation on the overall size which can be realized with AM at present i.e., relatively
small print-bed size
relatively less maturity regarding electromagnetic properties of AM materials
associated production cost and time

Efforts are being put into these aspects, by researchers and various industries. Until
this gap is filled-in, employment of AM in industrial manufacturing of conventional /symmetrical
electrical machines is limited mostly to;
e  rapid prototyping
e production of individual machine parts having application specific complex geome-
tries which are impossible to manufacture otherwise

References [2-6,33,78-81] showcase various examples where renowned automotive,
aerospace and satellite companies have utilized AM for production of complex machine
parts. Despite the limitations and challenges associated with current state-of-the-art in AM,
asymmetry in machine design is an area where benefits of AM can be exploited the most.
In the next section, this aspect will be discussed in detail while exploring for machine types
best suitable to be manufactured using current state-of-the-art in AM.

3.2. Non-Conventional/Asymmetrical Electrical Machines

Symmetry in design is a characteristic that has imposed major limitations on exploiting
the full potential of electrical machines. Basically, the aim has been to reduce complexity
and manufacturing costs in order to cater for the limitations of conventional manufacturing
techniques. Since the advent of AM, this limitation is virtually no longer relevant. With
the degree of freedom in design offered by AM, more stringent requirements of operating
environment, power-density, reliability, compactness and performance parameters can be
met easily.

Research work to exploit alternative asymmetrical /non-conventional machine designs
is under process by various researchers. Design examples such as those presented in [82-91]
highlight the benefits of introducing asymmetry based on; unity motor asymmetry concept,
repositioning of slot openings per-pole-per-phase, altering position of embedded bars
on adjacent rotor poles and asymmetrical rotor configuration. Figure 9 presents pictorial
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representation for such examples and Table 1 showcases various benefits achieved from
introduction of asymmetry in design. The associated disadvantages include unbalanced
magnetic-pull and increased complexity in design which are needed to be considered

during the design process.

Unity Motor 2

[—Symmetric

1ee

| —M udulalcd!

igs

b.)

Figure 9. Concept of; (a) unity-motor asymmetry in rotor [83] (b) asymmetric slot-opening pattern
(induction motor) [89] (¢) asymmetric damper-cage topology (synchronous generator) [89] (d) hybrid-

pole IPM machine with an asymmetrical magnet configuration in rotor [91].

Table 1. Introduction of asymmetry in machine design with corresponding benefits.

Investigated Improvement in
Type of Asymmetry Machine type References Performance-Parameter Performance
of Interest Parameter
. e Torque Ripple 39.8% reduct%on
Unity-motor PM motor [83] e  Cogging Torque 56.6% reduction
asymmetry e  Sensor-less Control 81.1% reduction in
position error
Asymmet.rlc Induction Motor [89] e Torque Ripple 63% reduction
slot-opening pattern
Asymmetric Synchronous Total Harmonic o
damper cage Generator (891 e Distortion 54% improvement
. . e Torque 9.6% increase
Asymmetric flux-barriers Synchronous [90] ° Power Factor » 42 o) increase
configuration in rotor Reluctance Machine o Efficiency 5 3'0/ increase
Asymmetrical magnet Hybr} d Pole e Torque Ripple 40.9% reduction
arrangement in rot Interior-PM [91] e  Torque 28.9 % i
gement in rotor Machine .9 % increase

Selective variation in electrical conductivity (EC) of coils/windings, enabled by AM,
can contribute in managing winding losses. In [92] authors demonstrate this by employing
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conductors near slot opening with low EC to reduce winding AC losses and conductors
near slot bottom with high EC to reduce DC losses. These results showcase the potential
of improvement in performance parameters of various machines by employing targeted
asymmetry in design. It equips the designers with more freedom to optimize machine
performance.

4. Potential Candidate Machines for AM

In majority of examples and reference cited above, design asymmetry in order to
improve performance characteristics of electrical machines, was introduced in 2-D (to
remain within the limitations of conventional analysis and manufacturing techniques).
With AM, the ability to introduce design asymmetry in 3-D enables a lot of flexibility in
design and manufacturing of special purpose electrical machines. By special purpose
electrical machine, it is meant for the machines which may be small in size, compact,
application-specific and offering high energy density; having relatively complex design and
manufacturing topology than the conventional Induction or Synchronous machines. The
aim of this section is to investigate the candidate electrical machines from the standpoint of
AM possibility and benefits of AM-utilization such as:

Reduction in weight due to enablement of topology optimization
Complex shape realization for optimal electromagnetic energy guidance
High winding fill-factor for increased power density, etc.

The target machine categories may include;

Reluctance machines

Hysteresis machines

Brushless DC machines

These machines can be further classified into various types depending upon indi-
vidual construction, application/utilization, performance characteristics and the control
schemes involved. A no. of such machines with respect to their design, working principle,
performance parameters and utilization will be discussed, in order to narrow down the
machine selection for intended design of AM-built electrical machine. The selection of
candidate machine types for AM is made while keeping in view following baselines:

Least involvement of multi-material utilization
Machine topology and design parameters falling within the constraints of present
stage AM-capabilities

e Have the maximum chance of exploiting present stage AM capability to realize com-
plex geometries, which is not possible otherwise.

Another classification that offers potential benefits of AM-utilization is the axial flux
topology in electrical machines. Axial flux machines have a few pros over radial flux
machines, due to which they deliver significantly high power-density. First is the fact that
in axial flux machines, the PMs are located relatively further from the central axis. This
provides larger lever resulting in increased torque. Secondly, in radial flux machines, major
portion of the winding in the form of coil overhang remains inactive i.e., it doesn’t serve
any function other than just making loops. In addition to that, it causes electrical losses
in the form of heat dissipation across electrical resistance that it offers. This effectively
lowers the power/weight ratio and cooling efficiency. While in axial flux machines, there is
less coil overhang and thus it provides high power/weight ratio and higher efficiency due
to effective cooling as compared to the radial flux machines. Furthermore, in dual rotor
topology of axial flux machines, the magnetic flux path is considerably short than in radial
flux machines [93].

4.1. Switched Reluctance Machines (SRM)

These machines offer attractive qualities of high torque and a wide range of operating
speed. By controlling switching sequence together with an appropriate electromagnetic
design, the torque-speed characteristics of the SRMs can be made suitable for various
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traction applications in automotive industry. Furthermore, by simply changing the control
parameter selection with torque and speed, a given machine design can offer different
characteristics. On the other side, the complex control scheme due to on-line parameter
variation, noise and vibration are some of its associated issues [94,95].

The readiness of metal AM for manufacturing of soft magnetic rotor for SRMs is
demonstrated in [96] by comparing an additively manufactured rotor (Fe-5.0% w.t. Si)
with that of a conventional laminated, non-oriented silicon steel rotor. Due to the absence
of laminations, eddy current losses were significant; but at the rated speed, the output
power was comparable to that of benchmark machine. The ratio of output power improved
further, with increase in operating speed as presented Figure 10 and Table 2.

""" \ 3D Printed
15} - = = = Benchmark

Torque [Nm]
>

b_) 500 1000 1500 2000 2500 3000 3500
Speed [rpm]

Figure 10. (a) Benchmark and Prototype AM-Built SRM-rotor (b) Torque —Speed characteristics of
Benchmark and AM-built-rotor SRM [96,97].

Table 2. Variation in measured quantities of AM-built SRM from benchmark machine [96].

Measured Quantities

*Percentage AM-Built-Rotor SRM AM-Built-Rotor SRM
Increase/Decrease From (At Rated Speed) (At 2.5 Times Rated Speed)
Benchmark SRM

Output Mechanical Power 12.8% less 3.6% less

Input Electrical Power 6.7% high 23.5% high
Average Phase Current 1.2% high 1.7% high

RMS Phase Current 1.4% high 14.5% high

Another SLM fabricated asymmetric rotor for SRM is presented in Figure 11. This rotor
is designed with skew and honeycomb structure, which is difficult to fabricate otherwise
by conventional method. With this design, the reduction in torque ripple was analyzed
by FEA simulation and then validated experimentally, giving approximately 45% reduced
torque ripple [98].

Figure 11. AM-built, Novel SRM-Rotor [98].

AM also enables application of topology optimization on machine design, Applica-
tion of topology optimization on SRM design [99,100] and subsequent analysis, shows
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achievement of optimization goals i.e., high average torque and low torque ripple with low
mass.

4.2. Synchronous Reluctance Machine (SynRM)

The synchronous reluctance machine (SynRM) has the advantage of relatively simple
construction and low moment of inertia of rotor which gives fast response characteristic
and high torque density but as the name suggests, it is essentially a constant-speed machine
dependent on supply frequency. The speed control can be achieved over a wide range
by employing frequency control scheme. These types of machines are widely used in
proportioning devices, synthetic-fibre manufacturing industries, wrapping and folding
machines, positioning of control rods in nuclear industries, industrial drive systems requir-
ing synchronized and continuous processes. Potential use of such machines for traction
purposes is also reported [101-103].

Considering the design prospects from AM point of view, the SynRM-rotor has three
basic topologies namely; salient pole (SP), axially laminated anisotropy (ALA) structure
and transversally laminated anisotropy (TLA) with ALA having the highest saliency ratio
and maximum reported power factor of 0.8 [104]. ALA rotor has a complex structure
and is relatively difficult to manufacture by conventional techniques. This is where AM
comes-in. With the employment of AM, the SynRM rotor can be easily realized with the
additional improvement and optimization of performance parameters by exploring new
design topologies. In [105-108] the authors have presented different design topologies
(as shown in Figure 12) for AM-built rotors with integration/enhancement of various
functionalities.

Thin rotor surface

Thinrotor surface [

Figure 12. AM-built rotors for SynRM (a) 3D printed prototype [106] (b) Prototype Line Start-SynRM
(LS-SynRM) with 3d-Net structure in rotor [107] (¢) Prototype rotor design, assembled rotor and
SynRM [108].

In [105] significant reduction in torque ripple i.e., one-fourth and 1.4% higher av-
erage torque, attributed to elimination of rotor bridges and center-posts (not possible
with conventional manufacturing techniques), was achieved. The comparison of torque
characteristics is shown in Figure 13.
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Figure 13. Comparison of torque characteristics [105].

In [106] the authors focused on efficiency and the starting ability of SynRM, by designing
a 1-HP LS-SynRM and subsequently manufacturing it using AM. For the same design topol-
ogy, the authors also presented a LS-SynRM [107] having flux barriers with 3D-net structure
(only realizable with AM). The control over silicon content and machine’s geometry optimiza-
tion permitted lower iron losses and higher efficiency for same operating conditions. For
another example of AM-built Syn-RM [108] the reduction of eddy-currents, while retaining
the mechanical integrity, was achieved by addressing the multi-material printing limitation of
metal-AM in an innovative way. A polycarbonate resin-based, separately printed insulation
structure was assembled with the metal-AM produced rotor core. The performance analysis at
rated-speed showed 6% increase in output density and 1% increase in efficiency as compared
to existing model being applied in industry. In [109], the authors showcase potential degree
of freedom offered by AM in terms of parameter selection for FEM basedshape optimization.
The paper presents substantial improvement in performance parameters such as torque ripple
and average torque output by the means of optimizing the reluctance motor’s rotor shape.
These results, how small in terms of improvement they may be, prove the case for potential of
utilizing AM in manufacturing SynRMs.

4.3. Claw-Pole Machines

Claw-pole machines (CPM) having electrically excited claw-pole DC fields, yield
higher torque density of up-to three times higher than conventional machines. This
is mainly due to their ability to produce 3D-hetropolar magnetic field from single-coil
excitation within claw-pole halves. The benefit of higher torque density, makes CPM
an ideal candidate for a wide range of applications requiring size compactness like in
automobile alternators, medium-sized household appliances etc. These machines have a
complex design that is not easily realizable using conventional electrical-steel lamination
construction and the use of SMCs has shown to be most advantageous regarding the
manufacturing purposes [110,111].

Various topologies for rotor/stator-claw construction have been proposed over-time
for industrial applications. A prototype CPM is shown in Figure 14a for illustration
purpose. This machine was designed, manufactured with SMC-core of low mass density,
analyzed and successfully tested for key performance and production parameters against
a benchmark induction motor which is bulk-produced in industry for medium-sized
household applications [112].

The torque coefficient of a CPM is dependent on the number of pole pairs but with
increase in pole number, leakage flux also increases resulting in decreased power factor and
efficiency. This necessitates for an optimization of pole pair quantity. Then comes the issue
of cogging torque which is best dealt with magnet skewing, claw pole shape optimization,
stator tooth notching, magnet axial pairing and magnet shift. The authors of [113,114]
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investigated these design topologies for a CPM, against the performance parameters. The
basic design model consists of claw-pole stator cores encapsulating a global winding and
a rotor core mounted with magnets. Figure 14b—e illustrate these topologies. With these
design changes and optimizations, the CPM achieves higher output torque density but the
design gets extremely complex. This complexity in design limits the usage of conventional
manufacturing techniques but with the flexibility in design realization offered by AM, CPM
becomes a strong candidate for AM-built electrical machine of future.

b.) d.) e.)

Figure 14. (a) Molded stator of three phase CPM [112] (b) Magnet Skewing [115] (c) Claw-pole shaping & stator tooth notching [113]
(d) Magnet axial pairing [113] (e) Magnet Shifting [113].

4.4. Hysteresis Motors

A hysteresis motor is essentially a synchronous motor without the DC excitation. The
interaction of rotating stator flux with that of remnant flux (due to hysteresis effect which is
normally not desirable in other machines), produces torque. These machines offer constant
torque from initial to synchronous speed with the ability to accelerate and synchronize high-
inertia loads. However, due to its operation being mainly based on the hysteresis losses,
its power factor and torque/volume ratio is low [115]. Still, these machines are useful in
low power applications where constant speed and low torque ripple are the main required
characteristics such as; precision equipment, clocks, hard disks and gyroscopes etc. [116].
Their construction is relatively simple with a solid rotor of hard-magnetic material. The stator
is of slotted construction; to house single or poly-phase windings that produce rotating flux.
Figure 15 illustrates the hysteresis motor construction concept [117].

Rotor
» Hard iron

r

Stator

Shaft

Figure 15. Illustration of hysteresis motor construction [117].
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With the rising demand of high speed and low torque-ripple machines for special-
purpose and precision demanding applications; hysteresis motors with solid rotor have
a promising utilization scenario, over other electrical machines with sintered PMs or
laminated sheet configurations. This is due to a number of factors, such as:

e  Mechanical strength is affected with laminated sheet configuration of conventional
motors, which limits the maximum attainable speed.
Solid rotor of hysteresis motor provides high stiffness during critical speed transitions
Thermal behavior of conventional induction motors, where eddy currents cause
overheating of rotor and in the case of synchronous PM motors, where excessive
heating can cause demagnetization

e  Hysteresis motor’s ability to improve its torque performance due to magnetization of
rotor in response to impulsive electrical over-excitation [115,118-120]

Recent research works such as in [118,119,121] have showcased potential of various
design topologies for hysteresis motors, regarding their application in high-speed context.

The authors of [51,122] also presented the attributes in terms of density and coercivity
for magnetic material with various compositions, manufactured through cold spray (CS)
and fused filament fabrication (FFF) techniques. The magnetic material was manufactured
from readily available commercial powders. Table 3 provides attributes for hard magnetic
materials from various techniques and different printing parameters.

Table 3. Attributes of various AM produced magnetic materials [51,123,124].

Powder Mix Composition Density(g/cm?) Coercivity(kA/m) AM Technique
52% (vol.) MQP-5-11-9; 48% H15 443 676 cs
52% (vol.) MQFP-B; 48% H15 432 715 CS
77% (vol.) MQFP-B; 23% H15 5.05 706 CS
77% (vol.) MQFP-B; 23% H3 6.15 693 CS
38.5% (vol.) MQP-5-11-9, 38.5% MQFP-B (23% H15) 5.01 694 CS
65% (vol.) isotropic NdFeB; 35% polyamide 52 688.4 BAAM
SLM
Nd;Fe4B 7 695 (printed grain size 1 um)
SLM
Nd,Fe14B - 20 (laser velocity 0.025 m/s)
Nd2F814B - 10 SLM

(laser velocity 0.036 m/s)

MQP-5-11-9 (NdFeB with grain size 40 um); MQFP-B (NdFeB with grain size 10 um); H15 (Al binder with grain size 20 um); H3 (Al binder

with grain size 4 pm).

A wide range of variation in coercivity value with various AM-techniques and as-
sociated printing parameters, establishes the prospect of utilizing AM in manufacturing
hysteresis motor with magnetic characteristics optimized for application-specific require-
ments. Other than the section where AM of permanent magnets was discussed, this article
was mostly aimed at finding and highlighting the techniques to mitigate the generic issues
of hysteresis and eddy current losses in printed machine parts. Manufacturing of hysteresis
motor can significantly utilize the benefits offered by AM in the form of efficient mechani-
cal and thermal management assemblies, without investing much effort in avoiding the
associated hysteresis and eddy current losses.

5. Conclusions

Existing research and the future potential of utilizing AM in the fabrication of electrical
machines are investigated in this paper. Prevalent studies show that the efforts have been
majorly focused on utilizing AM to produce individual machine parts or subassemblies.
In that respect too, a varied level of progress is observed. The research level is relatively
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mature for passive parts such as mechanical and thermal management assemblies com-
pared to active parts such as coils/windings, cores, and PMs. Due to this varied level of
progress and minimal effort towards producing complete electrical machines, AM has not
yet progressed to a level where it can replace conventional manufacturing techniques for
large-scale production.

Virtually, AM offers a broad range of benefits over conventional manufacturing tech-
niques such as:

Optimal material utilization
Structural topology optimization resulting in improved thermal and mechanical per-
formance

e  Optimal electromagnetic energy guidance through complex geometric shape realiza-
tion
Size and weight reduction due to enablement of integrated functionalities
Control over material composition and hence its physical properties

With this much to offer, AM virtually has the potential to replace conventional man-
ufacturing techniques completely. However, in reality, it lacks in some aspects such as
the maximum size of print-bed, associated time & cost of production, the need for post-
processing, and a relatively lesser level of research maturity in electromagnetic properties
of printed parts. Due to these reasons, the utilization of AM in the industry is currently
hindered.

With AM being utilized at its full potential, the production of mass-personalized or
application-specific electrical machines will be enabled. With efforts in the right direction, it
is just a matter of time before AM will be equivalent/competitive to conventional manufac-
turing techniques. The most natural step forward is to explore application-specific/complex
machine designs which are not realizable otherwise. These may include customized ma-
chines for various industries like robotics, automotive, aerospace and medium-sized appli-
ances, etc. These applications require compact and high power-density electrical machines.
The candidate machines presented in this text offer such qualities with a lot of potential
for improvement in their performance parameters by introducing asymmetry in their
design. Asymmetry in design is a feature that is most difficult to realize using conventional
manufacturing methods and that is where AM comes-in, as the only potential enabling
technique for this feature.

Another thing evident from the examples cited in this article is that a number of many
industries like General Electric (GE), Boeing and Rolls Royce are already utilizing AM
in producing high-performance parts for applications ranging from vehicle traction to
satellite and aerospace purposes. All of this necessitates the direction of research efforts
towards the upcoming future of entirely AM-built electrical machines, and the most natural
step-forward is the development of a comprehensive design scheme, keeping in view the
latest state-of-the-art.
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A method for contouring an airgap profile in an electromagnetic device
TECHNICAL FIELD

Present invention relates to a method for contouring an airgap profile in an
electromagnetic device comprising an airgap in a magnetic path to reduce airgap

reluctance.
BACKGROUND ART

International patent application W0O2021/083631A1 discloses solution relating to a
varying the cross-sections of airgap-forming electromagnetic parts to mitigate rotor
temperature imbalances and prevent local overheating. While it introduces
modifications to the airgap geometry, it lacks specificity in the shape of these
variations. Electromagnetic performance aspects are not addressed, and the stator
outer diameter remains constant. This design choice can lead to significant localized
magnetic saturation, increasing the overall reluctance and potentially decreasing the

device's output performance.

United States patent application US2014/0021822A1 proposes a use of rectangular
projections and recesses in the airgap-forming parts to increase the airgap surface
area. While it acknowledges the effect of increased airgap surface area on
electromagnetic performance, it limits the geometric variations to simple rectangular
shapes. The solution emphasizes manufacturability through sectionalized sintered
cores but does not provide a comprehensive strategy for optimizing electromagnetic

performance across different size and types of devices.

United States patent US8653713B2 includes a solution, where one, two, and three-
step protrusions are used to modify the airgap profile, maintaining the airgap
constant only in the radial direction. However, it lacks a shaping strategy for
triangular or V-shaped contours. The increased airgap length in directions other than
the radial causes the magnetic flux to concentrate radially, which may reduce the
utilization of the increased airgap surface area. Additionally, the patent suggests
that step protrusions can solve saturation issues at high magnetomotive forces, a
claim not substantiated with comprehensive analysis applicable to various

electromagnetic devices.
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United States patents US6066908, US6034462 and US5777421 disclose serrated
faces and sawtooth or conical shapes on the airgap-forming surfaces to reduce
reluctance by increasing the airgap surface area. However, they do not define a
precise contouring strategy or provide mathematical formulations for the shapes.
The focus is on specific machine types and does not extend the applicability to

devices like linear actuators or air-gapped transformers and inductors.

European patent applications EP2555389A1 and EP0944158A2 and French patent
FR3109249B1 relate to concepts such as staggered (zigzag) airgap profiles,
sinusoidal shapes, and increased rotor surface areas through varying cross-
sections. While they aim to reduce airgap reluctance and enhance electromagnetic
performance, they often lack detailed contouring strategies and do not address the
implications of core saturation, or the optimization of contour amplitude based on

operating conditions applicable to a broad range of electromagnetic devices.

The design and optimization of airgap profiles in electrical machines have been the
subject of numerous studies and patents, aiming to improve electromagnetic
performance, thermal management, and mechanical integrity. Various approaches
have been proposed to modify the airgap geometry, primarily focusing on radial flux
machines with inner rotors. However, these prior art solutions exhibit limitations that
the present invention addresses through a novel contoured airgap topology applied

to axial flux machines.

The prior art in the field of airgap design has primarily focused on specific machine
types or limited geometrical modifications, often without a comprehensive strategy
applicable to a broad range of electromagnetic devices. The present invention
advances the state of the art by providing a universally applicable contoured airgap
topology supported by mathematical formulations and thorough electromagnetic

evaluations.
SUMMARY OF INVENTION

Present invention provides a method for contouring an airgap profile in an
electromagnetic device comprising an airgap in a magnetic path to reduce airgap

reluctance.

In the present invention, the airgap is profiled such that the airgap profile



20

25

3

corresponds to a contour of the guide profile line between the opposite faces forming
the airgap between them at the midpoint of the airgap thickness taken perpendicular
to said guide profile line, where said guide profile line lies in plane containing x- and
y-axes, Where said x-, y- and z-axes represent the first, second and third dimension,
where x-axis is perpendicular to the general direction of flux flow in the magnetic
path in the vicinity of said airgap, y-axis is in the general direction of the flux flow in

said magnetic path and z-axis perpendicular both with x and y-axes.

This means that in a stationary electromagnetic device, x- and z-axes lie in the
cross-section plane of the magnetic path core in the vicinity of the airgap and y-axis

is perpendicular with said plane.

This means that in a rotating electromagnetic device in the case of an axial flux
motor, the y-axis is parallel with the axis of rotation of motor, where the x-axis is
perpendicular to said axis of rotation of motor. Said guide profile line and axis of

rotation of motor both lie in the plane of longitudinal cut of said motor.

This means that in a rotating electromagnetic device in the case of a radial flux
motor, the x-axis is parallel with the axis of rotation of motor, where the y-axis is
perpendicular to said axis of rotation of motor. Said guide profile line and axis of

rotation of motor both lie in the plane of longitudinal cut of said motor.

The airgap-facing surface profiles of the core components are offset by half the
airgap thickness (g/2) perpendicular to said guide profile line on both sides of said
guide profile line to define the airgap-facing surfaces of the core components such
that the normal distance between the airgap-facing components remains uniform
and a distribution of flux lines throughout the airgap profile are both uniform, and a

shape of said airgap guide profile line is triangular, sinusoidal or circular.

In an embodiment, where the shape of said airgap guide profile line is triangular,

said triangular airgap contour corresponds to the following conditions

) 2AC (xl + x2)
= e — (x- < ——
y yO + 2 + (x2 _ xl) (x xl) X1 X 2
g 24 (%1 + x3)
y=yo+§ +2AC——(X2 _Cxl)(x—xl) = > 2 < x <x

where

x, is the starting point of the core component, defining the starting point of airgap



in first axis,
x, is the edge-point of the core component defining the end point of the airgap in

the first axis,
¥, is the midpoint of airgap thickness in the second axis,

5 A, is the amplitude of the central-guide contour profile.

In an embodiment, where the shape of said airgap guide profile line is sinusoidal,

said sinusoidal airgap contour corresponds to the following conditions

g . m(x —xq) Yo
= 24+ 4 — 7 001 <4, < =2
{y Yo + 2 + A.sin Gy — %) c 2

where
10 X, is the starting point of the core component, defining the starting point of airgap

in first axis,
x, is the edge-point of the core component defining the end point of the airgap in

the first axis,
y, is the midpoint of airgap thickness in the second axis,

15 A, is the amplitude of the central-guide contour profile.

In an embodiment, where the shape of said airgap guide profile line is circular, said

circular airgap contour corresponds to the following conditions

(™) + 4
24,

2
x; + %2\ g , (%1~ X2 _ .2 X2 =X
(X_T) +<y—7+ r _(T) ¥ | =1 for 0'01<|AC|<T
2
X + x5\? g ) X1 — X9\ 2 o Xy — X1 Yo
(x——z ) +<y—7— r —(—2 ) Y% | =7 for 3 <Al < >
where

20 x, is the starting point of the core component, defining the starting point of airgap

r =

in first axis,
x, is the edge-point of the core component defining the end point of the airgap in
the first axis,
y, is the midpoint of airgap thickness in the second axis,
25 A, is the amplitude of the central-guide contour profile,

r is the radius of the circular contour profile.
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Though the novel contoured airgap topology showcased here is unequivocally
applicable to a wide range of electromagnetic devices involving airgap in their
magnetic path. These include radial flux electrical machines (outer and inner rotor
topologies), axial flux electrical machines (single stator-single rotor to multi stator-
multi rotor configurations, air-gapped transformers/inductors, linear actuators and/or

linear electrical machines).

The present invention introduces a novel method of reducing airgap reluctance and
increasing power density without increasing the machine’s mass/volume. This is
achieved by contouring the faces of the machine components adjacent to the airgap,
effectively modifying the airgap profile to increase its surface area. By introducing
contours to the airgap-facing surfaces, the electromagnetic performance is
enhanced without the need for larger machine components. This design innovation
leads to a reduction in airgap reluctance, thereby improving the magnetic flux
production against a given MMF (MMF = magnetomotive force), enhancing energy

conversion efficiency, and increasing the power density of the machine.

Electrical machines, including motors and generators of various types,
fundamentally rely on magnetic circuits that incorporate an airgap to facilitate
mechanical movement. The presence of this airgap is essential for the operational
functionality of these devices. However, the airgap introduces a significant
challenge, that is, due to its low magnetic permeability compared to ferromagnetic
core materials, the airgap's magnetic reluctance dominates the overall reluctance of
the magnetic circuit. This high reluctance impedes the production of magnetic flux
against an applied magnetomotive force (MMF), consequently affecting the
efficiency of energy conversion and the power density of the machine. Enhancing
these parameters is a primary objective in the design and optimization of electrical
machines, as they are highly desired characteristics that determine the

effectiveness and competitiveness of the machines in various applications.

In conventional designs, the reluctance of the magnetic circuit is lowered by
enhancing the permeability of the core material on one side, and by reducing the
airgap reluctance either through reduced airgap thickness or increased cross-
sectional area of the airgap on the other side. While improving core material

permeability is beneficial, it reaches a practical limit due to material properties and
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cost considerations. The thickness of the airgap is constrained by mechanical
manufacturing tolerances and thermal expansion considerations during operation.
As such, there is a lower limit to how much the airgap thickness can be reduced
without compromising mechanical integrity and operational reliability. Therefore, the
primary possibility for further reducing airgap reluctance lies in increasing the

airgap's surface area.

Traditionally, the airgap surface area is uniform and straight, a design choice driven
by conventional manufacturing technologies such as the use of laminated steel
sheets. These manufacturing constraints limit the ability to modify the airgap surface
without significantly altering the machine's overall dimensions. In conventional
design topology, increased cross-sectional area of the airgap can be achieved by
increasing the cross-sectional area of the airgap facing components of the electrical
machine such as the rotor, and stator surface areas. This leads to an increase in
the overall volume of the machine components. This trade-off improves energy
conversion efficiency but adversely affects the power density, which is a critical

parameter in many applications.

By addressing both the design and practical implementation aspects, the invention
achieves significant enhancements in energy conversion efficiency and power
density without increasing the device's external dimensions. This innovative
approach not only overcomes the limitations of prior art but also offers a versatile
solution that can be adapted to various electromagnetic devices, including rotating

machines (both radial and axial flux), linear actuators, transformers, and inductors.

The invention's universal applicability and optimization strategies provide a
significant opportunity to develop more efficient and power-dense electromagnetic
devices, meeting the ever-increasing demands for higher performance in diverse

applications.
BRIEF DESCRIPTION OF DRAWINGS

Present invention is described below with reference to the accompanying schematic

illustrations, in which:

Figure 1a and 1b depict respectively a magnetic circuit with airgap on Figure 1a and

its schematic representation on Figure 1b.
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Figures 2a to 2d illustrate straight and contoured magnetic circuit profiles, where

respectively:
Figure 2a depicts straight airgap profile,
Figure 2b depicts triangular airgap profile with triangular guide profile line,
Figure 2c depicts sinusoidal airgap profile with sinusoidal guide profile line,

Figure 2d depicts circular airgap profile with circular guide profile line.
Figure 3 illustrates a benchmark magnetic circuit with straight air gap topology.

Figures 4a to 4c depict coil flux linkage versus input coil current for core material
with constant magnetic permeability in comparison respectively triangular,

sinusoidal and circular airgap profile, where respectively:

Figure 4a depicts a comparison straight airgap profile versus triangular airgap

profile,

Figure 4b depicts a comparison straight airgap profile versus sinusoidal airgap

profile,

Figure 4c depicts a comparison straight airgap profile versus circular airgap

profile.

Figure 5 illustrates a decreasing cross-sectional area of the core in the vicinity of the

contoured air gap.
Figure 6 illustrates a central contour defining the airgap.

Figure 7 depicts an implemented contour profiles for various magnitudes of contour
amplitudes according to the defined contouring strategy and the respective FEA

(= Finite Element Analysis) plots for flux lines in the core material and the airgap.

Figures 8a to 8c depict coil flux linkage versus input coil current for M400-50A core
material with non-linear magnetic permeability in comparison respectively triangular,

sinusoidal and circular airgap profile, where respectively:

Figure 8a depicts a comparison straight airgap profile versus triangular airgap

profile,
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Figure 8b depicts a comparison straight airgap profile versus sinusoidal airgap

profile,

Figure 8c depicts a comparison straight airgap profile versus circular airgap

profile.

Figures 9a to 9d depict a structure for an axial flux motor with straight/conventional

airgap profile, where respectively:

Figure 9a is an exploded view of components assembly with one coil-side cut-

away to expose the stator tooth-side (forming the airgap),

Figure 9b a cross-sectional view on the motor components assembly at the line

B-B, Figure 9c a bottom view of the rotor at the line C-C shown in figure 9b and

Figure 9d a top view of stator assembly at the line D-D shown in figure 9b.

Figures 10a and 10b depict respectively a structure for an axial flux motor with
contoured airgap profile, where Figure 10a contains an exploded view of
components assembly and figure 10b a cross-sectional view on the motor

components assembly at the line E-E shown in figure 10a.
Figure 11a depicts a cross-section of the radial flux motor.

Figures 11b and 11c depict respectively a radial flux motor with straight and
contoured airgap profile in a cross-sectional view at the line F-F shown on Figure
11a.

DESCRIPTION OF EMBODIMENTS
ANALYTICAL AND SIMULATION EVIDENCE

To substantiate the effectiveness of the contoured airgap design, analytical
calculations and finite element analysis (FEA) simulations can be employed using a
basic gapped core magnetic circuit with a coil of N turns. In this setup, the magnetic
circuit's performance is evaluated based on the flux linkage of the coil under a fixed

applied MMF, represented by a current i flowing through the coil.

Reluctance (R) of a magnetic circuit component is given by the analytical

approximation formula:



20

Rl
T A

where [ is the length of the magnetic path, p is the magnetic permeability of the

material, and A is the cross-sectional area of the magnetic flux path. A basic

magnetic circuit illustrating these terms is presented in Figure 1.
The magnetomotive force (MMF) is given by

MMF = Ni
and the flux in the magnetic circuit is then given by:

_ MMF

Rtotal

Riotar = Re + Rg

where [, is the length of the magnetic path in core, u is the magnetic permeability of
the material, and A, is the cross-sectional area of the magnetic path in the core.

g is the airgap length and 4, is the cross-sectional area of the air gap.

Flux Linkage: A Key Performance Indicator of Magnetic Circuits

To measure and evaluate the performance of electromagnetic systems, flux linkage
is often used as a key indicator. Flux linkage (1) combines the magnetic flux (¢)
with the number of turns (N) in a coil.

A=N¢

Substituting for the term of flux (¢) in above equation gives:

N XMMF

A= (A)

Rtotal

This shows that for a given number of turns in a coil and the applied MMF, the flux
linkage depends on the reluctance of the magnetic path. Another representation of

flux linkage is deduced by expanding the term MMF in previous equation
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_Nxin

Rtotal
Whereas

NZ
L=

Rtotal

So, the alternate formulation for flux linkage becomes
A=1Li (B)
where L is the inductance of the coil.

In circuits with airgaps, since the airgap reluctance dominates, the flux linkage is
mainly influenced by the airgap reluctance. A lower airgap reluctance leads to a
higher flux production and consequently higher flux linkage. Both representations of
flux linkage give the same results and the choice among them depends on how you
are measuring it. For simulations using numerical methods, equation (A) is utilized

and for practical measurements, equation (B) is utilized.

Focusing on the airgap section of the core 1, the basic concept of contouring the
airgap 2 is illustrated in Figure 2. Figure 2 shows the front view of the area of interest
(marked with dotted line in Figure 3), that is, the airgap 2 portion and is uniform in
the third dimension. For reference purposes, the airgap 2 length g is given a value
of 0.5mm here and is kept same for all the contour illustrations of triangular,

sinusoidal and circular airgap profile.

Analytically, it is evident that while the reluctance of the core remains largely
unchanged, the introduction of a contoured airgap results in a decreased airgap
reluctance due to the increased surface area. This reduction in reluctance leads to
a higher flux linkage in the coil for the same applied MMF, indicating an improvement

in the magnetic circuit's performance.

FEA simulations can be utilized to further validate this effect by comparing the flux
linkage in circuits with straight and contoured airgap profiles for various values of

contour amplitude and the coil current.

The magnetic circuit utilized for the current FEA analysis is shown in Figure 3. The
shape and dimensioning of the magnetic circuit is done to uniformly distribute the

flux in the airgap 2 and the magnetic core 1 components adjacent to the airgap 2.
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Figure 4 presents the coil flux linkage versus input coil current for core material with
constant magnetic permeability, for straight airgap profile in comparison with the
varying amplitudes of triangular, sinusoidal and circular airgap profiles. The
simulations demonstrate that the contoured design enhances the magnetic flux
path’s permeability, leading to improved performance indicator, that is, flux linkage

without necessitating an increase in the magnetic circuit’s overall size.
DETAILED ANALYSIS OF THE CONTOURED AIRGAP TOPOLOGY
Limitations of Contour Amplitude in Circular Profiles

The effectiveness of contoured airgap profiles in reducing magnetic reluctance and
enhancing the performance of electrical machines depends on several interrelated
factors. Concerning the shape of the contour profile, one significant observation is
the limitation on the amplitude of the contour, particularly in circular profiles. In these
profiles, the amplitude, defined by the radius of the circular shape, cannot be

increased beyond half the width of the core limb.

On Figure 3 the width of the core limb in the reference region of interest is 5mm
leading to the constraint that the amplitude of the circular profile cannot be increased

beyond half the length of this, that is in this reference example, 2.5mm.

This geometric constraint inherently limits the potential increase in airgap surface
area achievable through contouring. Designers must consider this limitation when

selecting the contour amplitude to optimize performance.
Non-proportional Relationship Between Airgap Surface Area and Flux Linkage

Furthermore, when examining the results closely, even with core materials
exhibiting very high and constant magnetic permeability against the applied
magnetomotive force (MMF), the gains in flux linkage are not directly proportional to
the increase in airgap surface area. For instance, an increase of 20% in airgap
surface area does not necessarily translate to a 20% increase in flux linkage; the

actual gain is somewhat lower.

This discrepancy arises because, although the overall reluctance of the core

remains largely unchanged, the cross-sectional area of the core decreases in the
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immediate vicinity of the contour due to the shaping of the core faces. This fact is

illustrated in Figure 5.

This reduction increases the local core reluctance, partially offsetting the potential
gains from the increased airgap surface area. The impact of this effect is a function
of the contour amplitude. The amplitude of the contour significantly affects the core's
reluctance. As the contour amplitude increases, the reduction in the core's cross-
sectional area near the airgap becomes more pronounced. This reduction leads to
an increase in local core reluctance, especially in the immediate vicinity of the

contoured airgap.

Thus, while a higher contour amplitude can decrease airgap reluctance by
increasing surface area, it can simultaneously increase core reluctance due to the
decreased cross-sectional area of the magnetic path inside the core components.
This trade-off must be carefully balanced to optimize the overall performance of the

magnetic circuit, which has been ignored in a prior art.
Impact of Contouring Strategy on Airgap Thickness

The geometrical shape of the core faces adjacent to the airgap is crucial in
determining the performance gains from contoured airgap profiles. It is essential to
maintain a consistent airgap thickness in the direction of the magnetic flux flow, to
achieve the best and most uniform airgap reluctance distribution. This uniformity
ensures that the magnetic field is evenly distributed across the airgap, minimizing

localized flux density peaks that could lead to saturation or increased losses.

Achieving a uniform airgap thickness necessitates a specific contouring strategy.
Starting from a straight airgap profile, a guide profile line is established at the
midpoint of the airgap thickness. This line is then offset by half the airgap thickness
(g/2) on both sides to define the airgap-facing surfaces of the core components.
This method ensures that the direct, or normal distance between the airgap-facing

components remains uniform in the direction of the magnetic flux flow in the airgap.

Contouring Strateqgy

Defining the contour mathematically is essential for precise implementation.

Mathematical equations representing the contour shapes, such as triangular,
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sinusoidal and circular profiles are given below along with the implementation

strategy.

The contour in the airgap profile will be introduced in the general direction of flow of
flux in the adjacent core components. As part of the air gap contouring strategy, a
central contour guideline is established at the mid-height of the air gap based on
specified geometrical equations that follow. To maintain uniformity, the contour is
offset by g/2 on either side, ensuring a consistent direct/normal distance between
the offset lines. These offset lines subsequently define the surfaces of the core

components adjacent to the air gap.

The conditional geometric equations defining the central airgap contour are as
follows and are illustrated in Figure 6. The illustration of Figure 6 is relative and
shows the cross-sectional view of the airgap forming component in a magnetic
circuit, where x, y and z axes represent the first, second and third dimension and

can be modified/interchanged according to the specific design plane.

In the equations below,
x, is the starting point of the core component, defining the starting point of airgap
in first axis,
x, is the edge-point of the core component defining the end point of the airgap in
the first axis,
y, is the midpoint of airgap thickness in the second axis,
A, is the amplitude of the central-guide contour profile,

r is the radius of the circular contour profile.

The equations are presented in x and y axis parameters where the contour is
introduced in the direction of flow of flux i.e. perpendicular/normal to the direction of

flow of flux.

Whereas, the third dimension, i.e. z-axis can be uniformly straight or curved,

according to the electromagnetic device’s specific topology.

Triangular airgap contour

2A X, +x
y=yo+%+ﬁ(x—x1) x1<x<(1 2)

X2 — X1
g 2A (x; + x3)
y = y0+7 +2Ac—m(x—x1) L2 cx <X
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Sinusoidal airgap contour

y:yo+?+ Acsm(xz_xl) 001 <A, < >

{ g m(x —x;) Vo

Circular airgap contour

2
X+ x3\? g . (1= X2 o, Xy — X
(x_ - )+<y_?+ r2—( > ) =% | = for 0.01 < A <=

2
Xp + x2\2 X — Xp\2 X, — X
(x_ 12 2) +<Y—%_ - (=5-) —y°> =2 for 2T cjal< 2

2 2 2

Figure 7 presents the implemented contour profiles for various magnitudes of
contour amplitudes according to the previously defined contouring strategy, the

respective FEA simulation results for the flux flow in the core material and the airgap.

The flux lines shown in individual FEA plots demonstrate the efficacy of the current
contouring strategy in ensuring the uniform airgap thickness, through the uniform

distribution of flux lines throughout the airgap profile.
Influence of Magnetic Material Properties

Up to this point, the analysis has considered core materials with constant magnetic
permeability. However, practical magnetic core materials exhibit non-linear
magnetic permeability that varies with the applied MMF. At higher MMFs, the

magnetic core material begins to saturate, leading to an increase in core reluctance.

This effect is particularly pronounced in regions near the contoured airgap, where
the core cross-sectional area is reduced due to the contouring. The localized
saturation in these areas increases the core reluctance, which can significantly limit
the gains from the decreased airgap reluctance, especially at higher contour

amplitudes.

Finite element analysis (FEA) simulations can be utilized to demonstrate this effect
by comparing the flux linkage in circuits with straight and contoured airgap profiles
for different values of coil current using practical core materials, such as M400-50A.
The coil flux linkage versus input coil current for M400-50A core material with non-

linear magnetic permeability, for straight airgap profile in comparison with the
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varying amplitudes of triangular, sinusoidal and circular airgap profiles is presented

in Figure 8.

The simulations show that at higher levels of applied MMF, the core saturation in
the immediate vicinity of the contoured airgap becomes more significant. This
increased core reluctance in these regions partially offsets the benefits gained from
the increased airgap surface area, reducing the overall performance gains from

contouring.

This observation underscores that the gains from any contour shape and its
respective amplitude are a function of the magnetic circuit's operating point. At lower
values of applied MMF, the gains are more substantial, while at higher MMFs, the

benefits diminish.

This dependency on the operating point implies that the contour shape and
amplitude need to be optimized according to the specific operating conditions of the
magnetic circuit or electrical machine. The proposed design strategy involves
iteratively increasing the contour amplitude from a minimal value to an optimal one,
assessing the performance gains at each increment. This iterative process
continues until the maximum gains in flux linkage are achieved at the selected

operating point without causing excessive core saturation.

In conclusion, the implementation of contoured airgap profiles requires a
comprehensive strategy that includes defining the contour mathematically, ensuring
a uniform airgap thickness through precise offsetting, and optimizing the contour
amplitude based on the magnetic circuit's operating point. Only by balancing these
factors, it is possible to enhance the energy conversion efficiency and increasing

power density without increasing the electrical machine’s mass/volume.

The practical realization of these contoured airgap profiles is facilitated by advanced
manufacturing technologies, such as additive manufacturing (3D printing). This
technology allows for the precise fabrication of complex geometries required for the
contoured profiles, overcoming the limitations imposed by conventional
manufacturing methods, which might involve increased complexity and cost when
producing such shapes. While it is possible to achieve these profiles with traditional
manufacturing techniques, additive manufacturing offers greater flexibility and

precision, making it a more efficient and practical solution.
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By adopting this innovative approach, electrical machine designers can effectively
reduce airgap reluctance, improve magnetic flux production against a given MMF,
and enhance the overall performance of the machine. This advancement provides
a significant opportunity to develop more efficient and power dense electrical
machines, meeting the ever-increasing demands for higher performance in various

applications.

APPLICATION OF CONTOURED AIRGAP TOPOLOGY TO AXIAL FLUX
ELECTRICAL MACHINES

The magnetic circuit structure developed based on the analytical and simulation
results described earlier is applied to a dual-rotor axial flux electrical machine, as

detailed below.

An example of the present invention is an axial flux motor, though the contoured
airgap topology is equally applicable to the generators and other electromagnetic
devices requiring an airgap, be it an axial flux or a radial flux electrical machine,
including, among other things, a single stator-single rotor, a multi stator-multi rotor

and an outer rotor or an inner rotor configuration.

The axial flux motor comprises a rotor and a stator arranged along a common
rotational axis. The rotor is configured to rotate about the axis, while the stator

remains stationary.

Next references are made to Figures 9a, 9b and 9c illustrating the structure of a
conventionally designed dual rotor, single stator axial flux motor. The rotor consists
of a series of rotor-side magnetic poles (these magnetic poles could be made from
permanent magnets (PM) for PM machines and from magnetic core material, for
reluctance machines or wound rotor machines) distributed circumferentially around
the axis. Similarly, the stator features stator-side magnetic poles aligned with the

rotor poles across the airgap.

The rotor and stator are constructed from soft magnetic composite materials or
laminated steel to minimize eddy current losses, depending on manufacturing
preferences. The magnetic poles could be made from permanent magnets (PM) for
PM machines and from magnetic core material, for reluctance machines or wound

rotor machines.
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Implementation of the Contoured Airgap

As illustrated in Figures 10a and 10b, the facing surfaces of the rotor-side magnetic
poles 4 and stator-side magnetic poles 5 are contoured according to the strategies
outlined previously. The contours are introduced axially, increasing the effective
airgap surface area and increasing power density without increasing the electrical

machine’s mass/volume.

Figure 10b provides a cross-sectional view along line B-B' in Figure 10a, showing
the alignment of the rotor and stator poles with the contoured airgap between them.
The airgap thickness g remains constant across the contour due to the precise

offsetting method described earlier, ensuring uniform magnetic flux distribution.

Figure 11a depicts a cross-section of the radial flux motor, where on Figures 11b
and 11c are depicted respectively a radial flux motor with straight airgap 2 and
contoured airgap 2 profile in a cross-sectional view at the line F-F shown on Figure
11a. In figure 11c, the airgap 2 thickness g remains constant across the contour due
to the precise offsetting method described earlier, ensuring uniform magnetic flux

distribution.
Design Considerations and Variations

The contours applied to the airgap-facing surfaces can adopt various mathematical
profiles, such as sinusoidal, triangular, or circular shapes, as defined in the earlier
mathematical expressions. The selection of the contour shape and amplitude

depends on the desired performance characteristics and operating conditions.

In the embodiment shown, a sinusoidal contour is utilized with an amplitude
optimized based on the motor's operating point. The optimization process involves
iteratively adjusting the contour amplitude and assessing the performance gains

through simulation and experimental validation.
Manufacturing and Material Considerations

The rotor and stator can be fabricated using additive manufacturing techniques,
such as 3D printing, to accurately produce complex contoured geometries.

Alternatively, conventional manufacturing methods can be adapted, though they
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may involve increased complexity.

Materials with suitable magnetic properties, such as soft magnetic composites or
high-permeability steel laminations, are selected to complement the contoured
design. These materials help mitigate core saturation effects, particularly in regions

where the cross-sectional area is reduced due to contouring.
Applicability to Other Devices

While the example provided focuses on an axial flux motor, the contoured airgap
topology is equally applicable to other electromagnetic devices, including axial flux
generators and transformers. The principles of increasing the airgap surface area to
reduce reluctance and enhance performance remain consistent across radial flux

topology in electrical machines too.
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CLAIMS

1. A method for contouring an airgap profile in an electromagnetic device comprising
an airgap in a magnetic path to reduce airgap reluctance,

characterized in that

the airgap is profiled such that the airgap profile corresponds to a contour of the
guide profile line between the opposite faces forming the airgap between them at
the midpoint of the airgap thickness taken perpendicular to said guide profile line,

where said guide profile line lies in plane containing x and y axes,

where X, y and z axes represent the first, second and third dimension, where x-axis
is perpendicular to the general direction of flux flow in the magnetic path in the
vicinity of said airgap, y-axis is in the general direction of the flux flow in said

magnetic path and z-axis perpendicular both with x and y-axes,

where the airgap-facing surface profiles of the core components are offset by half
the airgap thickness (g/2) perpendicular to said guide profile line on both sides of
said guide profile line to define the airgap-facing surfaces of the core components
such that the normal distance between the airgap-facing components remains
uniform and a distribution of flux lines throughout the airgap profile are both uniform,

and a shape of said airgap guide profile line is triangular, sinusoidal or circular.

2. The method according to claim 1, characterized in that, a shape of said airgap
guide profile line is triangular, where said triangular airgap contour corresponds to

the following conditions

g 24, (1 +x3)
= — _— — < < -
Y=Y t+5+ 0 = ) (x —2x9) X < X >
g 2A (x1 + x2)
y=yo+§+2Ac—m(x—x1) — <x<x

where
x, is the starting point of the core component, defining the starting point of airgap
in first axis,
x, is the edge-point of the core component defining the end point of the airgap in
the first axis,
y, is the midpoint of airgap thickness in the second axis,

A, is the amplitude of the central-guide contour profile.
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3. The method according to claim 1, characterized in that, a shape of said airgap
guide profile line is sinusoidal, where said sinusoidal airgap contour corresponds to

the following conditions

g _m(x —xq) Yo
= =+ A — 01 <A, < =
{y yo+2+ Csm(x2 . 0.0 c

5 where
x; is the starting point of the core component, defining the starting point of airgap
in first axis,
x, is the edge-point of the core component defining the end point of the airgap in
the first axis,

10 ¥, is the midpoint of airgap thickness in the second axis,

A, is the amplitude of the central-guide contour profile.

4. The method according to claim 1, characterized in that, a shape of said airgap
guide profile line is circular, where said circular airgap contour corresponds to the
following conditions

(™) + ac

"= 24,

2

2 — 2 —
15 _"1+_"2) B P et AN B Y —n
(x —=2) +y-Z+ |r ( 5 ) =% | = for 0.01< |4, <=

2
X+ x2\° g , (%1~ X2 .2 X2 — X1 Yo
(x— > )+<y 5= | —( > )—ya =r for > <4l < >

x, is the starting point of the core component, defining the starting point of airgap

where

in first axis,

x, is the edge-point of the core component defining the end point of the airgap in
20 the first axis,

y, is the midpoint of airgap thickness in the second axis,

A, is the amplitude of the central-guide contour profile,

r is the radius of the circular contour profile.

5. The method according to any previous claim, characterized in that, said

25 electromagnetic device is an axial flux electrical machine.



21

6. The method according to any previous claim 1 to 4, characterized in that, said
electromagnetic device is a radial flux electrical machine.

7. The method according to any previous claim 1 to 4, characterized in that, said

electromagnetic device is a linear electrical machine.

8. The method according to any previous claim 1 to 4, characterized in that, said

electromagnetic device is an air-gapped transformer or inductor.
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ABSTRACT

The invention relates to a method for contouring an airgap 2 profile in an
electromagnetic device comprising an airgap in a magnetic path to reduce airgap
reluctance. In the present invention, the airgap 2 is profiled such that the airgap
profile corresponds to a contour of the guide profile line between the opposite faces
forming the airgap between them at the midpoint of the airgap 2 thickness taken

perpendicular to said guide profile line.

(Figure 2c)
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FIG. 8a
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Curved Airgap Topology: A Promising Strategy for Enhancing Axial-
Flux Machine Performance Metrics
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This study highlights the impact of non-uniform airgap design on the performance of axial flux machines. Increased curvature of the
airgap profile enhances the flux linkage between stator and rotor, yielding higher torque-production capability, while maintaining
constant electric loading and outer dimensions. The results indicate an optimal point where the compromise between net flux and overall
flux density in the airgap is minimized. The analysis also shows fluctuations in torque profile with higher airgap curvature, suggesting

potential for improvement through control strategies.

Index Terms— AC machines, machine design, design tools, additive manufacturing, three-dimensional printing, rotating machines

1. INTRODUCTION

HE interest in enhanced and customized performance

parameters and integrated functionalities in electrical
machine design has intensified in response to the ever-changing
demands across various application sectors such as electric
vehicles, renewable energy systems, aviation and space sector,
as well as industrial and domestic applications [1], [2], [3].
Traditionally, design possibilities for electrical machines have
been largely confined to two dimensions, with limited
possibility to look for design optimization in the third
dimension. However, with the advent of the latest
manufacturing techniques such as Additive Manufacturing
(AM), and with the rapid integration of such technologies in the
production of electrical machine parts, these limitations on
design possibilities are rapidly diminishing [2].

Despite the extensive exploration of AM in electrical
machine production, a significant research gap persists: the
independent investigation of asymmetry or non-uniformity in
the third dimension, particularly in the context of axial flux
machines. While some studies have explored non-uniform
design topologies, the state-of-the-art lacks systemic
investigation. This paper aims to bridge this gap by establishing
a systematic framework for integrating non-uniformity into the
airgap of electrical machines, specifically focusing on curved
airgap topology for axial flux machines.

II. DESCRIPTION OF CURVED AIRGAP TOPOLOGY

A. Dynamics of macro design variables

Performance parameters of most electrical machines are
heavily reliant on the effective manipulation of their macro de-
sign variables. Foremost among them are the fundamentals, such
as electric loading and flux density, which interact in the airgap
of the machine to produce torque. The effective airgap area be-
tween the stator and rotor is responsible for the efficient flux
linkage between the stator and rotor and plays a pivotal role in
determining the machine’s performance parameters.

Influencing any of the above-mentioned parameters directly
affects the machine’s power or torque production capability. To
further supplement this statement, and under the scope of this
study, the analytical sizing equation of an axial-flux SRM [3] is
presented in (1).

2
Po = %kekdleavAsDavg (Dg - Dzz) nrpm (])
1
o= (1-22) @
lperimeter = T[Davg (3)
Aag = %(Dg - Dzz) (4)
P, =K (AagBav) (lperimeterAs) Nyrpm (%)
-]
K= T kokaky (6)

where k, stands for efficiency, k, is the duty cycle, k; incor-
porates the saturated; aligned to unaligned inductance ratio o,
and the unsaturated; aligned to unaligned inductance ratio o,.
By, is the average airgap flux-density, 4; is the electric loading
on the mid-plane perimeter of the machine airgap, D, and D;
are the outer and inner diameters of the machine respectively,
Dgyg is the average diameter, and 1, is the machine’s rated
operating speed in revolutions-per-minute. Equations (3) and
(4) present the rearrangement of the geometrical parameters
from the machine sizing equation (1) in the form of the ma-
chine’s airgap surface area (Aq4) and the length of mid-airgap
perimeter (lperimeter)- Fig. 1 illustrates the geometry of the ax-
ial-flux machine in the context of conventional airgap SRM to-
pology.

Equation (5) presents an alternate representation of the same
equation, analytically elaborating the previously stated concepts.
It effectively showcases the set of macro variables, effective
manipulation of which could result in enhanced performance
parameters such as higher torque or power density.

Effective Airgap Area (Aqg)

Airgap Width (wgg) < D »

Fig. 1. Conventional Airgap Topology for Axial-Flux Machine
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B. Proposed Enhancement Strategy

The proposed enhancement strategy is targeted at altering the
magnetic circuit of the machine to achieve higher torque density.

For this purpose, the electrical loading is kept constant, i.e.
the machine’s mid-airgap perimeter and the ampere-turns on the
perimeter are not altered. The other term in the sizing equation
is the product of airgap surface area i.e. the effective area where
stator and rotor interact electromagnetically, and the average
flux density on the same surface area. While keeping the inner
and outer diameter of the machine intact, a curvature with am-
plitude A, to the stator and rotor teeth faces is introduced to
modify the geometric configuration of the airgap. This yields an
increase in effective airgap surface area, as shown in Fig. 2(a).

III.  SIMULATION RESULTS

The generated torque profile as a function of rotor position,
for various values of A.s is shown in Fig. 2(b). The torque pro-
file analysis shows that from the rotor position of unaligned to
aligned, initially, the generated torque drops. That is because of
the higher local magnetic saturation at sharp teeth edges of rotor
poles. This increased local saturation will hinder the increase in
the current when the stator and rotor teeth just start aligning with
each other. This effect will control the generated torque and
makes the torque profile rise when the rotor starts aligning with
the energized stator phase.

The generated mean torque as a function of varying A.,
from 1 to 10 mm is shown in Fig. 3(a). The effect of different
values of A.f on torque ripples is depicted in Fig. 3(d). The re-
sults indicate that the mean generated torque increases with
increasing A, untill an optimized value and then starts
decreasing due to increase in magnetic saturation at the rotor
pole edges. This increase in the mean torque is at the cost of
slightly increased torque ripples because the inductance profile
is rapidly changing due to the rapid change in the effective
overlapping airgap in comparison with the benchmark machine
with the uniform air gap.

Fig. 3(b) and (c) present the comparative analysis of torque
density (considering the active part weights only) and efficiency,
as a function of varying A.¢. The trend here is similar, and the
reason for increase in torque density and efficiency is that with
comparatively smaller increase in stator volume (curved stator
teeth face), a larger gain in torque generation occurs. On the
other hand, the small added volume of material in the stator core
causes only iron losses and these losses are a very small portion
of the total losses in the machine i.e. iron losses and copper
losses. Table-I presents the gain in output characteristics of the

optimal design i.e. at A;; = 5mm, in comparison with the

benchmark design.
N
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Fig. 3. (a)Mean torque production of machine at rate voltage, as a function of
varying A.f, (b) Torque Density variation as a function of varying
curve amplitude, (c) Efficiency variation as a function of varying curve
amplitude, (d) Torque Ripple Rate with varying amplitude of curve

TABLE L OUTPUT CHARACTERISTICS OF OPTIMAL DESIGN
Bench- . Y%age
Parameters Units mark De- Optl'm al In-
. Design
sign crease
Amplitude of the
Sinusoid (4) mm 0 5 -
Average Torque | ) 0229 0286 | +24.7
(THV)
Torque Ripple o
Rate (Tgg) % 66.27 76.07 +14.7
Torque Density | 1o 0.249 0.295 +184
Taensicy)
Efficiency % 59.2 64.2 +8.44

IV. CONCLUSION

In summary, the results of the study indicate that the curved
airgap topology enhances torque production until an optimal
value is reached, beyond which diminishing returns occur due
to magnetic saturation. Despite slight increases in torque ripples,
this underscores the effectiveness of our design. Comparative
analysis confirms significant improvements in torque density
and efficiency at A,;= Smm, demonstrating the potential of non-
uniform air gap designs to optimize axial flux machine
performance.
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Abstract—This article presents a MATLAB-based iterative
design strategy, aimed at the investigation of axially asymmetric
design possibilities for electrical machines. The developed tool
for this strategy has modifiable individual portions and the
capability of selecting various design criteria. The current study
showcases the interdependence of various design parameters on
the output performance parameters of a synchronous reluctance
machine, for a selected set of design constraints. A brief analysis
of the interrelated variables is presented and an approach to
study and establish better control over compromising
parameters is proposed for future work.

Keywords— AC  machines, design tools, additive
manufacturing, three-dimensional printing, rotating machines

1.  INTRODUCTION

The increasing demand for application-specific
performance parameters in modern electrical machines, such
as improved electromagnetics, low torque ripple and higher
power density etc. is pushing the limits of design and
manufacturing techniques. Conventional methods typically
limit design possibilities to two dimensions, whereas the
geometry remains uniform in the third dimension. Additive
manufacturing (AM) offers the possibility to introduce non-
uniformity in the third dimension which is difficult or
impossible to achieve otherwise. AM also enables the
integration of multiple functionalities within a single
component, reducing the overall size and weight of the
machine. This means significant improvements in their overall
performance i.e. in the context of electromagnetic, thermal
and/or mechanical domains [1]-[{4]. The design process for
these machines must also evolve to incorporate the unique
flexibilities and limitations of AM.

While various aspects of electrical machines’ production
through AM have been studied including material
characterization [5]-[8], and thermal and mechanical
performance [9]-[11], there is a lack of research on the
independent investigation of axial-asymmetry or non-
uniformity in the third dimension. Quite a few authors have
utilized such design topologies but only in a hybrid manner
[12]. This paper aims to establish a starting point for the
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systematic inclusion of axial non-uniformity into the design
process of electrical machines, by studying the
interdependence of various design variables.

Since synchronous reluctance machine (SynRM) is a
potential candidate for its production through AM, due to its
relatively simple construction and wide range of applications
[13]-[16], this study will focus on introducing and analyzing
the effects of axial asymmetry on the main performance
parameters of transversally laminated SynRMs. The results of
this study will focus on analyzing mean torque and torque
ripple, but the developed tool can also yield information on
hysteresis and eddy-current loss patterns.

Section II of this article describes the idea of proposed
asymmetry in detail. Section III describes the implemented
design constraints in the context of the proposed asymmetry.
Section IV explains the strategy and the respective parameters
of the current simulation. In section V the yielded results are
analyzed in the context of their interdependence with design
parameters and simulation criteria. Section VI presents the
conclusion and future works. In future works, the aim is to
mathematically parametrize geometric shapes further and
systematically interpret the results in the form of analytical
equations.

II. PROPOSED ASYMMETRY

The design of an electrical machine typically requires an
iterative approach to determine the geometric parameters
based on various interdependent variables such as desired
output parameters, design choices, constraints, and industry
standards. One of the key desired characteristics is the output
torque, which is represented mathematically using (1). This
equation relates the relationship between torque (T) with the
tangential stress (Gr«n) acting on a rotor surface area (S,) with
the radius of cylinder (r,) as the moment-of-arm. Equation (2)
represents the same in terms of rotor volume (V).

T = OF tan®+Sr (D
T =2 0p tanlr )
1S, = 2mrily, = 2V 3)
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The above-presented equations characterize the
conventional electrical machines where the design space is
essentially 2-dimensional and the machine is kept
uniform/symmetric in the third dimension. This is mainly due
to the limitations imposed by the conventional production
methods such as from pre-cut lamination sheets where the
introduction of asymmetry in the third dimension makes the
production cost and complexity, rise exponentially. With the
advent of additive manufacturing technology, the design space
for electrical machines expands and allows for the
introduction of non-uniformity/asymmetry in the third
dimension.

In the context of the above-presented analytical equations,
it is evident that the torque output of the machine can be varied
either by varying the tangential stress or the rotor volume.
With additive manufacturing, the prospect of introducing
asymmetry in the third dimension becomes available and the
radius of the rotor can be changed axially. This would
effectively vary the machine length, rotor surface area and
resultantly, the rotor volume. This fact is illustrated in Fig. 1.

Examining the presented illustration in Fig. 1, it becomes
apparent that by varying the rotor radius axially, the rotor
surface area and effective length increase in both cases (Fig. 1
(a) and (c)). But since the torque is also subject to the variation
in the moment-arm, the effective torque outcome is essentially
proportional to the rotor volume (2). Equations (4)-(7) present
the expressions for volume calculation of the geometries
presented in Fig. 1.

n <1n<n “)
v, = follnr(x)z.dx (5)
Vo =121, (6)
V, = folznr(x)z.dx 7

Fig. 1. Changing rotor geometry with the axially varying radius of the rotor.
(a) mid-plane radius (r,, = r;) less than the end-plane radius (r,), (b) mid-
plane radius equal to end-plane radius (7,), (¢) mid-plane radius (r,, = r2)
greater than the end-plane radius (r,).

S\ !-!
.\ /S =2

Fig. 2. Changing machine geometry with the axially varying radius of the
rotor.
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The proposed asymmetry of this paper is introduced in the
benchmark symmetrical machine of [17], in steps from
minimum to maximum value of mid-plane radius effectively
transitioning the machine's internal geometry from hourglass
to barrel-shape, as illustrated in Fig. 2.

III. DESIGN CONSTRAINTS

The proposed axial asymmetry in the rotor geometry was
introduced by varying the rotor mid-plane radius in
consecutive steps of 5 mm, from inward to outward direction.
The major design constraints that were employed to introduce
and investigate the effects of axial asymmetry, keeping in
view the prospects offered by additive manufacturing, are as
follows.

A. Machine Outer-volume

The rotor volume variation to achieve different power
ratings of the machine can conventionally be achieved by
uniformly varying the overall machine radius and/or stack
length. But in this study, the focus is to investigate the effects
of axial asymmetry and compare it with a similar axially-
symmetric machine. For this, the first constraint employed is
that the machine’s outer stator volume i.e. outer stator radius
and stack length is to be kept constant and only the machine
internals such as stator inner-radius etc. will be varied in
accordance with the varying rotor radius. The implementation
of this constraint is also evident in Fig. 2.

B. Machine Air-gap

The airgap width is kept constant, i.e. the stator inner
radius varies in accordance with the axially varying rotor outer
radius.

C. Stator Slot/Tooth Dimensioning

With the stator inner radius varying in accordance with the
rotor, it would affect the available space for stator slot/tooth
width. A constraint on stator-tooth width and slot area needs
to be implemented in this regard.

The winding parameters such as the number of winding
turns/slot-conductors are kept the same as of the benchmark
machine [17]. To house the same number of winding
conductors in the slot, the slot area is kept constant axially.
Also, the stator-tooth width is kept constant, to prevent
over/under-saturation in stator teeth. The implementation of
this constraint and consequent variation in slot height is
illustrated in Fig. 3 and 4.

D. Flux-Barrier Dimensioning

With the axial variation in rotor radius, the available cross-
sectional area for the flux barriers and flux guides at mid-plane
also varies. The focus of this study was kept on keeping the
flux-barrier width constant wherever possible.

In the case of decreasing mid-plane radius, the flux-barrier
width was kept constant and consequently, the flux-guide
width contracted due to reduced available cross-sectional area.
With the increasing mid-plane radius, additional space
becomes available at mid-plane and the flux-barrier width was
increased along the g-axis.

The transition between the end-plane geometry and the
varying mid-plane  geometry was made through
interconnecting splines.
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end-plane

Fig. 3. Tllustration of the design constraints implementation, via the cross-
sectional view of the mid-plane and end-plane geometries for ;> r,

end-plane

mid-plane

Fig. 4. Illustration of the design constraints implementation, via the cross-
sectional view of the mid-plane and end-plane geometries for r, = r; <r,

IV. SIMULATION PROCEDURE

Since the devised scheme of study is essentially iterative,
an iterative tool based on MATLAB’s OLE automation server
was established which effectively communicates between the
3D geometry-developing CAD tool i.e. SOLIDWORKS and
the FEA-analysis tool i.e. Simcenter-MAGNET. The base
analytical calculations are made in MATLAB according to
which the geometry is generated in SOLIDWORKS and after
the FEA calculations in MAGNET, the results are brought
back in MATLAB for further processing and analysis. The
general block diagram of this iterative procedure is illustrated
in Fig. 5. The creation of geometry in SOLIDWORKS and the
FEA analysis in Simcenter-MAGNET is automated through
the scripting in MATLAB. Since the machine is essentially
identical around the mid-plane and at the pole axes, 1/8th of
the machine was simulated in FEA to reduce the simulation
complexity and runtime.

Gaeams o |

4 MATLAB |
| SR—
Analytical Design Initial Analytical Estimation
of Design Parameters
Mid-plane Constraints
Dimensioning Implementation
i |
v
CAD Geometry Formation
~ (SOLIDWORKS)
g2
=B '
g o FEA based
2 E le Electromagnetic Analysis
23,
24 (Simcenter MAGNET)
8. g
g 8
25 v
Processing/Analysis of
Results

Fig. 5. Block diagram for the iterative simulation procedure.

Table-I presents the main design parameters of the
benchmark machine (axially symmetric geometry) and the
simulation parameters. The reference point for the comparison
of simulation results was obtained by analyzing a symmetrical
machine of [17], where the mid-plane radius (7,,) was set equal
to the end-plane radius (r,). The torque profile for the
benchmark machine at rated parameters is presented in Fig. 6
(with a mean torque of 76.5 Nm). The respective flux density
plot generated by FEA is presented in Fig. 7.

TABLE L MAIN DESIGN PARAMETERS OF THE BENCHMARK
MACHINE
Quantity Value/Unit

Rated output power / torque 12kW /~76 Nm
Rated phase current 22 A
No. of poles 4 Nos.
Frequency 50 Hz
Air-gap flux density (magnetic loading) 0.85 Tesla
Linear current density (electric loading) 43.28 A/m
Machine stack length 147.3 mm
Stator-bore radius at end-plane, r, 63.81 mm
Step size for mid-plane radius variation 5 mm
Min. stator-bore radius at mid-plane r; < r, 38.81 mm
Max. stator-bore radius at mid-plane r, > r, 93.81 mm
Time step for FEA simulation 0.1 mSec

Torque (Nm)

0 05 1 15 2 25 3 35 4 45 5
Time (mSec)

Fig. 6. Torque profile of the benchmark machine, at rated parameters
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Top-Plane

Mid-Plane

Fig. 7. Flux density plot (FEA) of the benchmark machine r,, = r,, at rated
parameters

For the complete simulation process, the mid-plane radius
was varied in both directions i.e. inwards and outwards, in
consecutive steps of Smm. With the implementation of the
design constraint dictating the constant outer radius, increased
mid-plane radius results in a reduced stator yoke at mid-plane.
The consequent increase in stator yoke saturation is bound to
affect the maximum torque/load angle [18], [19]. The
maximum load angle for each geometry was obtained by
running a load-angle sweep at the rated current. The maximum
load angle versus the mid-plane radius is presented in Fig. 8.
Reference loading points for each individual geometry were
then established by dividing the rated current and max load
angle into ten equal steps. The complete set of results is
presented in the next section for analysis and discussion.

V. RESULTS AND DISCUSSION

A. Increasing Mid-plane Radius

Fig. 9 presents a sample torque profile for the increased
mid-plane radius of the rotor i.e. r, > r,. Fig. 10 and 11
respectively present the FEA-calculated mean torque and
ripple percentage versus the increasing mid-plane radius for
different operating points of the machine, whereas Fig. 12
presents a sample flux density plot for the increased mid-plane
radius of the rotor. Considering the increased mid-plane radius
i.e. rm > 1, (2) suggests an increased output torque owing to
the larger rotor surface and volume in comparison to the
benchmark machine for which 7, = r, On the contrary, the
FEA computed results indicate a reduction in mean torque.

To investigate this behaviour, consider the following
formulations of tangential stress acting on the rotor surface.

Optan = 1/2 ABgcos?d ®)
A= E/Tus ©

where Bjg is the peak airgap flux density, 4 is the linear
current density around the outer periphery of the airgap, 7, is
the slot pitch, I, is the slot current and cos 9 is phase-shift
between A and Bs.

The decreasing trend in mean-torque showcased by the
results presented in Fig. 10, is due to the decrease in tangential
stress acting on the rotor surface. The formulation of the
tangential stress presented by (8) shows its dependence on the
linear current density around the rotor periphery and on the
airgap flux density. The increased rotor radius at mid-plane

causes the stator slot-pitch to increase, causing the linear
current density around the axial mid-plane to drop.
Furthermore, keeping the outer stator radius constant, causes
the stator yoke to saturate more around the axial mid-plane
(refer to Fig. 12) which in turn causes the airgap flux density
to drop too. This drop, in airgap flux density due to saturated
stator yoke gets greater for higher operating currents of the
machine, as also evident from the results of Fig. 10. The
reduction in both contributing factors of tangential stress, with
the increase in mid-plane radius of the rotor, causes an overall
decreasing trend of the mean output torque of the machine.

Investigating the machine’s behaviour for the amount of
ripple in the output torque illustrates a potential benefit of the
investigated axial asymmetry in the machine geometry. The
improvement comes in the form of a reduced ripple
percentage.

| L

m 0 r"l = ro rw > r()
T T T T T T

T T
751 ¢ load-angle vs mid-plane radius
fitted curve

725

70

675

Load Angle (deg)

60

L L s L L L L s s L L s
388 438 488 538 588 638 688 738 788 838 888 938
Mid-plane radius (mm)

Fig. 8. Max.-torque yielding load-angle variation with varying mid-plane
radius.
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Fig. 9. Sample torque profile for increased mid-plane radius
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Fig. 10. Mean torque vs. increasing-plane radius (0-100% /,)
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Fig. 12. Sample flux density plot (FEA) for r,, > r,, at rated parameters

Fig. 11 demonstrates this behaviour, where the ripple
percentage drops until a certain limit of increased radius
(indicated by the dashed line on the plot) with a maximum of
25.78% decrease in torque ripple for the 23% increased mid-
plane radius. This is a desired performance characteristic in
any electrical machine for which the degree of axial
asymmetry may be optimized against a reasonable
compromise between output torque and ripple percentage.

B. Decreasing Mid-plane Radius

Fig. 13 presents a sample torque profile for the decreased
mid-plane radius of the rotor i.e. r, < 7, Fig. 14 and 15
respectively present the FEA-calculated mean torque and
ripple percentage versus the decreasing mid-plane radius for
different operating points of the machine, whereas Fig. 16
presents a sample flux density plot for a decreased mid-plane
radius of the rotor.

Referring to (8)-(9) and the previous discussion, a
decreasing mid-plane radius causes the stator slot pitch to
decrease which in turn forces the linear current density around
the rotor periphery to follow an increasing trend. Additionally,
with the decreased mid-plane radius of the rotor, the stator
yoke height around the mid-plane increases. Because the
normal machine design dictates operating the stator yoke near
the knee (non-linear region) of the BH-curve (for the current
benchmark design, it selected at 1.6Tesla for M400-50A), an
increase in stator yoke height causes it to operate at lower
saturated states even at high load currents (refer to Fig. 16).
The stator yoke operating at lower saturated state, even at
higher load currents, yields a higher air-gap flux density than
the benchmark. The airgap flux density follows an increasing

trend but only up until the stator yoke enters the linear
operating region of the BH-curve. Further increase in stator
yoke height won’t cause any increased airgap flux density
when compared to the same operating point of the benchmark
machine.

The results presented in Fig. 14 showcase a slight initial
increase in mean output torque (ranging from 0.7 to 1.30 %
increased output torque for a 7.8 % decrease in the mid-plane
radius of the currently presented machine geometry), in line
with the previous discussion in the context of the tangential
stress acting on the rotor surface. But shortly afterwards, the
torque output starts following a decreasing trend. This
decreasing trend is owing to the decrease in rotor volume,
dominating the gains offered by increased linear current
density and airgap flux density.

For the decreasing mid-plane radius, the results presented
in Fig. 15 showcase an increased ripple percentage, once again

90 T T T T T T T T T

Torque (N.m)

=
S
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Fig. 13. Sample torque profile for decreased mid-plane radius
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Fig. 14. Mean torque vs. decreasing mid-plane radius (0-100% 1)
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Fig. 15. Torque-ripple percentage vs. decreasing mid-plane radius (10-100%
1)

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on April 09,2025 at 14:05:50 UTC from IEEE Xplore. Restrictions apply.



181 smocthed

Top-Plane
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Fig. 16. Sample flux density plot (FEA) for r,, < r,, at rated parameters

necessitating the introduction of an optimized degree of axial
asymmetry against a reasonable compromise between output
torque and ripple percentage.

VI. CONCLUSIONS AND FUTURE WORK

This study presented an automated design analysis tool for
the investigation of axially asymmetric/non-uniform design
possibilities of electrical machines. The effort resulted in the
development of an iterative tool based on MATLAB’s OLE-
automation-server which effectively realizes and analyzes
asymmetric geometric possibilities for electrical machines.
The relevance of such efforts becomes especially relevant in
the context of utilizing additive manufacturing (AM) in
electrical machine production.

The successful working of the design analysis tool was
demonstrated by running a preliminary analysis for the
introduction of axial asymmetry in synchronous reluctance
machines (SynRMs). The yielded results are in reasonable
agreement with the analytical reasoning, as discussed in the
previous section. The analysis of results offers the possibility
to study the interdependence between the geometrical and
electrical parameters of the machine, as well as the selection
of various design constraints. The design constraints
implemented in the current study offer increased mean output
torque to the detriment of increased torque ripple, for a
decreased mid-plane radius. On the other hand, increased mid-
plane radius results in a decreased mean output torque and a
reduction of torque ripple.

With the results from implemented design constraints
presented, the future work includes a
parametrized/mathematical-equation-driven transition
between the interconnecting end and mid-planes of the
machine geometry (instead of utilizing the CAD-generated
random splines). Mathematical parametrization of this
transition between end-plane and mid-plane would result in
precise analytical estimations even at the initial stages of the
design procedure. Other future works include devising a
strategy to better control the compromising electromagnetic
parameters of the machine such as linear current and airgap-
flux densities. Since the devised topologies are geometrically
capable of producing higher torque densities but are limited
due to electromagnetic parameters, the employment of
attributes  offered by advanced machine production
technologies such as AM can help in overcoming the
electromagnetic limitations through topology-optimized
design  strategies and  enhanced/integrated  cooling
mechanisms etc.
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Modified Initial Design Procedure for
Synchronous Reluctance Motor

Muhammad Usman Naseer, Ants Kallaste, Bilal Asad, Toomas Vaimann, Anton Rassdlkin

“Abstract — This paper presents the basic design procedure
for producing synchronous machines through conventional
manufacturing techniques. The design procedure is explicitly
adapted for synchronous reluctance machines with the
proposed modifications, but individual portions can also be
modified further for other machine types. The proposed
changes in the design procedure also aim to establish a starting
point for the systematic inclusion of design freedoms and
limitations offered by additive manufacturing rather than their
intuitive utilization.

Index Terms-- AC machines, design tools, electric machines,
rotating machines, three-dimensional printing

1. INTRODUCTION

HE modern-day machine applications showcase an

increasing demand for application-specific performance
parameters. That includes improved electromagnetic,
mechanical and thermal properties and other attributes such
as integrated functionalities and higher power density.
Recent advances in additive manufacturing (AM) techniques
demonstrate promising results in these aspects through added
flexibility in the three-dimensional realization of design, i.c.
fabrication of complex/asymmetric geometrical structures
and weight/size reduction through topology optimization [1],
[2].

Considering the current state-of-the-art in AM and due to
the relatively simple construction, least involvement of
multi-material in the fabrication and wide-range applications,
synchronous reluctance motor (SynRM) becomes a potential
candidate for its production through AM [1]-[4]. SynRMs
also offer fast response characteristics [5], [6], high torque
density [7], [8] and higher efficiency [9] compared to other
machine types. Apart from their typical utilization in
constant speed applications, the latest developments in
variable frequency drives make them a potential alternative
to induction machines.

The basic aspects of synchronous machine design through
the analytical procedure, somewhat comprehensively
presented by various authors [10]-[12], have matured over
time and are generally optimized for conventional
manufacturing techniques. Recent literature also addresses
improvements in individual performance parameters [13]—
[21], which usually involves time and resource-consuming
numerical modeling or prototyping. The design flexibilities
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offered by AM can also be analyzed through numerical
modeling but are not preferable at the initial stage of the
design process. The iterative nature of the initial design
process makes it a complex and time-consuming job that
must be avoided. This becomes more relevant in the context
of mass-personalized production, which is the most
significant feature of electrical machine production through
AM.

This paper presents the conventional design procedure
adapted for SynRM. The suggested modifications in the
existing design procedure and execution strategy aim to

establish a systematic approach, to incorporate the
continuously evolving features of AM. It includes
establishing the designer’s enhanced control over

optimizable parameters of interest and criteria, rather than
relying on empirical knowledge of best practices (usually
standardized for conventional manufacturing techniques).

Since the rotor core’s electromagnetic properties are
dependent on the printing methodology and structural
topology, a rotor flux-barrier sizing approach is suggested
based on the core’s structural and magnetic characteristics.
The verification of design outcomes in terms of operational
parameters such as flux density assumptions and calculation
of inductance ratio was done through numerical modeling.
Future works include analytical measurement of d and g-axis
inductances and the torque profile estimation to make initial
design estimation fast and independent of complex modeling
procedures.

II.  DESIGN PROCESS

The design problem usually involves many interdependent
variables classified into fixed and free variables. Most of the
fixed variables comprise the desired output characteristics,
i.e. output power, efficiency, torque or speed, and are
assigned values accordingly. Additionally, some variables
are assigned values per design constraints (i.e. frequency of
the supply), specific design choices, or the empirical
knowledge of well-established design practices. In contrast,
other variables defining the machine’s geometry are
specified as free variables and are calculated in due order
through iterative design calculations. Wherever required, free
variables are also assigned initial assumptions to facilitate the
design flow, and the process is re-iterated for the actual
values calculated in the later steps. The design estimation
process of [10] is generalized, yielding the initial design
estimates of electrical machines. Whereas its adaptation for
conventional synchronous machines is relatively simple. The
block diagram showcasing the components and flow of the
design process is presented in Fig. 1.
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Fig. 2. Typical machine constant C,,.. values as a function of machine power
per-pole [10]

A.  Initial Values

As explained in the previous text, the fixed variables with
values assigned according to the machine’s desired output
characteristics and well-established design practices serve as
the starting values for the analytical design procedure. These
variables include rated output power-Pp. and terminal
voltages-V, power factor-cos, efficiency-n, number of pole
pairs-p, number of phases-m etc. In addition to that, some
free variables such as the winding factor-k,; of the
fundamental component, linear current density-4 and air-gap
flux density-Bg are also assigned some initial values. Their
actual values will be calculated in later steps, and the design
procedure will be re-iterated in due sequence.

B.  Volumetric Parametrization
The machine’s air-gap volume-V, is given by

Vag = T[/4Dzleq ~V ey
where [, is the machine’s equivalent stack length, D is the
air-gap diameter, and V. is the rotor volume. Equating the
machine output mechanical power in terms of air-gap
volume, we get

Prec = Cmechleqnsyn 2
where Ce is the machine constant for mechanical power
and ng, 1s synchronous speed. The state-of-the-art in
conventional manufacturing techniques suggests selecting
the value of Cpe from the empirical knowledge of well-
designed machines to get the volumetric estimate D?l,, from
(2). The typical values of Cpue as a function of output
mechanical power per-pole are given in Fig. 2.

C. Main Dimensions

The ratio of machine equivalent length to air-gap
diameter-y is set in accordance with the number of poles.
The guidelines of the literature suggest calculating this ratio
as follows

_leqs 3
X / D / 4/p
Solving (2) and (3) yields the main dimension of the
machine, i.e. D and /.

For typical synchronous machines, the permitted armature
reaction defines the minimum air-gap width-9 to avoid the
excessive reduction in flux density under the pole area. This
condition dictates the air-gap calculation as follows

5= 1/2 Asp Mo Tp A/k(;gs C))
where k. is the carter factor, T, is the pole-pitch, y, is the
permeability of free space, and asy is the relative pole width
co-efficient (~2/r for sinusoidal flux distribution). This
condition is valid for synchronous machines with wound-
field rotors. But for the machines taking magnetizing current
from the stator-phases, air-gap should be kept as minimum as
manufacturing or fabrication procedure allows, to keep the
magnetizing current as low as possible.

D. Winding Design

The winding design begins with the selection of the
number of slots-per-pole-per-phase-g;. To achieve a more
sinusoidal current linkage, a large number of slots are the
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desired feature. Still, it also affects the overall manufacturing
cost due to the increased coils and end-winding associated
copper losses. A suitable design choice for slot pitch is now
required to achieve a balanced compromise between machine
performance, manufacturing, and operation costs. The slot
pitch-t,s and total number of stator slots-Q; is calculated as
follows

Qs = 2p£nqs (5)
_T
=™y, ©

Improved machine performance parameters such as
reduced harmonics, shorter end-windings, and improved
sinusoidal current linkage can be achieved through layered
and or short-pitched stator winding. Skewed stator slots
contribute towards reduced slotting harmonics. Respective
winding factors estimate the reduction in fundamental and
higher-order harmonics and are calculated iteratively to
achieve the desired results. The winding factors (combined
winding factor-k,,, skewing factor-ky,, pitch factor-k,, and
the distribution factor-k4) are calculated as follows

Tus

kay = sin(vl)/qsin(v T ) @
v 2m 2mq,
. y T
kpy = sm(vy—E) ®
~ sin(w ™52y /(TS ©)
iy = Sinvg ) / 03 )
kwy = kay X kpv X ksqv (10)

where y is the actual pitch of the coil (after short pitching), yo
is the full pole pitch expressed in the number of slots, sy, is
the skewing of slots in terms of the number of slot pitches,
and v is the harmonic number. The term )/ in (8) represents
the relative shortening in coil span. The winding factor for
the fundamental component was assigned an initial value
carlier. The process can be re-iterated against the actual
calculated value at this stage.

The number of series turns per coil-N; of the winding, and
the number of conductors per slot-zo is calculated as follows.
The calculation at this stage involves an unknown, a;
(arithmetic average of flux density per-pole, i.e. function of
saturation), requiring a suitable assumption. The initial
assumption for the unsaturated machine is taken here as an
initial value, i.e. 0.65 = 2 / © for sinusoidal flux distribution.

N; = V2E,, [ 0k logt,Bs (1
En = wkyABsD?l,qns / ml (12)
Is = Ppec / mV ncosB (13)

7o = 2amNy / Qs (14)

where E,, is the induced emf of the stator phase winding, /; is
nominal stator current, and @ is the number of parallel paths
in the winding. The calculated value of zp may need to be
rounded off to an even integer, resulting in an updated
number of series turns. Equation (11) is utilized again at this
stage to calculate the new value of air-gap flux density
against the updated value of Ns. The design process is re-
iterated against the updated value of air-gap flux density.

E.  Stator / Rotor Dimensioning

The stator dimensioning for most machine types is similar
and is based on the allowed or target flux density in various

stator parts. The target flux density also depends on the
magnetic characteristics of the core material. At this stage,
stator teeth and slot dimension is done, whereas the yoke
sizing will be done later in due sequence. By selecting a
suitable apparent value of stator-tooth flux density-B’4s the
stator tooth width-bg is calculated as follows
bds = leuns / kFe(l - nvbv) : ES/E,ds (15)
where n, and b, are the number and widths of ventilation
ducts and k. is the space factor for the core
The winding conductor cross-sectional area-Se; and the
required slot area-S,s are determined according to the
respective stator current and allowed current density-J; of the
selected conductor wire.
Ses = Is [ aJs (16)
Seus = ZQScs / keus (17)
With the tooth width and required slot area determined,
the slot dimensioning is done according to the stator slot’s
basic design choices, i.e. slot type and slot opening, etc. At
this stage, the average slot width is more or less fixed due to
the predetermined value of stator-tooth width. The main
dimensioning is done in terms of slot height, in accordance
with the area required to house z,; conductors i.e. Scus.
The rotor’s outer diameter is calculated as follows
D, =D —28 (18)
whereas the detailed rotor dimensioning is dependent on the
choice of specific machine type and construction, i.e. salient
or non-salient pole synchronous machine, field excited or
permanent magnet synchronous machine, synchronous
reluctance machine (SynRM) etc. It is a vast and machine-
type specific procedure and won’t be covered here in a
generalized manner. Since the main focus of this paper is the
SynRM, a suggested scheme for the rotor dimensioning in
that respect will be presented later in the text.

F. Saturation Factor and Magnetic Potential

The actual value for @;, which was assigned an initial
value to facilitate the design process, can be calculated at this
stage. If the calculated value differs from the initial
assumption, the process is re-iterated against the updated
value. This involves calculating the magnetic potential of
various machine parts by taking the line integral of magnetic
field intensity-H within the respective machine part, as
follows

U, = f H.dl (19
A two-step procedure (as described next) is adopted to
determine the magnetic field intensity in individual machine
parts. Earlier steps in the machine design process were
executed by specifying apparent flux densities for each
machine part. Flux weakening happens in the machine core
due to flux leakage, and the actual flux density is given by
(20). The second term in (20) represents the leakage flux and
is proportional to the ratio of the area without magnetic
material- Sy, to that of the area with the magnetic material-S,.
By= Bd’ ~ (Su/ Sa) oHa (20)
Plotting (20) over the magnetization curve of the core
material and finding the intersection point with the BH-curve
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(as shown in Fig. 5, in the results section) gives the actual
flux density, and the associated magnetic field intensity is
utilized in (19) to calculate the magnetic potential of the
respective machine part. The saturation factor ks and the
corresponding actual value of ¢; is calculated from empirical
relations [10] as follows
ksat = (ﬁm,s + ﬁm,r) / ﬁm,& (21)
a; = (1.24kgy + 1) / (1.42kg,, + 1.57) (22)

G. Core Dimensioning

The final core dimensioning takes place by defining the
desired flux density of the stator and rotor yoke, i.e. a higher
flux density yields lower yoke height but higher core losses,
and vice versa. Designer intervention at this stage is required
for a choice corresponding to the desired outcomes. The

stator and rotor yoke heights are determined from (23)-(24).
hy = Bm [/ 2kp.lB, (23)
B = aiBstyleg (24)
where £, is the yoke height, E'y is the selected value of yoke
flux density and @,, is the peak value of air-gap flux. The

stator outer diameter is given by
Dse = Dg + 2 (hs + hys) (25)

H. Magnetizing Current
The magnetizing current-/ nqg is calculated against the no-

load magnetic potential of the machine, i.e. the fundamental
component of current linkage-8;,.
m k1 NoV2 (20)
T s,mag

ﬁm,total = ﬁm,& + ﬁm,s + ﬁm,r + ﬁm,ys/z + ﬁm,yr/z (27)
where l’]\m,yS and ﬁm_yr are the magnetic potentials of the
stator and rotor yoke, respectively.

Untotal =

s1 —

III. SUGGESTED MODIFICATION IN DESIGN PROCEDURE

The following modifications in the design procedure are
suggested as an initial step towards incorporating AM
features in the conventional design procedure.

A.  Effect of Core’s Structural Characteristics on
Volumetric Parametrization

In any machine, torque production is achieved by
tangential stress produced from the interaction of magnetic
fields. The yield strength of the rotor material and structure
defines the limit of tangential stresses that the rotor body can
take. In terms of the machine’s electromagnetic design
parameters, the tangential stress-6 s, 1s given by

Ortan = 1/2 ABgcos? (28)

where 3 spatial phase shift between the fundamental
distributions of air-gap flux density and linear current
density. In terms of the machine’s geometrical parameters,
the torque production-7 and the tangential stress are given as
follows

T = OF tanrrsr (29)
T = 1/2 65 1qnT Dy lg (30)
Ortan = 2T /D1,y (31)

where 7, is the rotor radius and S, is the rotor surface area.

Equations  (29)-(31) suggest that the interdependent
quantities, i.e. tangential stress or rotor volume, need to be
optimized for a specified value of required torque
production. From the electrical-design point of view, the
tangential stress (28) can be varied by the suitable design
choice of linear current density or air-gap flux density.

From the standpoint of additive manufacturing,
volumetric ~ parameterization  becomes a  two-fold
optimization problem due to the AM technology’s various
evolving aspects. First, the yield strength depends mainly on
the core structure and printing methodology. Secondly, the
magnetic properties of the printed material are not yet
standardized and also depend majorly on the printing
technology and parameters. These factors suggest the
introduction of flexibility in the design strategy so that the
designer has more control over the selection and choice of
the fixed and optimizable parameters.

In contrast to the design procedure for conventional
manufacturing techniques where the choice of C.. (factor
responsible for volumetric parameterization) is made from
the empirical knowledge of well-designed machines, the
suggested strategy involves calculating it in terms of
machine design variables, as follows

Crmec = (V / Ey) 1 cos 6 w2k, ABs (32)
Utilizing (28)-(32), the design values for A and Bs can be
optimized against the chosen optimization criterion of the
maximum allowed tangential stress. Fig. 3 illustrates the
block diagram for the iterative optimization procedure. The
top-left superscript in each block indicates the respective
equation to be utilized. The optimizable and optimization
criteria can be interchanged in accordance with the
applicable constraints.

B.  Rotor Flux-barrier Parametrization

The SynRM-rotor design guidelines suggest an initial
parametrization of rotor flux barriers in a 50:50 ratio with the
flux guides. This analytical approach yields a reasonable d
and g-axis inductance ratio, but the number of flux barriers
also significantly influence the inductance ratio. The number
of flux barriers, if kept equal to one, yields the inductance

C Initial values ><-;

\Y4
UOTJRZLIJOWRIR OLIOWN[OA

Fig. 3. Block diagram for optimizing design parameters against additively
manufactured structural characteristics
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ratio similar to typical synchronous machines having pole-
shoe construction. This kind of construction gives L4/L, ratio
in the range of 2-3. The flux barriers need to be increased to
achieve higher inductance ratios. Iterative design analysis
usually helps determine an optimized number and ratio of
flux barriers. Further shape optimization of individual flux
barriers is done in later design stages, utilizing more precise
numerical modeling techniques.

The suggested initial parametrization of flux barriers is
based on allowed flux density in the rotor body, i.e., keeping
the core losses to the desired minimum (dependent on the
core material and structural topology when utilizing AM). To
commence the design procedure, the maximum flux density
in the rotor flux-guide Bfg' must be proposed based on the
material properties, i.e. BH-curve and loss characteristics.
The flux-guide width-by, is calculated as follows

bfg = leunr/kFe(l - nvbv) : E:S/B,fg (33)
where 1, is the rotor pitch for flux barriers, and B'fg is the
apparent flux density in the rotor core. From the calculated
width of flux guide, the width of flux barrier-bsy, is
calculated as follows

(34)

bfbr = Tur — bfg

IV. RESULTS AND DISCUSSION

The presented design procedure was implemented in the
form of a MATLAB algorithm where the possibility of
designer intervention at designated places was made
available to assign initial values (wherever required), define
optimization criteria, and choose various design parameters
by iteratively comparing the results.

A test run of the design procedure for the initial design
estimation of an 11kW, 400V 3-phase synchronous
reluctance motor was done, and the results are presented in
Table 1 (in the chronological order of execution). The choice
of x, i.e. the ratio of machine length to diameter, was
influenced by the fact that the motor was to be constructed
by modifying an existing induction motor enclosure which
only allowed for a particular value of y. Since the SynRM
has a non-excited rotor, the magnetizing current is drawn
from the stator phases, necessitating the choice of minimum
possible value for air-gap. Consequently, the air gap was
chosen to be 0.5mm. A two-layered stator winding (for a
better sinusoidal distribution of current linkage) with a short-
pitching of two stator slots (to reduce higher-order
harmonics) was opted, yielding a fundamental-component
winding factor 0.901. Fig. 4 presents the winding factors for
various higher-order harmonics.

1 T T T T T T

w

Winding Factor k

1 3 5 7 9 11
Ordinal of the harmonic, v

13 15

Fig. 4. Winding factor £, for fundamental and higher-order harmonics

The stator/rotor dimensioning was done for the selected
core material of M40050A, with various selected values of
apparent flux densities in the respective portions of the
machine (presented in Table 1). The process of determining
the actual flux density and respective magnetic field strength
for stator tooth-tip is shown in Fig. 5 for illustration
purposes. Implementing Section-III (B) ’s proposed scheme
resulted in flux barrier and flux guide size of 4mm and Smm,
respectively. The estimated rotor design is illustrated in Fig.
6. Subsequent calculations of magnetic potential and
saturation factor yielded a value of 0.654 for a;, verifying the
machine to be un-saturated at nominal operating conditions
as intended. The machine’s operating point, concerning the
magnetic saturation level of core material, is indicated by the
value of ¢; and can be subsequently altered by a suitable
selection of design parameters iteratively.

TABLE 1
INITIAL DESIGN ESTIMATION OF 11KW SYNRM

DESIGN PARAMETER VALUE UNIT
Machine rated power 11 kW
Rated output torque 65.60 N-m
Terminal voltages (L-L) 400.00 \Y
Number of phases 03 No.
Number of poles 04 No.
Frequency 50 Hz
Rotational speed 1500 rpm
Efficiency 90 %
Power factor 0.65 -
Peak Air-gap flux density 0.85 T
Linear current density 42.7
Air-gap width 0.5 mm
Stator bore-diameter 136 mm
Rotor diameter 135 mm
Machine stack length 156 mm
Number of stator slots 36 No.
Number of parallel paths in winding 02 No.
Number of winding layers 02 No.
Short pitching (in terms of stator slots) 02 No.
Slot skewing (in terms of stator slots) 00 No.
Winding factor k., 0.901 --
Rated stator current 22.1 A
Number of series coil turns 138 No.
Conductors per slot 46 No.
Flux density assumption for machine core 1.6 T
Stator tooth-width 6.4 mm
Stator-slot opening 2 mm
Stator-slot height 22.5 mm
Rotor flux-guide width 5 mm
Rotor flux-barrier width 4 mm
Stator-yoke height 21.3 mm
Stator outer-diameter 223 mm

2 A/_/__
15} .
|
= |
= | 1
m
| plotted line of eq. (20)
05 | —— BH-curve of M400-50A | 1
} O intersection point
0 1 ] ]
0 5000 10000 15000 20000
H (A/m)

Fig. 5. Determining the actual flux density and the corresponding field
strength in machine parts (illustration for the stator tooth-tip) for M40050A
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Fig. 6. Estimated rotor design from initial parameterization

CURRENT = 22.1 A
TORQUE = 6.56¢10' Nm
1568 QUADRATIC TRIANGULAR EL?CNTS. 3457 NODES
FLUX BETWEEN CURVES 2.4810™> Wb/m

POWER FACTOR = 0.6662

VOLTAGE = 400.0 V
SUP = 0.0000 CONNECTION: STAR

TIME 60.00 ms

SHADING: FLUX DENSITY DISTRIBUTION

0.00 T 150 T

Fig. 7. Flux density distribution at nominal operating conditions

The design outcomes of the proposed modified analytical
procedure were fed to finite element analysis (FEA)-based
commercial design software Sincenter-MAGNET, verifying
the flux density assumptions of the analytical design
procedure (Fig. 7), giving a reasonable L4/L, ratio of 4.21.

V. CONCLUSION

The procedure and execution scheme of [10] is mainly
standardized for conventional manufacturing techniques
wherein the volumetric parametrization (responsible for
power density) is done using empirical knowledge of
mechanical power constant. The characteristics of any
machine core are intrinsically interdependent, where a
change in one parameter usually affects others. Additive
manufacturing (AM) offers sclective core characteristics
mainly through structural topology optimization, which is
otherwise difficult to attain through conventional
manufacturing techniques (though currently very limited due

to the AM technology’s relative immaturity). Compared to
the usual solid construction, the topology optimization
affects the structural integrity of the printed machine parts,
i.e. the upper limit of tangential stress. A modified
volumetric parameterization is suggested in this article,
where the machine’s mechanical power constant is calculated
from the optimized values of air-gap flux density and linear
current density against the tangential-stress limit of the
subject structural topology.

Next, the scope of the original design procedure addresses
the typical permanent-magnet assisted or field excited
synchronous machines, whereas the rotor design guidelines
are only generalized. This paper suggests the rotor flux
barrier parameterization based on magnetic characteristics of
the core material, which provides flexibility in defining the
operating region of the rotor core on the magnetization curve
of printed material. This point is specifically important given
the current state of the art in additive manufacturing, i.e.
comparatively higher iron losses than the conventionally
produced cores.

This submission is an initial step in the effort to develop a
systematic  design  procedure, flexible enough to
accommodate continuously evolving state-of-the-art at any
stage of technological maturity in AM. The implemented
algorithm is intended to provide a basis to build upon and
develop the design scheme further in a scientific manner (to
account for the offered prospects of AM such as performance
parameter enhancements through the introduction of
geometrical asymmetries and also the effect of structural
topologies on the electromagnetic parameters of the
machine). Regarding the synchronous reluctance machine in
specific, the future work also includes the analytical
calculation of d and g-axis inductances (main performance
parameter) without having to utilize the resource and time-
consuming numerical techniques such as FEA. A reliable
standalone analytical model would also contribute towards a
fast design iteration tool which is very important in achieving
the possibility of mass-personalized production of electrical
machines.
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1 | INTRODUCTION

| Ants Kallaste | Bilal Asad | Toomas Vaimann

Abstract

This paper presents an analytical modelling technique based on modified winding
function and co-energy analysis, for characterisation of synchronous reluctance machines,
in conjunction with a hybrid algotithm for mapping of the machine's operating point on
BH curve and the corresponding performance parameters in non-linear magnetic con-
dition. The model successfully provides the mean torque and the torque profiles of a
synchronous reluctance motor as a function of input current and load-angle in the
magnetic linear and non-linear conditions. The obtained results of this proposed model
are compared with finite-element-analysis (FEA) based commercial design software
Simcentre-MAGNET. The comparison proves this model's capability to estimate the
machine's performance parameters with considerable accuracy from an already estab-
lished design analysis technique, FEA. The proposed modelling technique requires only a
fraction of simulation runtime when compared to other design analysis techniques.
Considering the accuracy of this modelling technique and the least requirement of
computation resources and simulation time, this model can be used as an initial iterative-
design tool for mass personalised, additively manufactured electrical machines where
rapidness of the iterative design analysis tool is of paramount importance.

KEYWORDS

AC motors, mathematical analysis, non-linear estimation, synchronous machines, synchronous motors

Conventional manufacturing processes impose limitations
on the realization of the geometrical structures, which are

The synchronous reluctance motor (SynRM) utilises variation
in the reluctance of the magnetic path for electromagnetic
energy conversion. Being a singly excited machine with high
torque density [1, 2], high-speed applicability [3, 4] fault
tolerance [5, 6], and fast response features [7, 8], makes it a
promising alternative for induction as well as permanent
magnet machines [9, 10], specifically for small to medium
applications  [11-13]. The relatively less
involvement of multi-material in its fabrication and the

scale traction
absence of rotor windings or rotor cage results in lack of
copper losses, improving its efficiency and making the
fabrication process simple and economical compared with
other kinds of machines [14].

otherwise necessary for optimised performance parameters.
Additive manufacturing (AM), having the capability to do so,
has recently attracted the attention of various researchers and
industries towards its employment in electrical machine fabri-
cation [15, 16]. With AM, optimised, enhanced and mass
personalised performance parameters can be obtained. To
adequately support the process, specific design analysis tools
giving a rapid and accurate estimation of machine performance
parameters are needed to be developed for the initial iterative
design procedure.

The performance evaluation of any electrical machine at
the carliest phase of its design process is of paramount
importance to avoid any intolerable outcomes resulting in

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited.
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reiteration of the whole process at an advanced stage. This
evaluation can be done via measurements [17], analytical
[18, 19] or numerical modelling techniques [20-22]. Per-
forming practical measurements is time and resource-
consuming for the initial design process and therefore not
feasible. The finite-element-analysis (FEA)-based analysis
gives accurate results, but it is also time-consuming, with
simulation time rising exponentially when used iteratively
for design variation analysis to optimise performance
parameters.

Several methodologies have been proposed in the literature
to define and optimise the rotor's initial geometrical parame-
ters, such as number, location, and width of flux barriers. For
example, the strategy often used, as illustrated in [23-20],
selecting the number of rotor flux barriers as a function of
stator slots and number of pole pairs yields the torque ripple
within an acceptable limit. However, such guidelines are only
generalized and do not provide insight towards the detailed
output characteristics such as the torque profile of the ma-
chine. Numerical analysis techniques are essentially required at
some later stage of the design process for improved estimation
of the machine's operating characteristics [27]. But a rapid and
highly accurate analytical model provides a better starting point
for the optimization problem, resulting in less computational
power and time required.

In [28], conformal mapping has been utilised to predict
air-gap flux density and average torque of the machine with
high accuracy. Still, it lacks in accurately estimating the torque
profile of the machine. Winding function analysis (WFA) is
relatively simple to implement in determining an electrical
machine's magnetising inductances and performance param-
cters for steady-state and transient analyses [29]. However,
while WFA-based papers mainly consider the air-gap
throughout the machine periphery, a constant or approxi-
mated by cosine series functions [30], the modified winding
function analysis (MWFA) considers the slot openings in the
stator and the physical rotor geometry [31]. This essentially
makes the air-gap a function of stator and rotor position.
Various authors have implemented this approach on electrical
machines [18, 32, 33], and the comparison of the winding
function approach with FEA [34, 35] shows considerable
agreement between results with the added advantage of
simplicity and rapidness in the calculation procedure. As
illustrated in the works mentioned ecatlier, the winding
function approach is generally used for determining the
average parameters of a machine with considerable accuracy
in the linear magnetic condition. When considering the non-
linear magnetic permeability of the material, deviation from
practical measurements and FEA results occurs [18]. This
paper proposes a strategy to include the effect of magnetic
non-linearity of the material towards the machine's perfor-
mance parameters, with the improved estimation of torque
profile through stepped mapping of air-gap function. In
addition, the effect of multilayer winding on resultant pole
formation in the machine is also described.

In this paper, an analytical model for the characterisation
of a transversally laminated anisotropic (TLA) rotor is

developed and implemented on a previously designed
SynRM. The machine inductances and electromagnetic tor-
que (7Te) have been estimated for vatious input cutrents up
to the rated value. Further, magnetic non-linearity has been
included in estimating electromagnetic torque. The results of
this analytical model have been compared with FEA for
validation purposes. The results also show considerable
agreement for various input currents and magnetic materials.
This model can also be used for design variation analysis, as
showcased in section-4.

In summary, the main contribution that this paper offers
are:

Simplistic and rapid procedure to obtain the machine's
performance parameters through analytical modelling.
Description of the analytical approach to include the effect

of the layered stator winding on resultant pole formation.
® Precise estimation of torque profile from detailed mapping
of air-gap and the rotor flux-barrier transitions.

® Defining the machine's operating zone on the BH-curve
(curve characteristic of the magnetic properties) of the core
material.

°

Inclusion of the effect caused by the non-linear magnetic
permeability of the core material on the performance
parameters of the machine.

® The enormous reduction in simulation time (15 s) compared
with the commercial FEA-based software (approximately
100 h) for similar value of temporal resolution for
calculations.

The paper is organised such that Section 2 describes the
modelling procedure starting from inductance to the electro-
magnetic torque calculation. Section-3 presents the hybrid al-
gorithm to determine the machine's operating zone on the BH
curve. Section-4 presents the results of the modelling pro-
cedure and their validation by comparison from FEA-based
results. The proposed model's ability to reflect the design
variation towards the performance parameters is also presented
briefly in section-4. The conclusions are provided in section-5.

2 | ANALYTICAL MODELING
PROCEDURE

The analytical model presented in this paper can be used
for iterative design analysis of TLA SynRMs, to obtain the
preliminary design parameters. These iterations can serve as
a predesign tool for FEA, minimising the time and
resources required for the overall design procedure. The
proposed modelling and analysis procedure, MWFA, pre-
sented in this paper has previously been used for charac-
terisation, fault and harmonic analysis of different electrical
machines [32, 33, 36, 37]. However, in addition to the
inclusion of the actual air-gap function, this model in-
corporates the non-linearity in magnetic properties of the
material to precisely predict the output torque characteris-
tics of the machine.
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This section presents the approach to calculate the ma-
chine's winding function, air-gap function, inductances, and
clectromagnetic torque. The approach is implemented on a
predesigned SynRM [38], the main design parameters of which
are presented in Figure 1 and Table 1.

The main performance parameter, that is, electromagnetic
torque for SynRM with a TLA-rotor, is calculated using the co-
energy analysis at different angular positions of the rotor and
the respective input current. In an electromagnetic system, co-
energy and torque are the functions of two independent vari-
ables, that is, inductance (L) and curtent (/), whereas L is the
function of rotor position €. The electromagnetic torque is
given by

7.2 | S o m

where [/] is the input current matrix, p is the number of pole
pairs, and dL(0)/30 is the inductance matrix derivative at the
respective rotor angular position €. The load angle 6 is intro-
duced towards the input current in the form of following
equations:

ka Sin(wt + 5)
. 2
I— L Sm(a)t—?«kﬁ) @)

2
L Sin (wt +5+ 5)

This proposed modelling technique comprises the execu-
tion of two subsections in sequential order. First, the in-
ductances at each rotor position of 360° mechanical rotation
are calculated and stored in the offline section. Subsequently,
electromagnetic torque is calculated in the online portion for
the desired input current and loading angle, 6. The detailed
steps for the modelling procedure are described in the
following subsections.

2.1 | Inductance calculation

Through the modified winding function approach, the self

and mutual inductances can be calculated in the following
manner [39].

Ly(0) = MJZZZP(&ﬁ)-Nx(&ﬁ)-ny(Qﬂ)-dﬁ 3)

For simplification of the calculation procedure, the inte-
gration in this equation can be replaced with mean value
function [32].

ny(G) = 27””}'0[(1)(07 ﬂ)Nx(Gv ﬂ)ny(67ﬂ)> (4)

FIGURE 1 Machine geometry: (a) 2D-layout of stator and rotor,
(b) rotor flux-barrier dimensions, (c) stator slot dimensions

TABLE 1 Machine parameters

Parameters Value
Rated power 13426 VA
Rated current 203 A
Current angle for MTPA 67.5° elec.
Stator inner diameter 135.95 mm
Rotor outer diameter 135 mm
Air-gap length 0.95 mm
Stack length 200 mm
Number of poles 04
Number of stator slots 36

Core material M400-50A

Number of winding turns per slot 23
Number of winding layers 02

HO 5 mm
HO1 1 mm
H1 20 mm
H11 0.85 mm
H13 14.3 mm
BO1 2.5 mm
B02 4 mm
B0O3 5 mm
B11 3 mm
B12 5.85 mm
B13 8.5 mm

Abbreviation: MTPA, maximum torque per ampere.

where 7, P(0, ), N.(0,p), n,(0,) are the rotor's outer
radius, air-gap permeance function and stator winding and turn
functions, respectively. All of these are the functions of stator
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and rotor relative position, with f# being the stator angle from a
fixed reference point and @ is the rotot's relative position in
stator frame of reference.

2.1.1 | Turn function and winding function

The winding function, N(0), for the stator winding is
defined by

(5)

N = (o) - )

P)

where Ny, 7, and (P) are the winding function, turn function
and mean air-gap permeance. The machine under consider-
ation has a double layer winding. The per-layer turn function
for the phase-A winding is shown in Figure 2a. For each layer,
a stator slot houses 23 numbers of winding turns. In order to
get a better sinusoidal flux distribution, the winding layers are
shifted relative to each other. The shift of one layer relative to
the other yields a shift in magnetic axis of the resultant pole
formation. This shift in the magnetic axis of stator poles can be
calculated by Equations (6) and (7)

On
05 = (E) NZ-NSS (6)

0.
p

where s, 0,,, N5, N; and Ngs are the amount of shift in
magnetic axis, number of degrees for one complete rota-
tion, number of stator slots, number of winding layers and
the relative shift among the two layers (in terms of stator
slots). The shift in magnetic axis can be simulated virtually
by adding the individual winding functions of the layers
and introducing a phase shift equivalent to € in the ma-
chine's total winding function. The direction of phase shift
is governed by the direction of overlap between the
windings.

The resultant per-phase winding function of the machine
under consideration is shown in Figure 2b. For a three-phase
machine, the turn function and corresponding winding func-
tion for each phase are similar in shape but are displaced 120°
apart. The net winding function of all phases is shown in
Figure 3.

2.1.2 | Air-gap permeance function

The air-gap of the machine is divided into two parts, that is,
one patt is associated with the stator and the other associated
with the rotor. The average air-gap thickness is given by

Vis — Yor

8wg = 5 (8)
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FIGURE 2 Phase-A: (a) pet-layer turn function, (b) net winding
function
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FIGURE 3 Winding function of the three-phase stator

where 7; and 7, are the inner radius of the stator and outer
radius of the rotor, respectively. The air-gaps associated with
stator and rotor are measured from a reference line marked at
the centre of the air-gap that is, Baver The air-gap associated
with the stator g (6), incorporating the stator slot opening, is
defined by stator geometry and is a function of rotor me-
chanical angle () given by

& By <0<Bj+ By
s@={5" . otien ©)

where H,y, By and By, are the length of the empty portion
from the stator slot, the width of stator slot opening and stator
tooth-tip, respectively. The machine's geometry is illustrated in
Figure 1.

The rotor of the machine under consideration is smooth-
surfaced, as shown in Figure la. Since the rotor has a uni-
form surface and no winding, neither would it affect the air gap
physically nor have any specific winding function. The air-gap
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associated with the rotor g,(f) has a uniform thickness of ave
throughout the rotor perimeter.
The air-gap permeance function is calculated by

1

POS = @+ 50D

(10)

The stator and rotor associated air-gaps as a function of
rotor angle @ are illustrated in Figure 4.

2.1.3 | Rotor flux-barrier translation

The principle of SynRM operation relies upon the insertion of
flux barriers in the rotor body to create a difference of reluctance
in the d-axis and g-axis flux paths. The reluctance of the magnetic
path is directly proportional to path length and inversely pro-
portional to the area. Since the insertion of flux barriers in the
rotor body affects the availability of area for flux transmission
and the flux barriers have low permeability than the rotor body,
the magnetic path reluctance increases. This increased path
reluctance can subsequently be translated towards the rotor
associated air-gap in the form of increased air gap length.

The rotor is divided into individual sections corresponding
to each flux bartier. The ratio of surface areas for each section,
with and without flux barriers, gives the equivalent increase in
the associated air-gap length. Equation (11) presented in the
investigation [18] mainly governs this translation of flux

@l o

where [y, Ly, Ay and A, are the equivalent air-gap length for
flux barrier, the actual air-gap length, area of the subsection
without the flux barrier and the area of subsection with the flux
barrier. In [18], the transition between flux barriers is repre-
sented linearly through a straight line. A slight modification to
this equation and the detailed/step-wise mapping of transition

barriers.

between flux barriers yield a better mapping of the torque
profile. The proposed modification in the equation mentioned
above is that the rotor bridges, as indicated in Figure 5, are also
incorporated.

Compared to Equation (11), the effective surface area with
the flux-barrier increases by a factor proportional to the width
of the bridge between flux barriers. In terms of rotor geometry
presented in Figure 1, this bridge width is given as BO1. The
updated equation is

Iy = Km> - 1] Lag (12)

where Agg is the equivalent surface area of the bridge, and
since this surface area bridges two individual flux paths, the
value of k, in this case, is chosen to be 1/2. The air-gap
function for rotor flux-batrier translation by the earlier and

x1073
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FIGURE 4 Stator and rotor associated air-gap function

FIGURE 5 Flux path in rotor bridges
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FIGURE 6 Rotor flux-barrier translation towards air-gap function
(a) earlier approach Equation (11) with a linear transition between flux-
barriers, (b) modified approach Equation (12) with a stepped transition
between flux barriers

proposed approach for one rotor pole is presented in
Figure 6a,b.

A comparison between the torque profiles obtained from
the ecatlier approach, modified approach and FEA based
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between two phases

(a) Self-inductance of one phase, (b) mutual inductance

commercial software SIMCENTRE-MAGNET for the same
operational parameters is provided in Figure 9a,b for illustra-
tion purposes.

The self and mutual inductances for stator phases are
calculated by Equation (4). For illustration purposes, the self-
inductance of phase A and mutual inductance between phase
A and B are presented in Figure 7a,b. The self and mutual
inductance profiles for other phases are similar to those illus-
trated in Figure 7 but displaced 120° apart.

2.2 | Totque calculation

With the inductances calculated for each rotor angle and stored
offline, the electromagnetic torque is calculated using the co-
energy method Equation (1) for various input current levels.
The electromagnetic torque waveform for the machine under
consideration, for peak input currents of 10 and 18 A at
6 = 10° mechanical, is presented in Figure 8. Validation of
these results by comparison with FEA will be presented in
section-4 after including the effect of the material's non-linear
magnetic properties.

3 | SATURATION DUE TO NON-
LINEAR MAGNETIC PERMEABILITY

The current state of the art in MWFA-based characterisation of
SynRM does not include the effect of non-linearity in the
magnetic permeability of the machine's core material. This is
because machine-geometry makes it a complex numerical
problem to determine the machine's operating point on the
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FIGURE 8 Electromagnetic torque waveform for input currents of 10
and 18 A
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FIGURE 9 Torque profile for the same operational parameters
(a) catlier approach Equation (11) with a linear transition between flux-
barriers, (b) modified approach Equation (12) with a stepped transition
between flux barriers

BH curve for any input current value. This proposed model
presents a relatively easy, hybrid procedure to handle this.

In the original derivation of flux linkages and inductance
calculation [39], the magnetomotive force (MMF) drop in
the core is neglected. The material permeability is considered
to be infinite, giving a linear air-gap MMF distribution corre-
sponding to the input current that is,

Fx(0) = Ny(0).ix (13)
The flux linkage A between two phases of winding is given
by
2

Iy = "?Z ] 7o, 0o (14)
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2
Lx),:l.—xy = ”"—rl [ N«(0)n,(6)do (15) @
Ix 0 2
where Equation (15) provides the basis for Equation (3) and E
lays the foundation for the MWFA approach. M .

Owing to the non-linear nature of material permeability, 0.5 ! T s e w0 a0z |
the air-gap MMF distribution and the resultant winding in- obe=.l : : :
ductances become a non-linear function of the input current. 0 0.5 1 L5 2
This non-linearity of phase inductances, with respect to the H (A/m) x10°
input current, is introduced in the form of a permeability (b) 107
factor k, in Equation (13-15). The value of &, varies from 0 to 8 A — v . 1
1, in accordance with material permeability, essentially reducing — 1 8
the air-gap MMF and hence the inductance. The value of &, ?6 | 6 1
varies non-linearly according to relative permeability, depend- = 4
ing upon the machine's operating point. g4 ==, RN

g I ’ 0 500 1000 1500 2000 2500 |

Fo(®@) = kp. N ()., (16) 82 u
Lo=" — b, BTN (0)n,0)d0 17 "o 05 ! 13 2
xy*: = p?{ x( )ﬂy( ) ( ) H(A/m) ><105
PinT Gl FIGURE 10 (a) BH curve, (b) permeability curve for M400-50A
.=k 2| o) (19)

To estimate the machine's operating point on the BH
k, = \/5;171074 (19) curve, a sweep for different values of A, defined by Equa-

The machine being analysed in this paper is made of M400-
50A. The relative permeability for this material rises from zero
to a maximum of 64,868.9. Putting this in the empirical rela-
tion of Equation (19) gives 0 < {k, = v/2 (6468.9) 10+ =
0.91} < 1, as also illustrated in Figure 11 of the next section.

3.1 | Determination of the Machine's
operating point

The derivative of the material's BH curve gives permeability
(n) and, when plotted versus H (magnetic field intensity),
provides the permeability curve. The BH and permeability
curves for M400-50A material are presented in Figure 10a,b,
respectively. Determination of the machine's operating point
relies on estimating the magnetic field intensity () produced
in the air-gap by the respective input current. The generic
formulation to calculate H is given by

where N, I and/ are the number of turns in a coil, input
current of the coil and mean length of the magnetic path. In
the case of an electrical machine, for a fixed given geometry
and circuit parameters, other factors in Equation (20) remain
constant, and H is proportional to the input current that is,

H I (21)

tion (22), is made on the BH or permeability curve.
H=AI (22)

where A controls the proportionality of H relative to the input
curtent /, on the BH cutve, as illustrated in Figure 11. The
corresponding permeability value is used in Equation (19) to
determine the permeability factor. The value of A is calculated
iteratively through a hybrid algorithm presented in Figure 12.
The reference or benchmark value of torque is obtained from
FEA for a half cycle of the rated input current. The value of &
decides the error limit or accuracy of mapping,

The mapping procedure progresses such that for a speci-
fied value of the input current, the benchmark electromagnetic
torque is calculated from FEA for almost a half cycle of the
input current. For the same value of the input current,
changing the value of A (in an iterative manner) changes the
value of k, and in turn, the value of electromagnetic torque is
calculated by the analytical model. This analytical value is
compared with the benchmark value against an error limit of
e. The value of € is chosen according to the required accuracy
of mapping;

Figure 11a—d shows the iterative procedure, B versus H for
various values of A for the same input current range of 0-25 A,
as an illustration. Once the required precision of mapping is
achieved for a specific input current value, the respective value
of Ais fixed, and now, the operating zone of the machine on the
BH curve can easily be estimated. For the complete input cur-
rent range of the machine, /7 is calculated from Equation (22)
and the corresponding values of p, are stored in 3D-lookup
tables. In the online portion of the simulation, for each value
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FIGURE 11 (a) BH curve mapping against input current for
b)A=5(c)A=10,(d)A=20

of the input current, the corresponding p, is obtained from the
3D-lookup table, the value of &, is calculated and the corrected
value of torque is calculated from Equation (18).

4 | RESULTS AND VALIDATION OF
THE ANALYTICAL MODEL

Upon executing this mapping procedure for the machine un-
der consideration, the optimised value of A is found out to be
13.5. The corresponding operating zone on the BH curve, its

electromagnetic torque T,

Te—Analytical - Te —FEA

FIGURE 12 Block-diagram of the iterative procedure for
determination of the machine's operating point on the BH curve and
subsequent calculation of saturation factor /ep as a function of the input

current

associated permeability curve and the value of &, for an input
current range of 0-25 A is shown in Figure 13. The 0-25 A
input current range, though exceeding the rated current, that is,
20.3 A, is selected to test the model's ability to predict the
performance parameters in overload conditions.

Air-gap MMF distribution for input currents of 10 and
15 Ay, at the load angle § = 10° mechanical (with and without
modulation by respective k) are presented in Figure 14ab
while the associated torque waveforms compared to the FEA
results are shown in Figure 15a,b.

Figure 16 shows the comparison between the mean torque
calculated by FEA and the proposed analytical model without
including non-lineatity in material permeability. For the linear
magnetic condition, when plotted against the input current, the
mean values of torque show a parabolic behaviour due to the
squared value of / in Equation (1). Whereas, after the inclusion
of magnetic non-linearity as in Equation (18), the obtained
results shown in Figure 17a are within agreeable limits of the
FEA results. For the validation purpose of this modelling
technique, the comparison of mean torque calculated by this
analytical procedure and FEA for different core materials is
presented in Figures 17b,c.

4.1 | Validation of the modelling technique
through frequency spectrum analysis

The proposed analytical model is a current-fed model which
estimates the machine's performance characteristics in steady-
state, utilised in the initial design stage. In FEA based
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FIGURE 13

Operating zone of the machine under consideration on

(a) BH curve, (b) permeability curve, (c) value of K}, versus input current
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FIGURE 15 Torque waveform comparison with finite-element-
analysis results, § = 10° mechanical (a) 10 A, (b) 15 A
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FIGURE 16 Comparison of mean torque calculation by the analytical
model without the inclusion of non-linearity in magnetic permeability and
finite-element-analysis (FEA)

simulations, it is possible to current-feed the machine to get
the steady-state torque profile compared with the analytical
model (done in the previous section). Whereas in practical
measurements, the machine is in-fact voltage-fed, and the
performance characteristics also involve transient characteris-
tics. Frequency spectrum analysis comes in handy to validate
the analytical model against the experimental results. A
reasonable agreement and presence of significant frequency
components in both cases, analytical and practical, validate the
modelling technique. The SynRM under test can be fed
through the grid or a converter for practical measurements.
For the grid fed SynRM, relatively fewer harmonics will be
introduced into the machine's performance characteristics. But,
the steady-state operation of the machine would not be
possible since no control mechanism is in place. The machine
will be subjected majorly to the transient state of operation
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FIGURE 17 Comparison of mean torque calculation by the proposed
analytical model (under non-linear magnetic condition) and finite-
clement-analysis (FEA) for different materials: (a) M400-50A, (b) 36F185,
(c) M235-35A

due to speed and torque fluctuations. For the converter-fed
SynRM, the control over the machine's torque-speed charac-
teristics would be better, and the machine can be run in a
steady state. But in that case, the converter's switching har-
monics will be introduced into the machine performance
characteristics. For this paper's aimed scope, to avoid the
converter fed harmonics, the SynRM under test is fed through
the grid, and a frequency spectrum compatison between
practical results of the torque profile from grid-fed SynRM and
the analytical model is presented for validation purposes.
The SynRM is fed from the grid, coupled through a
torque-speed sensor (NCTE $4000-250-1), with an induction
motor (IM) acting as a load. The loading IM is run through an
industrial inverter (ABB ACS-600) in direct-torque-control
(DTC) mode. The same loading motor is initially utilised to
bring the SynRM-shaft necar synchronous speed before
switching the grid supply. Figures 18a,b present the compari-
son of the frequency spectrum. The harmonics visible in the
spectrum are caused by various reasons but are mainly due to
the stepped configuration of winding distribution, the stator

slot openings and flux barrier transitions in the rotor etc. These
harmonics are also indicative of speed and torque ripples.
The slight deviation between the frequency spectrum of the
analytical model and practical measurements is due to the
presence of additional grid and load-side inverter-fed har-
monics. that is, Figure 18a presents the comparison of the
analytical model with the practical measurement when the
load-side inverter is switched off whereas, Figure 18b presents
the spectrum comparison when the load-side inverter is
switched on. The inverter harmonics get imposed on the toque
waveform even at minor load imposition. Another factor
responsible for deviation from practical measurements is that
the machine is modelled in two dimensions in the proposed
modelling scheme. A successive approximation of the third
dimension is made to get the overall performance character-
istics. As evident from Figure 18a, the main harmonic com-
ponents from practical measurements are present and in good
agreement with the frequency spectrum of the proposed
analytical model.

The ultimate goal of this article is to formulate a simple
and fast analytical model for the initial design characterisation
of SynRM. This analytical model, requiring less computing
power and time, can be utilised effectively for the initial design
iteration procedure necessary for the AM process. To deter-
mine the accuracy and applicability of the proposed model
against other design characterising numerical techniques, a
comparison of this model with an FEA-based solution is made.
The obtained results for different input current levels and load
angle & are presented in Figure 19a,b. The results of this
proposed model and FEA are shown for different load angle
values in each plot.

Comparing the results of two different methods for each
value of the input current shows that the proposed model has
an acceptable agreement with the established design charac-
terisation method of FEA. Compared to other analytical
analysis techniques, these results show a better mapping of
torque profiles with only a slight deviation at the peak points.
This deviation can be designated to the presence of localised
saturations happening in complex structures of the machine's
body, as evident from the FEA-based flux distribution shown
in Figure 5. The deviation in torque profile is also partly owed
to the low temporal resolution of FEA results as the higher
temporal resolution results in an exponential increase of
simulation time.

4.2 | Design parameter analysis

This analytical model's ability to reflect the effect of various
design parameters on the output performance parameters is
shown in this section. This model can handle the machine
design's major parameters, such as the number of stator slots,
turns per slot, the effect of layered winding, stator-teeth pa-
rameters, air-gap length, and rotor geometry. From the rotor
perspective, the rotor pole-arc to the pole-pitch ratio (deter-
mined from the end-point location of the biggest flux barrier)
and the width of flux barriers play an important role in

3
%
&
3
e
8
S
¥
i
S
=]

) [eotugea L oL Aq 2L IZ1Z12/6501°01/10p/uwoo Aajia A

suonIpu0y) pue Swa T, 241 238 “[6Z07/40/60] U0 A1e1qrT SuIuQ AofiA “Al

o oA

10] Kreaqry auiu Aofi U0

£
e}
>
2
7
H
i
%
E
2
H
&
g
g
g
3
=
g
=
5
o)
g
£
o
g
2
Z
£
3
g
&



NASEER ET AL. 521
(a) Practical Machine
a1 00 Analytical Model
2
: |
]
= h l‘l‘h | | {
s i ‘ |
= | “““M v WWWW MWW“\"“’“ A e i
107 I I I
0 50 100 150 200 250
Frequency (Hz)
(b) : :
— Practical machine (load-side inverter ON)
— 0L — Practical machine (load-side inverter OFF)
% 10 Analytical Model
3
: b
N P Y | |
g 4 ] IM.JIM \,llhnlilﬂi“ﬂ‘l‘u N l | le “W#th | LTI 1‘“ I Iﬂl Hdhbin il
- r ‘w il W“M |~ Ml’“lv i lh"‘ b WWWW w h J‘ fo ‘M! il W‘ i “‘\MWWM\I binial n i |
1079 : :
0 50 100 150 200 250
Frequency (Hz)
FIGURE 18 Frequency spectrum (0-250 Hz) of the synchronous reluctance motor (SynRM) torque using the proposed analytical model and practical

measurement. (a) with inverter controlling the coupled induction motor (IM), turned OFF, (b) with inverter controlling the coupled IM, turned ON

determining the output performance parameters. Figure 20a,b
show the air-gap function and associated torque profile for two
different values of pole-arc to pole-pitch ratios, with all other
parameters remaining constant at input current of 15 A and
6 = 10°. The results illustrate the effect of the smallest change
in design parameters on the machine performance. Decreasing
the pole-arc increased the mean torque value from 20.5 to
22.6 Nm, and the ripple percentage changed from 33.1% to
36.7%.

As the width of flux bartiers also affects the available area
for d-axis flux, for illustration purposes, the flux barrier width
increase of 1 mm is made in the design of base SynRM having
rotor air-gap function shown in Figure 6. The new air-gap
function is shown in Figure 21a, and its associated torque
profile at input current of 15 A and & = 10° is shown in
Figure 21b. With the increase in flux barrier width and
consequent reduction in available area for d-axis flux, the mean
torque output reduced from 20.5 to 19.6 Nm. The ripple
percentage also changed from 33.18% to 31.4%.

The model can also be modified to predict the stator
parameter variations. Therefore, it is evident that with the
ability of this modelling procedure to meet the application
requirements by a suitable change in design parameters, it can
serve as an initial design tool.

As with the model presented in [18], the measurements
made for low currents showed a symmetrical behaviour to the
FEA based results and practical measurements. However, the
authors reported deviation from symmetrical behaviour at
higher input currents, that is, the proximity of rated input
current levels. This deviation is mainly owed to the saturation
of the ferromagnetic core. The proposed model of this paper

addresses this deficiency to a large extent by including the
effect of material permeability on the machine performance
parameters. The accuracy in obtaining the torque profiles is
also greatly enhanced from detailed mapping of stator air-gap
and the transition between rotor flux barriers.

The effect of localised saturation should be included in this
analytical model to precisely predict the torque profiles.
However, for the objective of this paper, the obtained accuracy
is reasonable. This proposed model can be utilised for exam-
ining the effect of various design parameters such as stator
geometry, stator winding parameters, the physical geometry of
the rotor and flux batriers on the TLA-rotor SynRM's per-
formance, as shown previously. Hence it is a relatively simple,
fast and accurate tool for the initial design parameter iterations.
The comparison of simulation runtime for both FEA and
Analytical procedures is presented in Table 2.

5 | CONCLUSION

The MWFA based analytical modelling of SynRM was pre-
sented in this paper, which utilises the simple electromagnetic
coupling equations. By implementing the MWFA approach,
instead of considering the constant air-gap or by representing
it with cosine function, the air gap function was obtained
from detailed mapping of actual rotor and stator geometry.
The effect of rotor flux-barrier translation towards the rotor
associated air-gap was improved by including the effect of
rotor bridges. This, in conjunction with the stepped transition
between individual flux-barriers, produced a better mapping
when compared to FEA results

profile

of torque

3
%
&
3
e
8
S
¥
i
S
=]

onIpu0)) pue SWIaT, 241 238 “[6Z07/40/60] U0 A1eIqUT SUIUQ Ao[tA “ANSISAUN [eOrugERL WL Aq TL1T1-Z[R/6501°01/10p/wOd K[t A:

o oA

10] Kreaqry auiu Aofi U0

g
"
E
g
E
H
a
=
g
=
3
A
g
z
5
Q
g
£
o
g
E
2
g
=
5
&
%



522 |

NASEER ET AL.

(a) :

0° FEA

20 ———0° Analytical | |
10° FEA

18 10° Analytical |

Torque (Nm)

0 30 60 90 120 150 180
Rotor Angle (electrical degrees)

(b)

45 T T T T T
0° FEA

40 b 0° Analytical |
10° FEA

35 10° Analytic i

30
25

20

Torque (Nm)

0 30 60 920 120 150 180
Rotor Angle (electrical degrees)

FIGURE 19 Torque profile for different load angles &: (a) 10 A,
(b) 18 A

demonstrated in the last section of this paper. The influence
of material permeability as a function of input current on the
air-gap flux and resultantly on machine inductances and
clectromagnetic torque was introduced as a multiplier in the
torque equation. This effectively mapped the machine oper-
ation in the magnetic non-linear region.
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FIGURE 20 (a) Air-gap function for design variation in pole arc
(b) associated torque profile for the respective design variation
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FIGURE 21 (a) Air-gap function for design variation in flux-barrier

width (b) associated torque profile for the respective design vatiation

The implementation strategy of the proposed model was
such that the calculation of turn and winding functions, air-
gap permeance function and resultant inductances for each
rotor position (from 0 to 2m mechanical degrees) was done
by running an offline MATLAB-script. The calculated values
of inductances were stored in 3D-lookup tables as a function
of rotor position. The torque calculation was made in the
online environment of SIMULINK-MATLAB, where the
respective change in the lookup table index was made to
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TABLE 2 Simulation runtime comparison for same temporal resolution and machine runtime (4 s), FEA versus analytical

Type of modelling Simulation runtime

Analytical Tuning via hybrid FEA-Analytical procedure (one-time procedure) 15-20 min
Each subsequent iteration 15s
FEA Per-iteration Approx. 100 h

Abbreviation: FEA, finite element analysis.

calculate the performance parameters for each rotor position,
The procedure outlined in this paper is intended to shift the
majority of initial design-iteration related computational-load
from FEA to the analytical method by yielding information
about the air-gap MMFE, torque profiles, effect of design
variation on output performance parameters and in the
meantime, also considering the global saturation of core
material. This gives less time and computational effort for
the initial iteration intensive design process and a better
starting point for the FEA-based design iteration stage.
Utilising only FEA for these iterations takes enormous time
and computational resources. The current state of the art in
WFA of SynRM lacks the mapping of machine behaviour in
the non-linear magnetic condition, which is usually near rated
current and is very important for design considerations. This
model presents a hybrid procedute to tackle this issue, where
initial involvement of FEA takes place only for tuning pur-
poses, usually taking 20 min. After the said tuning, the model
works stand-alone in all the operating zones of the machine;
magnetic-linear as well as non-linear magnetic conditions.
Once the model is tuned, it does simulate any temporal
resolution of the machine's performance parameters in mere
seconds. In iteration intensive procedures, this is very
important where each FEA-based iteration takes hours to
simulate even a few seconds of machine performance. Uti-
lising this procedure would take a considerable load off from
the FEA-dependent initial design iterations.

The electromagnetic torque estimated by the simulation of
the proposed model was compared with FEA-based results.
The FEA-based simulation was done in Simcentre-MAGNET,
a commercial design analysis software by Siemens Digital In-
dustries. The comparison, along with the frequency spectrum
analysis, shows reasonable accuracy of the proposed model in
terms of torque profile and the mean-torque value for most of
the input current range. The slight deviation in results obtained
from this model versus FEA and practical machine results is
because, at the present stage, the analytical model considers the
estimated geometry and hence only considers the effect of
global saturation. Even so, the comparison of results obtained
from this analytical model with FEA demonstrates its appli-
cability as a design and analysis tool. For prospects in this line
of research, the model's accuracy can further be improved by
incorporating the localised saturations happening in various
machine parts such as stator teeth etc., through suitable air-gap
modulation. As discussed eatlier, while presenting the fre-
quency spectrum analysis, this model estimates the steady state
performance parameters. Modifying this model's online
portion and the transformation of calculated inductances to

the d-q plane offers the possibility of yielding the dynamic
torque. This, in turn, can be employed to perform transient
analyses for machine diagnostic, condition monitoring and
control applications such as maximum torque per ampere
vector control strategy.
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Modified Winding Function Analysis of Synchronous Reluctance
Motor for Design Iteration Purposes
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This article proposes a hybrid analytical modeling procedure for the performance parameter estimation of synchronous reluctance
machine, including its operation in the region of magnetic saturation. The proposed model better estimated the torque profile
through improved translation and stepped transition of rotor flux barriers. The non-linear operation is simulated by considering
the global saturation and estimating the machine’s operating point on the magnetization curve of the core material. The procedure
formulation focuses on improving the accuracy and rapidness of the iterative design process. The obtained results are validated
against an already established design analysis technique, finite-element analysis, and the frequency spectrum analysis of practical
machine results. With the improved accuracy and the least requirement of simulation runtime and computational resources, the
modeling procedure can be utilized as an initial design iteration tool.

Index Terms— AC machines, analytical models, electromagnetic modeling, rotating machines, rotor, stator, torque measurement.

I. INTRODUCTION

HE synchronous reluctance motor (SynRM), having high

torque density, fault tolerance, and fast response fea-
tures, has widespread industrial use, particularly in traction
applications [1], [2]. Relatively least usage of multi-material
fabrication and the absence of permanent magnets lower its
manufacturing and maintenance costs. An accurate design
analysis procedure is essential to design the machine reliably
according to the application requirements. The machine’s
performance parameters can be evaluated using prototyping,
analytical modeling techniques [3], and finite-element analysis
(FEA) [4]. Like every other machine, the design process
of SynRMs is usually iterative and requires the analysis of
machine output parameters at every stage. A rapid and accurate
design iteration tool is paramount for the production processes
aimed at mass-personalized production. To adequately sup-
port the iteration-intensive design procedures, design analysis
tools having the ability to rapidly and accurately estimate
the performance parameters over the complete range of the
machine’s operation, i.e., in the linear and non-linear region
of magnetic permeability, are required. Failure to yield the
output parameters in the complete operating range necessitates
the employment of FEA at an earlier stage of the design
iterations [5], resulting in a significant requirement of com-
putational resources and simulation runtime.

This article focuses on improving the output parameter
estimation capability of modified winding function analysis
(MWFA)-based analytical modeling technique for transver-
sally laminated-anisotropic (TLA) SynRMs with significantly
reduced simulation time, improved accuracy, and applicability.
The proposed analytical procedure considers the effect of
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the multi-layered short-pitched stator winding, yields accurate
torque profile through improved rotor flux barrier translation,
and estimates the machine’s output performance parameters
over its complete range of operation by mapping its operating
point on the magnetization curve of the core’s material through
a hybrid algorithm. With the machine’s operating point deter-
mined, the torque estimation can be carried out in the mag-
netically saturated region with considerable accuracy. This
hybrid approach is less computation-intensive and requires
less simulation runtime per iteration. Hence, the procedure can
be effectively utilized in the initial design iterations, taking a
significant computational load off the independent FEA-based
design analysis stage.

II. MODELING PROCEDURE

The modeling procedure progresses so that the machine’s
circuit parameters, such as stator-phase inductances as a func-
tion of rotor position, are calculated for one complete rotation
by executing an offline MATLAB script. The performance
parameter estimation is carried out in the online section of
SIMULINK by solving the electromagnetic coupling model.
This mainly involves the estimation of electromagnetic torque
by (1) against the load angle and input current

— Pyl
I.= 31 [M[L(@)]}U] ()]

where [/] is the input current matrix, 0L (#)/06 is the deriv-
ative of the inductance matrix at the corresponding rotor
position @, and p is the number of pole pairs. The load
angle is introduced in the form of phase shift in the input
current waveform. The block diagram for modeling procedure
is presented in Fig. 1.

A. Inductance Calculation

The stator phase inductances are calculated by (2) as a
function of rotor position, where the mean value function is
utilized to simplify the calculation procedure [6]

Liy(0) =27 porl (PO, a) - Nx(0,0) -ny(0,2))  (2)
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Fig. 1. Block diagram for modeling procedure.

wherer, [, P(0,a),n,(0, a), and N, (0, a) are the rotor radius,
machine stack length, permeance function of air gap, stator
turn function, and stator winding function, respectively, 6 is
the rotor relative position in the stator reference frame, and o
is the stator relative position from a stationary reference frame.
The air-gap permeance is given by

PO.&)="; (0)14,0.a) ®

where g,(0) is the stator side air-gap function and g, (0, a) is
the rotor side air-gap function, calculated from an intermediate
reference point of the air gap, i.e., gay. Since the stator
for induction motor and SynRM is similar, the procedure
to define stator air-gap function, stator turn, and winding
function is identical to as described in [6]. The SynRM rotor
houses only the flux barriers, causing a difference between the
rotor’s d- and g-axis path reluctance. The flux barriers can be
interpreted toward the corresponding rotor air-gap function,
with reluctance being a function of magnetic path length. The
analytical procedure to resolve the rotor flux barriers into an
equivalent rotor-associated air-gap length will be discussed
later in the following.

1) Effect of Short-Pitched Layered Stator Winding: In the
machines with multi-layered short-pitched stator winding, for
improved sinusoidal-MMF distribution, the magnetic axis of
the resultant stator pole shifts. For the winding function
analysis of SynRMs, this shift in the stator-pole axis needs
to be considered. Otherwise, this relative shift between the
stator-pole axis and rotor position acts as a load angle. This
shift can be quantified as follows:

0, = (%/p Jnss )

where n;, ng, N, 6., and 6§, are the number of the stator
winding layers, short pitching in terms of the number of
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equivalent air-gap function, (c) earlier approach, and (d) proposed approach.

stator slots, the total number of stator slots, electrical degrees
for one rotation, and the resultant shift in stator-pole axis,
respectively. The change in stator-pole axis is accounted for
by adding the per-layer winding functions and phase shifting
the resultant by 6;.

2) Flux Barrier Translation: Since the reluctance is pro-
portional to the path length, the increased g-axis path reluc-
tance can be translated as an increased air-gap length. The
increase in air-gap length is majorly governed by the relation
presented in [3]. The proposed modification in the equation to
consider the effect of bridges in the rotor flux barriers and the
stepped transition among flux barriers produces an improved
estimation of torque profile. The modified equation for the flux
barrier translation is given as follows:

b= [(Masty agy) = 1]s 5)

where l,5, Arp, A1, Az, and [z, are the actual air-gap length of
the machine, the equivalent surface area of the rotor bridge,
the surface area of the rotor section in the absence of flux
barrier, the reduced surface area of rotor section after the
insertion of the flux barrier, and the effective air-gap length
for the respective flux barrier, respectively. Since each rotor
bridge serves two flux guides, the value of y is set to 1/2. The
equivalent rotor air-gap function by the earlier and proposed
approaches is presented in Fig. 2(c) and (d), respectively. The
associated torque profile estimations and their comparisons
with results obtained from FEA are shown in Fig. 3(c) and (d),
respectively.

3) Effect of Non-Linear Magnetic Permeability: The orig-
inal derivation mentioned in [7], which serves as the basis
for MWFA, considers the MMF drop in the core negligible,
resulting in infinite permeability. This assumption makes the
air-gap MMF linear with regard to the input current, i.e.,

whereas in reality, the material’s magnetic properties are non-
linear, making the air-gap magnetic voltage and inductances

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on April 09,2025 at 14:09:30 UTC from IEEE Xplore. Restrictions apply.
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profile estimation, (c) earlier approach versus FEA, and (d) proposed approach
versus FEA.

non-linear with regard to the input current. A permeability fac-
tor k,, is introduced in (6) to incorporate this behavior. k, is a
function of the material’s relative permeability, and depending
on the machine’s operating point on the magnetization curve,
the corresponding value of relative permeability is used in the
empirical relation (10) to calculate it

2
Ay = “;’l / Fe(0)ny (0)do )
0
)U(v o [ 2
Ly =22 =g, K / Ny (O)n,(0)dO 8)
Ix 8 0
_r Pl @
T, = kp-z[l] |:66,[L('9)]i|[1] )
ky = ~/2u, 107, (10)

4) Machine’s Operating Region on Magnetization Curve:
The main task in determining the machine’s operating point
on the magnetization curve is to estimate the magnetic field
intensity (H) against the value of the stator input current.
The general formula to compute H dictates that for fixed
circuit parameters and geometry, the magnetic field intensity
is proportionate to the input current (/), i.e.,

H=xl (11)

where x (1/m) is a proportionality constant. Fig. 4(b) shows the
process of sweeping (11) on the magnetization curve, for the
machine’s input current range of 0-25 A, against different val-
ues of x. It can be seen that x effectively controls the scaling
of magnetic field intensity (function of input current) on the
magnetization curve. The value of x is optimized iteratively
by executing a hybrid algorithm, as shown in Fig. 4(a). For
the rated input current, the value of x is optimized against
a reference output torque obtained from running FEA-based
calculations for almost a half cycle of rated input current. The
error limit ¢ defines the precision of the mapping procedure.

After carrying out the mapping procedure and with the
value of x optimized, the operating region of the machine

7500704
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on the magnetization curve can be mapped readily, as shown
in Fig. 4(c). Against the value of input current, the corre-
sponding permeability from the magnetization curve can be
obtained and used to calculate k,, ie., with the value of
x fixed, H is calculated from (11) against the whole input
current range of the machine. The corresponding values of
flux density (B) and k, (function of u,) are obtained from
the magnetization/permeability curve and stored in the lookup
table. Fig. 5(a) and (b) shows the values of B and k, for the
whole input current range of the machine under consideration.

B. Torque Calculation

For any input current value, the corresponding k, is
evaluated, and the estimation of torque is carried out by
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executing (9) in the online section of the Simulink. The
torque profile estimation for the pre-designed machine under
consideration [8], against the input current of 15 A ¢ = 10°
mechanical, is presented in Fig. 3(d). This hybrid analytical
approach against FEA and practical tests will be validated in
Section III.

III. RESULTS AND VALIDATION

Upon implementing the described modeling procedure for
a predesigned SynRM and executing the hybrid mapping
procedure, the obtained value for x is set to be 13.5. The
corresponding per-phase winding function, the stator air-
gap function, and the rotor’s equivalent air-gap function
from the earlier and proposed approaches are presented in
Fig. 2(a)—(d), respectively. Stator-phase self-inductance and
mutual inductance as a function of rotor position are presented
in Fig. 3(a) and (b), respectively, with the associated torque
estimation shown in Fig. 3(d). Fig. 5(a) presents the result of
the hybrid mapping procedure, indicating the estimated values
of B in the machine core versus input current.

The torque profile estimation from the proposed hybrid
analytical approach presented in Fig. 3(d) shows considerable
agreement with FEA results. The comparison of mean torque
calculation obtained from analytical and FEA-based modeling
is presented in Fig. 5(c) and (d). The FEA simulation was done
through a commercial design analysis software, Simcenter-
MAGNET by Siemens Digital Industries. The FEA simulation
was done in a manner to simulate the steady-state operation
of the machine making it current fed, with speed of rotation
kept constant at synchronous speed. The load angle variation
was incorporated by introducing a relative shift between the
stator-field magnetic axis and the rotor core. The simulation
step size for analytical and FEA simulation was set equal to
0.1 ms.

Without taking the non-linear magnetic permeability into
account, the results from (1) depict a deviating trend from the
FEA-based results, after approximately half the rated input
current, see Fig. 5(c). While utilizing the hybrid mapping
algorithm and introducing k,, the torque calculation from (9)
yields analogous results compared to FEA, see Fig. 5(d).

The proposed hybrid analytical model is current-fed and
produces steady-state torque estimation at synchronous speed.
The FEA simulations also allow for the current-fed simulation
of the machine characteristics, i.e., performance parameters
in steady-state operation. In contrast, the machine was fed
directly from the grid for practical tests, to avoid inverter-
fed harmonics. Since the tests were performed without any
control algorithm, the steady-state operation was not possi-
ble, necessitating validation through the frequency spectrum
analysis. The frequency spectrum analysis for the proposed
technique and practical measurements is presented in Fig. 6.
The harmonics in both of these spectrums are produced for
several reasons but are primarily due to flux barrier transitions
in the rotor, the stator slot openings, the stepped configuration
of winding distribution, and so on. They also indicate the
presence of torque and speed ripples. The slight deviations
from the proposed model and practical results are also due
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to some additional grid-fed harmonics. As evident from the
presented frequency spectrum comparison, the main harmonic
components from experimental measurements exist and are in
good agreement with the results of the proposed analytical
model.

IV. CONCLUSION

In this article, a hybrid analytical procedure to evaluate
the machine’s output performance parameters in the regions
of non-linear magnetic permeability is proposed, which is
usually near rated current and is vital for design purposes.
FEA was involved initially for tuning purposes, only taking
20 min. Afterward, the model worked independently in all the
operating regions of the machine and simulated any amount of
machine runtime in mere seconds. This reduction of simulation
runtime per iteration is significant compared to FEA-based
models taking multiple hours per iteration.

The analytical modeling procedure was modified to accom-
modate the multi-layer, short-pitched stator winding. The
torque profile estimation was also improved through an
improved rotor flux barrier translation and a stepped transition
scheme among the individual flux barriers. Considering the
accuracy and rapidness of this modeling procedure, it can
potentially be utilized as an effective initial design analysis
and iteration tool.
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ABSTRACT A discrete winding function analysis (DWFA) based approach for the modelling of skewed
rotor cage-type induction motor with minimal simulation time is presented in this paper. The rotor slot
skew has a significant attenuating impact on principal slotting harmonics (PSH) or rotor slotting harmonics
(RSH). These harmonics can play a significant role in sensor-less speed estimation and condition monitoring
of induction machines. The advanced fault diagnostic algorithms are becoming increasingly dependent on
the fast and accurate mathematical models of electrical machines. The most accurate models are based
on the finite element method (FEM), but the computational complexity and the required simulation time
make them unsuitable for model-dependent fault diagnostic algorithms. Moreover, as most models are 2D,
they cannot incorporate axial asymmetries such as rotor slot skews. Furthermore, most analytical models,
such as modified winding function analysis (MWFA), depend upon the continuous integration functions,
increasing complexity while implementing them in the online environment in digital signal processing
boards. To resolve all those issues, DWFA based model is proposed in this paper, which can simulate the
majority of the faults in negligible time compared to the corresponding FEM models. The impact of slot
skews and unbalanced power supply on the current spatial harmonics is studied, and the results are compared
with the practical measurements taken from the laboratory setup.

INDEX TERMS Analytical models, discrete-time systems, condition monitoring, electrical machines,
electromagnetic modeling, fault diagnosis, induction motors.

I. INTRODUCTION

The role of induction machines in modern-day society is
indispensable because of their simple and rugged structure,
low cost, easy maintenance and reliability. Their dominant

The associate editor coordinating the review of this manuscript and

approving it for publication was Dazhong Ma
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and frequent use increases the importance of their mathemat-
ical models not only for design and control but also for their
condition monitoring. As the faults in electrical machines
are degenerative, their detection at the embryonic stage is
of crucial importance to avoid any catastrophic situation.
Varieties of very mature diagnostic algorithms, which do not
depend upon the model of the system, are available in the
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literature. However, with the increasing trend of industrial
inverters, conventional diagnostic algorithms such as MCSA
do not remain straightforward. Moreover, those techniques
may also vary according to the motor working environment.
The common diagnostic techniques that do not depend upon
the motor model are MCSA, thermal analysis, acoustic anal-
ysis, stray flux monitoring, partial discharge analysis, air gap
flux monitoring etc. [1].

The conventional diagnostic techniques related prob-
lems can be avoided by using advanced model-dependent
condition monitoring techniques. The reliable model-based
diagnostic algorithms depend upon the accurate and fast
mathematical models of induction motors. These models
can be used for the fault identification and severity estima-
tion [2], [3], for the training of multi-agent systems [4], for
the development of vector classifiers [5, for the comparison
of fault indexes [6], for online parameters estimation [7], [8],
and motor drives [9, etc. Among several model-dependent
condition monitoring techniques, the artificial intelligence
(AI) based fault diagnostic techniques are gaining height-
ened popularity [10]. The only challenge with Al techniques
is the requirement of big data for training purposes. The
training data set should have as many healthy and faulty
cases as possible for better reliability of the diagnostic
algorithm.

The collection of big data with all possible faulty cases
is very challenging from the industry as well as from the
laboratory environments. From industry, it is difficult because
of the limited number of faulty machines working due to pre-
ventive maintenance. Moreover, the training data set should
have signals with very well-defined types and severity of the
fault so that they can be considered as benchmark signals.
On the other hand, from the laboratory, it is difficult as a
limited number of destructive tests can be performed due to
economic limitations.

The only possible solution is the mathematical model that
can simulate various faults within an acceptable duration of
time. The mathematical models can be broadly classified
into two categories: Analytical and Numerical. A typical
example of numerical models is the finite element method
(FEM) based models. The FEM based models can give
promising results as almost all practical aspects can be
included [11]-[13], making them suitable for design prob-
lems. Those aspects can be related to material, geometry
and winding configuration. The only problem with FEM
modeling is the amount of simulation time that is not fea-
sible for fault diagnostic algorithms. These models cannot
easily become the part of drive because of associated limited
computational resources. Moreover, these models are not
feasible for inverse problem theory where observables are
mapped towards the unknowns. The reason for this is the
FEM solution related large matrices whose inverse solution
cannot give stable and unique results. The most common
example of analytical models is the magnetic circuit cou-
pling (MCC) based models. In these models, the electrical
circuit’s equations are used for the simulation of performance
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parameters. The most common MCC models are the winding
function analysis (WFA) based models where machine design
parameters can be defined with the help of Fourier summation
or conditional analytical equations.

Considerable work has already been reported in this
domain. For example, The authors of [14] simulated stator
short circuit faults in squirrel cage induction motor (SQIM)
using winding function analysis (WFA) while the broken
rotor bars were presented in [15]. The authors of [16] used
this approach to analyze various faults, such as stator phase
disconnection, broken bars, and broken end rings. The WFA
approach for the analysis of adjustable speed drive applica-
tions is presented in [17], [18]. The modelling of a permanent
magnet machine with a fractional slot concentrated winding
can be studied in [19]. In most of the WFA based models, the
air gap is considered constant, making the model unsuitable
for implementing eccentricity-based faults. Moreover, the
effects of stator and rotor slot openings cannot be studied.
These studies may also include the effects of general and
local saturations. Furthermore, these models are unsuitable
for sensor-less speed drive systems as the principal slotting
harmonics (PSH) are potentially ignored.

These problems can be solved using the modified winding
function analysis (MWFA) method, where the slot openings
of the stator and rotor can be considered by making the air gap
a function of the stator and rotor relative position. The authors
in [20] extended the WFA based method to simulate electrical
machines with a non-uniform air gap. The use of the MWFA
to model the stator and rotor slot effects for speed sensor-less
drive systems is presented in [21]. The static and dynamic
eccentricities are presented in [22] and [23], respectively.
Unlike [21], where the air gap permeance is approximated by
cosine series functions, [24] used the actual stator and rotor
slot opening functions and a medium magnetic equipotential
surface to simulate the machine. By doing so, the authors
obtained results very close to the ones obtained from FEM.
The simulation time was further reduced by exploiting the
symmetry of the rotor cage, however, it is not valid in the case
of faulty machines. The primary approximation frequently
used in all the papers cited earlier is that; the machine is
symmetrical in the axial direction, which is not always true.
In most machines, the rotor slots are skewed to attenuate the
rotor slotting harmonics (RSH). Those harmonics are atten-
uated for the reduction of speed and torque ripples. In this
paper, a novel technique for implementing rotor skews is
proposed. In continuation of [25], this paper has the following
attractive features.

e Unlike most of the papers where an integral function
is solved for the calculation of inductances, in this
research, a discrete mean value equation is proposed.
The derived mean value equation reduces the compu-
tational complexity and the integral calculation-based
approximations.

e The proposed DWFA formula is further extended to
incorporate the machine’s axial asymmetries such as
rotor slots skew.
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FIGURE 1. The equivalent circuit diag

of rotor cage.

e Unlike most of the papers where the spatial harmonics
are defined with the help of Fourier summation of the
selective number of harmonics, in this paper the wind-
ing functions and the air gap is defined with the help of
conditional analytical expressions. The approximations
related to the self-defined number of harmonics and
their amplitude can be avoided by doing so.

e The impact of rotor slot skews on PSH amplitude is
studied, while in most of the papers, it is neglected.

e The impact of negative sequence currents on the devel-
opment of spatial harmonics is investigated.

e The model is divided into online and offline portions.
All the inductances are calculated in the offline portion,
and the results are saved in 3-D lookup tables. Once
the offline calculation is done, most of the faults can be
simulated in the online portion without doing unneces-
sary offline calculations again.

II. THE ANALYTICAL MODEL

The induction machines are magnetically coupled electrical
circuits. Mostly the primary windings are static and asso-
ciated with the stator side, while secondary windings are
associated with the rotor and rotate with it. The magnetic
coupled circuits theory-based voltage equations of a squirrel
cage induction motor are described as;

d

Vs =IsRs+E¢y (D
d

0=1I,R, + E(ﬂp 2)

where Vs, Is, Ir, Rs and Rr are vectors containing stator three-
phase voltage, stator three-phase current, stator resistances,
and rotor resistances. While ¢s and ¢r are the stator and
rotor fluxes, respectively. The voltage matrix on the rotor side
is zero because the end rings are short-circuiting the rotor
phases that are bars in cage-induction machines.

The following equations present the detailed description of
voltage equations of stator and rotor in the form of matrices
that makes the implementation of the model easier (3) and
(4), as shown at the bottom of the next page.

The matrix elements with subscript “s” and “r” are
respective stator and rotor associated entries. The dimen-
sion of rotor related matrices depends upon the number of
bars in it plus one more which corresponds to the end ring.
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The end ring-related rows and columns shown in (4) could
be neglected because their value is minimal and the end
ring current is approximately zero because all rotor phases
are equally mechanically spaced. Nevertheless, neglecting
them can cause the problems of singularities while taking
the inverse of matrices, and the end ring faults cannot be
implemented. The equivalent circuit diagram of the rotor cage
is shown in Figure (1), from where (4) can be written using
simple voltage equations.

The stator flux is the function of stator self and mutual
inductances and their corresponding currents (5).

@ = Lsts + Lerrs (5)

where L and Ly, are matrices containing stator and rotor self
and mutual inductances, as presented below:

i Laas Labs Lacs
Lgs = | Lpas Lobs Lpes | »
L Leas Lebs Lees
[ Larl Lar2 “ee Lari e Larn Lare
Lsr = Lhrl Lhr2 .o Lhri .o Lbrn Lhre s
L Lcrl Lcr2 o Lcri e er Lcre
Lart Lara -+ Lari o L O
Ly = | Lyt Lora o Lpri oo Lpm O],
L Lert Lera - Lerioooo Lemm O

The subscripts a,b,c, and r represent entries related to the
stator and rotor phases.
Similarly, rotor fluxes can be represented as:

@Y, = L+ L1, = LZ;IS + LI, (6)
_Lrlrl Liy2 -+ Levsi © Lrim Lrlre_
Liory Lrar2 -+ Lyoyi © Lyom Lyrore
Ly = | Lirt Lrira -+ Lyiri ++ Lyrim  Lyire
Lt Lyw2 -+ Lynri o+ Linm Linre
L Lier1 Lyera -+ Lyeri * Lyern Lyere n

The rotor end-ring leakage inductance depends upon the
number of rotor phases (np), the number of stator phases
(m), the number of pole pairs (P), the bar length (lp,r), stator
effective length (l), a factor (v = 0.18 for P > 1) and the
average ring diameter (Dy) as in (7) [24].

ny D,
L= H()W (par — 1) +v 5p ) @)

Ill. THE FORMATION OF DWFA METHOD AND
INCORPORATING ROTOR SKEW

Other than the leakage, various magnetization inductances
in induction machines can be classified as; stator-stator self,
stator-stator mutual, stator-rotor mutual, rotor-rotor self and
rotor-rotor mutual inductances. The main contributing fac-
tors among many for these inductances are stator and rotor
winding configurations, air gap permeance functions, radius,
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and the machine’s length. According to the winding function
based theory, those inductances can be calculated using (8).

pr
Lij (Be) = porl / P(0e, @)Ni(Oe, a)nj(@e, a)dbe,  (8)
0

where 11, is the permeability of the free space, r is the mid-
air-gap radius of the machine, 1 is the effective length of the
machine, P(6e, «) is the inverse air gap permeance function,
N(b., @) is the winding function, and n(f,, «) is the turn
function. The theta (6;) and alpha («) are the rotor and stator
angles from a fixed reference point. These angles can be
electrical or mechanical and will be equal in the case of a
two-pole machine.

The integrator shows the summation of all rotor position-
dependent variables multiplied at each position in the
continuous-time domain. The usual integration calculation is
based on the area under the curve, which can be calculated
using the trapezoidal rule. Unfortunately, this rule not only
increases the error but also increases the complexity of the
integral solution. To avoid those problems, (8) can be reduced
to a mean value function, as shown by (9).

L;j (e)=pm ol
< rg((Oe, a)P((Oe, a)Ni((Oe, a)nj((fe, a) >,  (9)

Since all the inductances are supposed to be calculated at dif-
ferent rotor positions from 0 to 27 mechanical, the problem
is no longer in the continuous-time domain. Instead, it can be
considered in a discrete-time domain where all rotor position-

9

dependent functions can be defined as vectors having “n

rotor position-dependent variables does not remain a problem
anymore. Moreover, the exploitation of constant air gap and
complex analytical representation of various inductances as
in [26], [27] can be easily avoided.

[
Ly 00 =

X Z (rg((Ge, a)P((Oe, a)N;((Oe, a)ni((Oe, a))k
k=1
10)

where the element-wise multiplication of all rotor position-
dependent variables will create a vector of “n” elements. All
elements are then added and divided by “n” to get the mean
value.

Till this point, the machine is in two dimensions (X, y)
while the third axial dimension is neglected. Usually, the
induction machines in the axial direction are considered sym-
metrical, which is not always true. The most common reason
for axial asymmetry is the stator and rotor slot skews, which
reduce speed and torque ripples.

The rotor slot skews can be included by introducing a third
angle known as skew angle (ask). The rotor can be divided
into “n” number of segments in the axial direction, and
the inductances of all segments can be calculated separately.
Since all segments are serially attached, the final inductance
vector will be equal to the sum of all individual segment
vectors, as shown by (11) and (12).

elements. Then, all those vectors can be multiplied in an Ly Ef;L
element-wise manner. Finally, the average can be calculated = To
by adding the elements of the resultant vector and dividing n
it by the total number of steps as shown by (10). By doing X |:ll Z (rg1((0e, @) Pi((Be, @)Nit((Be, anji((Be, ),
so, the integral complexity with the increasing number of =1
Vas Rss 00 ias d Pas
Vbs | = 0 Rps O ips | + E Pbs | » 3)
Ves | L 0 0 Res ics Pes
0] [(2(Rp + re) —Ryp 0 0o ... 0 —Rp — 7|
0 —Ryp 2(Rp +re) —Ryp 0o ... 0 0 — T
0 —Ry, 2Rp+r.) —Rp ... 0 0 — 7,
0 0 0 0 0 ... 2Rp+re) —Rp —Te
0 —Ry 0 0 —Rp 2(Rp+re) —1e
- L —Te — e — T —Te ... — T — e npre |
i Ir1 ] i Pr1 ]
ir2 Pr2
i;:S d (P.r3
* o T : )
Lr(n—1) @Pr(n—1)
im (pm
L ire n Pre |
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n

+h Z (rgz((Ge, a)Pr((Oe, a)Np((Oe, a)njpp((Oe, Ol))k

k=1
+ ...
+1, Z (rgn((@e, )Py((Be, )Nin((Be, c)npn((Be, a))k}
k=1
(11)
L; (6e)
_ P

n
§ Xn:i |:ls <rgs((t9e, o, o) X Ps((Oe, o, org) )}
k

g X Nis((Oe, o, o) % njs((Oe, o, ogic)
(12)

All rotor position-dependent variables can be defined by
shifting the corresponding reference vector by n elements
for each segment. The number of shifting elements depends
upon the number of segments and the samples per segment,
as shown by (13) and (14).

lseg = li (13)
Nseg
(sampes per skew angle
in terms of stator slots)

samplesg,, = .
seg
ag = skew angle = n stator slot pitch  (14)

where [y, is the segment length, /s is the rotor effective
length, ng., are the total number of segments in the axial
direction.

All these inductances are saved in 3D tables as a func-
tion of rotor position. To calculate the machine performance
parameters such as currents, fluxes, torque and speed, the
pre-saved matrices are called as a function of rotor position.
In the online simulation environment, the rotor position shall
be used to index the corresponding 2D matrix. The main
equations for the simulation of the machine’s global variables
are shown in (15) and (16).

1 p\ (v d rd
T,=-(z)(1"=L 1,+1"=L I,), (5
¢ 2<2)(’d0 R (1)

J—w, =

a Te — T — Bwam (16)

IV. THE PSH GENERATION CRITERIA

The leading causes of high-frequency current harmonics are
the changing air gap and the non-sinusoidal distributed stator
and rotor winding functions. Due to these factors, the air gap
MMF distribution does not remain perfectly sinusoidal but
becomes the function of the rotor position. These frequency
components always remain present in the frequency spectrum
of any healthy induction machine and yield speed and torque
ripples. However, their amplitude can be attenuated by using
an appropriate winding distribution on the stator side and
putting a skewed cage on the rotor side. The eccentricity
and principal slotting harmonics (PSH) or rotor slotting har-
monics (RSH) in a squirrel cage induction machine can be
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FIGURE 2. The description of rotor skew angle.

described by the following equation;

l—=s
Jecce = |:(knb +ng) <T) + v]fs, (17)
And the mixed eccentricity by:

Jecce = Jfs = kfra

where ng is the dynamic eccentricity which is O for static
and 1, 2,3, .... for dynamic eccentricity. ny is the number
of rotor bars, s is the slip, P is the number of pole pairs, k is
any positive integer, v is the power supply based harmonic
order, and fj is the fundamental supply frequency.

Not all combinations of np and P can produce PSH in
the current and voltage spectrum. The air gap MMF based
harmonics, also known as PSH or RSH, will develop in stator
voltage and current if any element from the set of P(6m =+ 1)
is equal to the stator winding based pole pair number of the
space harmonics defined by (Q — N, — Pn) or (Q — Np +
Pn) [21].

More precisely, the PSH or RSH will develop in the fre-
quency spectrum if the following equality holds [28].

k=1,2,3,... (18)

np = 2P[3 (m % q) = 7] (19)

wherem+q=0,1,2,3...andr=0or I.

Out of two fundamental PSH components, one is more
significant than the other. The most significant or PSHI
depends upon the winding distributions or air gap MMF
distribution. The least significant component (PSH2) is due
to the reverse rotating field because of the negative sequence
currents. Even if PSH2 is absent in the simulation results,
or the machine is not a PSH machine, the voltage imbalance
and constructional imperfections can generate them in the
healthy practical machine. Moreover, the changing air gap
due to the stator and rotor slot openings also contribute to
the production of PSH2. The following is the list of crucial
factors that can have a direct influence on the presence and
the amplitude of PSH components;

« Stator and rotor MMF

« Slot permeance functions

o Material saturation (flux fringing, rotor bridges)
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FIGURE 3. The air gap function of (a) the stator (gs), (b) the rotor (gr), (c) the net equivalent (gs+gr), and (d) the inverse air

gap function at a specific rotor position.

o Slots skew

« Machine asymmetry (inherent eccentricity, unbalanced
stator windings etc.)

« Unbalanced supply voltages

V. THE AIR-GAP AND WINDING FUNCTIONS
gs (e)

:{rg+h11, 0 <fe <By 20)
T, Biy < 0e < (B11 + By),
gr (Oe, o)
_ {rg—i-hzl, 0 <6fe < By @1
Tg, By < e < (B11 + Bp),

The stator and rotor slot openings are the main reasons
of the non-uniform air gap. From the air gap mid-point, the
stator g (fe) and rotor g; (fe, o) associated air gaps with the
inclusion of slot openings can be defined using conditional
analytical expressions.

Where B11, By, B21, Bit, hi1, hop, rg are the width (in terms
of angle) of the stator slot opening, stator tooth tip, rotor slot
opening, rotor tooth tip, stator slot depth without winding, the
rotor bar depth, and the height of air gap centre respectively.
The geometrical description of the stator and rotor slots can
be found in [25].

The total air gap is the sum of both air gaps and changes
with moving rotor, as shown in Figure (3). The extended lines
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in the total and the inverse air gaps are the locations where
stator and rotor slot openings coincide with each other.

Similarly, the stator and rotor winding functions can be
defined. Again, the stator winding function is stepped dis-
tributed, and on the rotor side, each pair of subsequent rotor
bars represent each rotor phase, as shown in Figure (4).

VI. SIMULATION RESULTS

Each rotor segment produces the inductance profile similar
to the adjacent segment but shifted by a specific number of
samples described in equation (14).

The number of samples depends upon the number of sam-
ples per segment. Moreover, the number of shifted copies
of the inductance profile depends upon the number of rotor
segments. Figure 5 (a) shows the stator-rotor mutual induc-
tance as the function of rotor position while the entire rotor is
divided into four equally spaced segments. All shifted copied
of the inductance profile will remain within the skew angle
equal to one stator slot pitch in the motor under investigation.
Since all segments are axially connected, the total inductance
will be equal to the sum of all individual vectors. The final
inductance profile tends to become smooth as the skew angle
is introduced, as shown in Figure 5 (b). Figure 5 (a)-(b)
intends to describe slot-related ripples’ attenuation in the
inductance profile as the skewed bar is considered. However,
the length is taken as constant in all cases until this point for
ease of understanding.
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FIGURE 5. The stator-rotor mutual inductance, (a) for each segment (4 segments), (b) the final inductance.

Figure (6) shows the smoothing of all inductances with
the inclusion of rotor slot skew. For comparison, the rotor is
initially considered as a single piece without any skew. Then
the rotor core is axially divided into forty equal segments
with slot skew angle equal to one stator slot pitch. The
blue line shows the inductance behaviour with the stepping
rotor by considering it as non-skewed. The red lines show
the smoothing of the inductance profiles when the skew is
considered. The inductance profiles not only increases the
smoothness but also reduce the peak-to-peak ripple magni-
tude. Since the machine has 48 stator slots, 40 rotor slots
and 4 poles, the number of cycles of changing inductance till
120 degrees electrical angle are 8 on rotor-rotor and about
6.67 on stator-stator related inductances. However, the total
number of cycles is 40 in stator related while 48 in rotor
related inductances. The design parameters, such as wind-
ing functions and air-gaps, are defined by the vectors, each
having a size equal to 10 x Qs x nb (19200). The vector
size equal to the integral multiple of the number of stator and
rotor slots avoids the problems of fractional number while
implementing the equations. The rotor step size is equal to
one sample, which corresponds to 0.0375 degrees electrical,
giving better resolution.
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The corresponding derivatives are shown in Figure (7),
where it is evident that the rate of change of inductances with
respect to the rotor position decreases significantly with the
inclusion of rotor slot skew. The rate of changing inductances
can be further reduced by increasing the skew angle.

The simulated phase currents with non-skewed and skewed
rotor bars are shown in Figure (8) (a) and (b), respectively.
In both cases, the pre-saved inductance matrices are used
in an online environment. The simulation is performed with
19200 rotor steps equal to ten times the number of stator
and rotor slots. As already discussed, the selection of an
appropriate number of rotor steps is very crucial for simu-
lation without any error. The number of rotor steps should
be such that; it is divisible with the number of stator slots;
it is divisible with the number of rotor bars—otherwise, any
fractional value while calculating samples per slot pitch will
lead to an error. Moreover, the number of rotor segments
should equally divide the number of samples corresponding
to the skew angle. All these conditions can be achieved by
considering the rotor steps equal to “k’’ times the number of
stator and rotor slots (21). The rotor slot skew based reduction
in torque ripples is shown in Figures (8) (c) and (d). While for
better comparison both skewed and non-skewed rotor based
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mutual (Lab), (c) stator to the rotor (Lar), and (d) rotor to rotor (Lrr) concerning the rotor position.

torque profiles are shifted across the zero line.
fi=kxQsxnp;, k=1,2,3,....

The simulated currents are much smoother with a skewed
rotor than the corresponding rotor with non-skewed rotor
bars. It is due to the attenuation of the PSH harmonics,
as shown in Figure (9). In the machine under investigation
with 40 rotor bars, two pole pairs, zero dynamic eccentric-
ity, and 0.0067 slip, the PSH1 and PSH2 components will
develop at 883 Hz and 983 Hz theoretically according to the
equation (17). The machine is a PSH machine as it holds
the equality given by equation (19). Both harmonics are
attenuated from 0.04922 A and 0.0617 A to 0.00398 A and
0.00914 A, respectively while the same Hamming window is
used for all cases.

Although, the skew angle attenuates the PSH components
quite significantly. It should be appropriately optimized as,
on the one hand, it attenuates the high-frequency compo-
nents, but on the other hand, it decreases the machine power.
Table 1 shows the impact of rotor bar skews in terms of
stator slot pitch. It is clear that with the increase in the slot
skew, the amplitude of PSH components decreases but slip
increases with constant load. Similarly, the mean generated
torque reduces under constant slip conditions. Therefore, the
best practice is to make skew angle equal to one stator slot
pitch as it is in the machine under investigation.

(22)
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TABLE 1. The effect of slot skew on slip and generated torque.

Skew Mean torque Slip for the
angle/slot IEIS_II;I)I %EII;I)Z (N-m) for load (125N-
pitch S=0.0667 m)
0 0.04249 0.06170 121.56 0.0667
1 0.00398 0.00914 119.95 0.0691
2 0.00215 0.00727 113.50 0.0752
3 0.00204 0.00625 99.55 0.1342
4 0.00142 0.00460 81.07 unstable
TABLE 2. The development of PSH with skewed rotor.
S‘ms‘ﬂ;“"“ RSHI (Hz) | RSH2 (Hz) | RSHI(A) | RSH2(A)
0.0030 946.96 1047 0.00047 0.0005
0.035 914.90 1015 0.00231 0.0048
0.05 899.90 1000 0.00332 0.0068
0.0667 883.17 983.27 0.00454 0.0075

It is worth mentioning here that the current spectrum
in Figures 9 and 10 are of phase current that is why
both PSH1 and PSH2 components are visible. However,
in the case of a perfectly symmetrical machine with a bal-
anced supply PSH2 component will disappear from the line
current.

As described by equation (17), the slotting harmonics
are the function of slip in terms of frequency and ampli-
tude. Figure (10) shows the movement of these components
as the slip increases from 0.0030 to 0.05. The skew in
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FIGURE 10. The development of PSH1 and PSH2 with skewed rotor bars while the PSH2 is present because the

phase current is taken into consideration here.

slots changes the rotor winding function, which affects the
PSH1 component while the PSH2 is very prominent here
because the phase currents are considered. The frequency
and amplitude of fundamental slotting harmonics are given in
table 2.
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In the line currents, the PSH2 components are cancelled
out as shown in Figure (11). The development of PSH2 in
the line current depends upon the non-linear behaviour of the
magnetic material, local saturation on tooth tips, the fringing
effects, any asymmetry in machine and supply unbalances.
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FIGURE 11. The development of PSH1 and cancellation of PSH2 with skewed rotor bars as the line currents are
considered here while the supply is perfectly balanced.
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supply side given in table 3.
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FIGURE 14. The PSH1 and PSH2 in practical measurements.

The tooth tip saturation and flux fringing effects can be
simulated by reducing the height of stator and rotor slot
openings however are neglected here. The development of
the PSH2 component due to unbalanced supply is shown in
Figure (12). For better understanding, the supply voltage in
simulation is made the same as measured from the practical
setup.
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VII. PRACTICAL SETUP AND RESULTS

For experiments and measurements, a test rig is prepared,
consisting of two identical motors coupled back to back
as shown in Figure 13. One machine is under investiga-
tion while the other is acting as a load. Both machines are
mounted on the same mechanical base and coupled through
their shafts. The loading machine is fed through the inverters
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TABLE 3. The supply based negative and zero seq e voltag
Zero +ive -ive
slip Va (V) Vb (V) Ve (V) seq. seq. (V) seq.
W) | > V)
0.0030 | 191.747 | 190.256 | 190.522 | 0.557 | 188.711 | 0.557
0.035 192.436 | 191.155 | 187.878 | 1.233 | 188.241 1.235
0.05 194.418 | 189.331 | 191.131 1.533 | 188.765 | 1.533

TABLE 4. The development of PSH with skewed rotor in practical
measurement.

;:;" Parameter Symbol Value
1 Rated speed N, 1400 rpm@50 Hz
2 Rated power P, 18 kW@50 Hz
3 Connection Y, A Star (Y)
4 Power factor cosQ 0.860
5 Number of poles P 4
6 Number of rotor bars Ny 40
skewed
7 Number of stator slots Ns 48

TABLE 5. The development of PSH with skewed rotor in practical
measurement.

Slip
(Healthy) | RSHI (Hz) | RSH2 (Hz) | RSHI (A) | RSH2(A)
0.0030 945.40 1045.20 0.00042 0.0005
0.035 914.76 1014.76 0.00189 0.0008
0.05 899.23 999.21 0.00233 0.0007

to improve its controllability for various load levels. Grid
feeds the machine under investigation. The stator currents and
voltages are measured using the Dewetron transient recorder.
The measured signals’ sampling frequency is 10 kHz, and
the measurement time is 70 seconds, giving an excellent
resolution of the frequency spectrum. The selection of appro-
priate sampling frequency also reduces the problems related
to aliasing and mirror frequency components. The quality of
supply voltage in the sense of negative and zero sequence
components is presented in Table 3.

The negative sequence components result is flux rotating in
opposite direction to the main flux. It results in the develop-
ment of the RSH2 component with a corresponding increase
in speed and torque ripples. The specifications of the machine
under investigation are given in table 4.

The most prominent causes of current harmonics in induc-
tion machines are; supply, winding and inherent eccentric-
ity based harmonics. Moreover, since both machine and its
supply are not ideal, the factors such as, negative sequence
currents generating reverse rotating field, the material local
saturation points, flux fringing, the stator winding asymme-
try, the skinning and proximity effects, the thermal effects
on the resistance and leakage flux can also affect the slotting
harmonics. As discussed earlier, most of these factors affect
the PSH2 component quite significantly. This is why PSH2

165944

is lower in amplitude than the PSH1 component, as described
in Figure (14) and table 5.

The simulation results are in a very good agreement with
the practical results. The RSH1 components obtained from
simulation have almost same amplitude as the ones obtained
from the practical measurements. However, a slight differ-
ence in RSH2 is due to neglecting the non-linear behaviour
of magnetic material and local saturation of stator and rotor
tooth tips. The material saturation can be included by using
the B-H curve as a lookup table in the online section of
the model, while local saturation can be incorporated by
modulating the air gap and can be considered as future work
in this domain.

VIIl. CONCLUSION

A new approach for the modelling of a skewed rotor based
squirrel cage induction motor has been presented in this
paper. The conversion of a 2D continuous integration based
winding function to a 3D discrete mean value equation, the
definition of the air gap and winding functions using condi-
tional analytical expressions and the inclusion of rotor slots
skew are the crucial features of the proposed model.

For implementation, the model is divided into offline and
online portions. All inductances and resistances are calcu-
lated as a function of rotor position in the offline portion,
and results are saved in the 3D lookup table. The pre-saved
results are then used in the online portion for the sim-
ulation of the performance parameters. By doing so, the
offline calculations do not need to be calculated in the online
portion, which decreases the simulation time considerably.
As discussed in [25], the proposed model takes only three
minutes per segment for the offline calculations while the
online section takes only a few seconds to simulate the global
parameters of the motor. This fact makes the model a good
candidate for model-dependent condition monitoring algo-
rithms. In comparison the FEM models can take several days
to simulate the machine in 3D. In the light of the results
and discussion following are the concluding remarks of the
model.

« Since the model considers all design parameters as con-
ditional analytical expressions, it is suitable for analyz-
ing machine under various healthy and faulty scenarios.
The fault cases may include broken rotor bars, broken
end rings, static and dynamic eccentricity and stator
short circuits.

o Since the model takes negligible simulation time com-
pared to the corresponding FEM models, it is suitable for
model-dependent fault diagnostic algorithms and drives
where sensor-less speed estimation is required. The loca-
tion of PSH components can be used for the estimation
of slip without speed sensors.

o The transformation of the conventional integration based
winding function formula to discrete mean value equa-
tion reduces the simulation time and computational com-
plexity. Moreover, the integration constant related issues
are also resolved.
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« Unlike conventional winding function-based models

where the harmonics are defined using Fourier series,
the proposed model considers the design parameters
and calculate the performance parameters. Thus, this
approach reduces the problems of self-defined number,
frequency and amplitude of current harmonics.

Most importantly, the model can incorporate axial asym-
metries in the machine, the rotor slot skews can be easily
simulated. It is observed that with skewed rotor bars, the
PSH has quite a different amplitude, which is impossi-
ble to study using conventional winding function based
2D models. The same is true in the case of 2D FEM
models. Moreover, the 3D FEM models are computa-
tionally so intense that they do not remain suitable for
model-dependent fault diagnostic algorithms and drives.
It is observed that the PSHI1 depends upon the wind-
ing configurations while PSH2 depends upon material,
design and supply related asymmetries.

The supply based negative sequence currents play a
significant role in the development of PSH2 with the
resultant increase in the speed and torque ripples.

As the model is suitable for the implementation of almost
all faults and can simulate the results in negligible time as
compared to the FEM models. With its increased applicability
to incorporate axial asymmetry, it can be a very good choice
for model-dependent fault diagnostic techniques.
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	With increasing global energy demands, system-level energy utilization and sustainability become critical. Electrical machines utilize around 53% of electric consumption globally [1] owing to their widespread use for a vast range of applications in modern industry and all the aspects of everyday life [2], [3], [4]. Consequently, enhancing their performance parameters such as torque densities and efficiencies, is critical to overall energy and material utilization from their production stage to operational utilization. This translates into the need for paradigm shift towards compact, efficient, and application-specific electrical machines.
	Historically, the design of electrical machines has been significantly limited by conventional manufacturing methods, mainly involving laminated steel sheets [5]. Although effective for mass production, these traditional methods inherently restrict designs to planar, two-dimensional geometries, severely limiting electromagnetic optimization possibilities. As a result, decades of research have focused on improvements within this restricted design space such as winding layouts [6], [7], material enhancements [8], [9], and cooling strategies [10], [11]. However, these traditional design optimization possibilities are now approaching saturation, with limited performance gains. The increased demand for improved performance parameters and the limitations on design optimization possibilities originating from the conventional manufacturing techniques necessitates a fundamental shift towards the utilization of advanced manufacturing techniques such as additive manufacturing (AM).
	Conventional electrical machine manufacturing, primarily based on stacking stamped or laser-cut laminated steel sheets, has long imposed limitations on structure and evolution of machine design. Consequently, all electromagnetic and structural features, such as slot shapes, winding configurations, or components for thermal management, must conform to two-dimensional planar constraints. This approach has general implications on design flexibility for improved performance parameters of all types of electrical machines [12], [13]. Whereas the applications requiring special-purpose geometrical structures with integrated-functionalities are particularly impacted by this limiting approach.
	Advanced fields such as robotics, biomedical devices, aerospace, and wearable technologies can benefit the most from complex customized geometries with integrated design features. Achieving such geometries through conventional manufacturing often requires custom-tooling, segmented assemblies and extensive post-processing. This makes their production economically less viable when also considering the low-volume production demand of such machines [9], [14], [15], [16].
	In contrast, additive manufacturing (AM) eliminates many of these constraints, enabling the direct realization of complex and three-dimensional geometries. This unlocks new opportunities for improved performance through electromagnetic design innovation and supports rapid, application-specific machine development, something conventional techniques inherently struggle to achieve.
	Additive manufacturing, especially metal-AM techniques such as Laser Powder Bed Fusion (LPBF), Directed Energy Deposition (DED), and Binder Jetting, offers an innovative shift in how electrical machines can be designed and built [17], [18], [19], [20], [21]. Unlike traditional subtractive methods, AM fabricates components layer-by-layer, enabling complex, three-dimensional geometries that were previously unfeasible [13], [22], [23], [24].
	For electrical machines, this opens the door to novel electromagnetic design possibilities beyond the limitations of 2D-planar laminations. Design features like non-uniform airgaps, axial slot modulation, integrated cooling channels, spatial windings, and embedded structural elements can now be implemented directly, without segmentation or separate assembly [6], [7], [9], [25]. This geometric freedom not only enhances performance but also allows true application-specific customization, including robotics, aerospace, biomedical devices, and autonomous systems. Additionally, AM enables the integration of multiple functionalities into single parts – reducing parasitic losses, part count, cost and assembly complexity [11], [12], [16], [18], [24], [26], [27], [28], [29], [30]. Its digital nature supports rapid prototyping and iterative development, ideal for low-volume, high-performance designs.
	AM allows tailored material distributions, functionally graded regions, and even localized magnetic property control through build orientation or thermal gradients. These capabilities support performance tuning within a single part, something conventional processes cannot offer [31], [32].
	Despite these advantages, the full potential of AM in electromagnetic design remains underexplored. Most of the research emphasizes isolated part-wise structural or thermal improvements, with limited focus on exploiting 3D topological freedom for fundamental electromagnetic enhancement [5], [33], [34]. To bridge this gap and allow high performance parameters for AM enabled machines, innovations in design and computational tools-capable of efficiently modeling and optimizing AM-enabled features are essential.
	Table-I presents a brief comparison between AM and conventional manufacturing methods based on factors such as material composition, production nature, and the capacity of fabricating complicated structures.
	Table-I. Comparison of characteristics and capabilities of Conventional Manufacturing Techniques and AM [5].
	While AM has demonstrated clear advantages in structural integration, thermal management, and part consolidation for electrical machines, its full potential in electromagnetic design remains largely unexploited [7], [50], [51]. Most existing efforts focus on adapting traditional topologies to AM rather than leveraging AM to redefine them. Specifically, the opportunity to expand electromagnetic design into the third dimension – enabled by AM – has received limited attention. Concepts like contoured airgaps or 3D flux-paths have been proposed, but few studies systematically explore their impact on key performance indicators such as torque density, efficiency, or flux linkage.
	A second critical gap lies in the design process itself. While 3D finite-element-analysis (FEA) tools can simulate complex geometries, their high computational cost makes them impractical for iterative design - especially in the AM context, where production is most suitable for low-volume and application-specific needs. Analytical methods, though faster, typically cannot handle nonlinear material properties or 3D design features like contoured airgaps, limiting their utility for modern machine design.
	Despite the significant potential of additive manufacturing to enhance the design and performance of electrical machines, the research gaps identified as follows, limit its broader integration into electromagnetic design and production processes.
	1. Three-dimensional Design Topologies: The current state-of-the-art in AM of electrical machines demonstrates significant efforts and potential for performance parameter enhancement through different aspects of its integration in machine design and production process. These aspects include improved electromagnetic characteristics of the materials, improved thermal management solutions, structural topology optimization and integrated functionalities. Through very limited research, the current literature also suggests the potential of expanding the electromagnetic design space to 3D [52], [53]. Yet, there is a lack of research into the fundamental electromagnetic design innovation and its validation.
	2. Computationally Efficient Iterative Design Process: While conventional numerical methods like FEA very well handle the complex 3D geometries, they require extensive computational resources, limiting the rapid, iterative design processes essential for low-volume production of application-specific electrical machines through AM. This dependence on numerical models is further imposed by the lower accuracy, inability to incorporate magnetic material characteristics and three-dimensional design features, of current state-of-the-art in analytical modeling techniques. 
	In the context of stated facts about electromagnetic design and modeling for AM-enabled electrical machines, the research problem converges on investigation of improved electromagnetic performance parameters of electrical machines through the utilization of three-dimensional design space, and to improve the computational efficiency of the iterative design process for incorporation of non-linear material characteristics and the three-dimensional design features.
	This thesis addresses the research gaps identified in the problem statement, through the following proposed hypotheses:
	1. Contoured airgap topology enabled by additive manufacturing enhances the electromagnetic performance of electrical machines.
	2. The hybrid FEA-Analytical approach reduces computational time and complexity in the machine design analysis, thereby enhancing its suitability for iterative design process.
	3. Enhancing MWFA through segmented machine geometry improves its ability to handle 3-dimensional design features, such as contoured airgap topology and skewed machine structures.
	To prove the hypotheses put-forward in this thesis, a series of targeted research tasks were defined. These tasks are designed to investigate and verify the viability of AM-enabled three-dimensional contoured airgap topology, for enhanced electromagnetic performance of electrical machines. The other tasks relate to the improving the computational efficiency of the iterative design process through enhanced analytical modeling approach for precise modeling of machine performance across various regions of core material’s permeability and the integration of complex three-dimensional design features. The specific research tasks are outlined as follows:
	1. Formulation of geometric equations to enable the introduction of various contour shapes into the airgap structure of electrical machines.
	2. Development of an airgap contouring strategy for effective implementation within the airgap structure of electrical machines.
	3. Implementation of planar and contoured airgap topologies in a simple benchmark magnetic circuit, to demonstrate and theoretically validate the comparative flux linkage improvements offered by contoured topology, along with the design implications for optimal shape selection and contour sizing.
	4. Implementation of selected contoured airgap topology in case-study electrical machines and optimizing the contour amplitude against performance gains using numerical modeling.
	5. Validation of performance gains from contoured airgap topology through practical measurements.
	6. Enhancing modified-winding-function-analysis based analytical model to incorporate the electromagnetic characteristics of the machine’s core material into its performance estimation process.
	7. Validation and benchmarking the computational performance of the enhanced analytical model against numerical modeling.
	8. Extending the modified-winding-function-analysis, to incorporate three-dimensional design features such as contoured airgap topology and slot skewing and validate its performance against numerical modeling.
	1. Design innovation for the electromagnetic performance enhancement of electrical machines through the development of a contoured airgap topology.
	2. Methodology for effective contour implementation in airgap structures of electrical machines.
	3. Simplifying the multi-objective problem of contour amplitude optimization through its iterative refinement methodology against the performance gains at selected operating points of electrical machine.
	4. Enhanced torque density of electrical machines, for space-constrained applications through contoured airgap topology.
	5. Support for diverse machine types and flux topologies, due to the fundamental nature of the design innovations introduced.
	6. Enhanced accuracy of modified-winding-function-analysis achieved by introducing a hybrid FEA-analytical approach to incorporate core material’s non-linear characteristics in the performance estimation of electrical machines, in a computationally efficient manner.
	7. Extension of modified-winding-function-analysis’s state-of-the-art, to incorporate three-dimensional design features, enabling skewed slots and contoured airgaps to be accurately represented in an analytical model.
	1. Development of an automated design, implementation, and analysis tool that enables characterization of contoured airgap topologies and significantly streamlines the design iteration process.
	2. Practical adaptation of the contoured airgap strategy in radial-flux synchronous reluctance and axial-flux switched reluctance machines, assessing torque and efficiency improvements via comprehensive numerical modeling.
	3. Fast and accurate design capability provided through refined analytical and hybrid methods, which expedite the design iteration process over traditional, numerically intensive workflows.
	4. Enabling synthetic data generation for AI-based training and optimization that enhances the learning and predictive accuracy of machine learning models, particularly in data-scarce scenarios.
	5. Seamless integration from CAD software to 3D printers, facilitating modern-era industrial production with rapid design-to-manufacturing transitions.
	6. Bridging the gap between theoretical design and practical implementation with the fabrication of contoured airgap surfaces using metal additive manufacturing.
	7. Integration of contoured rotor/stator sections with standard machine components while maintaining compatibility with conventional windings, bearings, and couplings.
	The thesis structure is as follows:
	 Chapter 2 describes the fundamental electromagnetics behind torque production, the role of airgap reluctance, and the basic equations for the proposed methodology of reducing the airgap reluctance.
	 Chapter 3 outlines how the proposed method is applied to both radial-flux SynRM and axial-flux SRM. Describes the design constraints, iterative amplitude sweeps, initial FEA results and practical validation of the concept.
	 Chapter 4 details the enhancements made to MWFA, including the incorporation of material’s non-linear magnetic characteristics and segmentation for 3D topologies.
	 Chapter 5 summarizes key findings and suggests directions for further research.
	Abbreviations
	Additive Manufacturing
	AM
	Laser Powder Bed Fusion
	LPBF
	Directed Energy Deposition
	DED
	Finite Element Analysis
	FEA
	Switched Reluctance Motor
	SRM
	Synchronous Reluctance Motor
	SynRM
	Winding Function Analysis
	WFA
	Modified Winding Function Analysis
	MWFA
	Magnetomotive Force
	MMF
	Maximum Torque per-Ampere
	MTPA
	Computer-Aided-Design
	CAD
	2 Theoretical Foundations of Contoured Airgap Topology in Electrical Machines
	2.1 Fundamentals of Torque Production in Electrical Machines
	2.1.1 Airgap Reluctance and its Influence on Torque Production

	2.2 Contoured Airgap Topology for Improved Performance Parameters
	2.2.1 Methodology
	2.2.1.1 Contour Shape Definition and Implementation Strategy
	2.2.1.2 Material Properties Consideration
	2.2.1.3 Numerical Modeling Consideration

	2.2.2 Design and Analysis of the Benchmark Electromagnetic Circuit
	2.2.2.1 Description of Benchmark Design
	2.2.2.2 Analysis Of the Benchmark Design

	2.2.3 Comparative Analysis of Contoured Airgap Topologies
	2.2.3.1 Analysis With Constant Linear Magnetic Permeability
	2.2.3.2 Conclusions from Linear Magnetic Permeability Analysis
	2.2.3.3 Analysis with Non-Linear Magnetic Permeability
	2.2.3.4 Conclusions from non-linear Magnetic Permeability Analysis



	Torque production in electromechanical systems can be fundamentally explained by the basic physical phenomena such as the Lorentz force on current-carrying elements or the interaction of magnetic fields with the dipoles in the magnetic material. For practical purposes, analytical approximation techniques serve as the best characterization tools for the force and torque production in complex electromechanical energy conversion systems. These analytical approximations provide simplistic mathematical relations but don’t include factors such as magnetic non-linearity. However, the results of such analytical relations can, if necessary, be corrected through semi-empirical methods. The most effective and widely utilized analytical techniques for estimating the force or torque production of an electromechanical system with reasonable engineering accuracy are tangential stress analysis and, the energy and co-energy analyses.
	Considering the radial flux topology in electrical machines, as illustrated in Figure. 2.1, the analytical expression for the determination of torque 𝑇 production through tangential strass analysis [54] is as follows.
	where 𝜎𝑡𝑎𝑛 is the tangential stress acting on the rotor surface area 𝑆𝑟 with a moment arm of 𝑟𝑟. 𝐴𝑠 and 𝐵𝑛 represent the average values of linear current density and normal flux density in the airgap, respectively. Substituting the expression of tangential stress in (2.1) and re-arranging yields
	where 𝜙= 𝐵𝑛 𝑆𝑟 represents the average airgap flux. The analytical expression of (2.3) dictates the interpretation that the torque production is directly proportional to the magnitude of flux available in the airgap for a fixed value of linear current density and the machine’s main geometrical parameters.
	/
	Figure 2.1. Illustration for machine structure for radial flux topology in electrical machines.
	Having established previously that the extent of torque production in an electromechanical system depends strongly on the magnetic flux in the airgap, following discussion describes the impact of airgap geometry on the flux production in a magnetic circuit. Consider the simple magnetic circuit with its core having a planar airgap topology, which is uniform in the third dimension, as shown in Figure 2.2. Provided that the airgap thickness is sufficiently small, the two series components of the circuit illustrated in Figure 2.2 i.e. the core with mean length 𝑙𝑐 and cross-sectional area 𝐴𝑐, and the airgap with the thickness 𝑙𝑔 and cross-sectional area 𝐴𝑔 can be considered to carry the same flux.
	//
	Figure 2.2. Magnetic circuit with planar airgap topology and its equivalent circuit representation [55].
	Considering the linear magnetic permeability, the relation between magnetomotive force (𝑚𝑚𝑓=𝑁𝑖) and magnetic flux is given by,
	The reluctance of core ℛ𝑐 and airgap ℛ𝑔 are calculated as follows,
	where µ=  µ𝑜 µ𝑟​ is the permeability of the core material ( µ𝑟≫1 for ferromagnetic materials and  µ𝑟≈1 for air). With the higher magnetic permeability and consequently very low reluctance of the core material, the airgap reluctance dominates and the total mmf drop can be approximated only across the airgap. Reducing the airgap reluctance has a direct impact on the electromagnetic performance of the machine, i.e. a lower airgap reluctance increases the total flux leading to higher flux linkage and consequently, higher torque production.
	The dominance of airgap reluctance has an important implication, small geometric changes to the airgap (its thickness or cross-sectional area) can yield significantly large impacts on the flux, inductance, and consequently the torque production. For conventional electromagnetic designs, reducing the airgap reluctance is often attempted by decreasing the airgap thickness 𝑙𝑔 or increasing its surface area 𝐴𝑔 through increase in dimensions of the core components forming the airgap. However, these strategies come with practical engineering constraints such as mechanical clearances, thermal expansion allowances, and the risk of underutilizing core material i.e., pushing the machine’s flux density to a less optimal region on the 𝐵−𝐻 curve. These constraints emphasize the importance of carefully managing the airgap to ensure it becomes neither so small as to compromise mechanical reliability nor so large that overall flux weakens significantly. Hence, any innovative approach aiming to improve torque density, particularly in advanced or high-performance rotating machines, must focus on ways to reduce the effective airgap reluctance without incurring impractical mechanical or material disadvantages. In the subsequent sections, a novel contoured airgap topology for increasing the effective surface area of the airgap (and thereby reducing its reluctance) is presented, while maintaining the same normal gap thickness and major machine dimensions.
	It is evident from the previous discussion that the airgap in electrical machines is crucial to their overall performance, particularly in terms of torque production capability and efficiency. While decreasing the airgap thickness reduces magnetic reluctance and increases flux linkage λ, mechanical and thermal limitations often dictate how thin the airgap can realistically be. Thermal expansion, manufacturing tolerances, and certain electromagnetic design considerations (such as mitigating surface eddy currents) all necessitate a minimum feasible airgap thickness.
	Traditionally, to reduce airgap reluctance without altering its thickness, the dimensions of the airgap-facing components need to be increased. This approach, however, leads to an overall increase in the machine’s size and volume, resulting in lower torque or power density, a critical drawback in modern-day applications where space and weight are of extreme importance.
	/
	Figure 2.3. Ai gap in the magnetic core: conventional and contoured airgap topology.
	To address these limitations, the proposed strategy introduces a novel approach, i.e. contouring the airgap facing surfaces to increase the effective airgap surface area without changing the machine’s main dimensions or the airgap thickness itself. As illustrated in Figure 2.3, this approach maintains the same core dimensions and the airgap thickness, yet the surface area of the contoured airgap is higher than the straight (planar) topology. By modifying the geometry of the airgap surfaces, while maintaining the required mechanical clearance, the magnetic path reluctance can be reduced. This reduction enhances flux linkage and torque production, leading to improved performance parameters such as higher torque or power density. The following subsections will address the theoretical validation of the concept by comparing the electromagnetic performance indicator, i.e. flux linkage of various contoured airgap topologies with a benchmark magnetic circuit having planar airgap topology.
	Several geometric profiles can be employed to contour the airgap surfaces. The scope of the current work spans three primary contouring profiles: triangular, circular, and sinusoidal. The selection of these specific shapes is made considering their mathematically constrained implementation on airgap structures of the machine and subsequent ability to analytically correlate the performance parameters enhancements with the geometric equation of the contour. This fact will be later illustrated in Chapter 4 of this thesis when analytical incorporation of contoured airgap topology in MWFA will be presented.
	As part of the airgap contouring strategy, a central contour guideline is established at the mid-height of the airgap based on specified geometrical equations that follow. The contour is offset by  𝑙𝑔2 on both sides of the guide-profile, ensuring a consistent normal distance between the offset lines. These offset lines subsequently define the surfaces of the core components adjacent to the airgap. The conditional geometric equations [Publication-II] defining the central airgap contour are as follows and are illustrated in Figure 2.4.
	/
	Figure 2.4. Illustration of the central contour defining the airgap.
	where  𝑥1,  𝑥2 and  𝑦𝑜 are the dimensions of the airgap-facing components, in the plane perpendicular to the flow of flux, with 𝑥1 being the starting point, 𝑥2 being the endpoint and 𝑦𝑜 being the height. 𝐴𝑐 is the contour amplitude.
	To accurately simulate magnetic performance while isolating the geometric effects of the airgap contours and the effects of material’s magnetic characteristics, two different sets of performance analyses with different material characteristics are performed on each airgap geometry, i.e. one with a high but constant relative permeability chosen for the linear magnetic material representing the core. A sensitivity analysis was conducted to determine the optimal value of µ𝑟​ that effectively mimics an infinitely permeable material without introducing numerical instability or excessive computational demands. The relative permeability was incrementally increased, and the simulations were repeated for each value. It was observed that beyond a certain threshold, further increases in µ𝑟 resulted in negligible changes in key performance metrics such as flux linkage and magnetic field distribution. At this point, the material is effectively behaving as an ideal magnetic conductor, and the magnetic reluctance of the core becomes insignificant compared to that of the airgap. The final value selected for the relative permeability was µ𝑟=1 x 107, as increases beyond this value showed less than 0.002% variation in simulation results. This approach ensures that core material properties do not influence the magnetic circuit's behavior and any performance improvements observed in contoured topologies can be directly attributed to airgap geometry changes rather than material properties variations, ensuring a fair and meaningful comparison and isolating the effect of airgap contouring on key magnetic performance parameter such as flux linkage.
	In contrast to the linear magnetic permeability, practical ferromagnetic materials (e.g., M400-50A) exhibit non-linear magnetic characteristics which can also impact the performance gains from the contoured geometry of the airgap-forming circuit components. To systematically investigate such impact of material’s non-linear magnetic permeability, a separate set of analysis is conducted on the benchmark and contoured airgap geometry.
	FEA is utilized to characterize and validate the performance of magnetic circuits with and without the contouring. Since mesh size is critical for achieving accurate FEA results, especially when modeling geometries with fine features like the contoured airgap profiles. A mesh sensitivity analysis was performed to identify the optimal mesh size that balances computational efficiency with accuracy.
	The analysis involves simulating the magnetic circuit with progressively finer mesh sizes. Starting from a coarse mesh, the mesh element size was reduced in steps (e.g., from 1 mm to 0.5 mm, 0.3 mm, and so on), and the resulting flux linkage values were recorded. It was found that mesh sizes larger than 0.3 mm led to noticeable discrepancies in the simulation results due to insufficient resolution of the geometric contours. As the mesh size was reduced to 0.2 mm, the changes in flux-linkage between successive refinements became less than 0.002%, indicating convergence of the solution. A mesh size of 0.2 mm was thus selected as the optimal choice for the current analyses. This provided a high level of accuracy in capturing the detailed geometry of the contoured airgap while maintaining reasonable computation times. Using this mesh size ensured that the simulations accurately reflected the electromagnetic behavior influenced by the airgap contours without any unnecessary computational overhead. This practice of mesh sensitivity analyses is consistently utilized in all the FEA modeling presented in this thesis.
	To assess and compare the effectiveness of the contoured airgap topologies, a benchmark magnetic circuit with a conventional straight (planar) airgap topology is established and illustrated in Figure 2.5. This circuit serves as the reference point against which different contoured designs will be compared. The benchmark magnetic circuit consists of a core with a central limb and two outer limbs forming a closed magnetic path. The central limb is equipped with two coils on each side that generate the MMF required for magnetic flux circulation. The airgap is introduced in the central limb. The specific shape of the magnetic circuit is formulated to have a uniformly distributed flux density in the airgap and the immediate core components which formulate the airgap.
	/
	Figure 2.5. Benchmark magnetic circuit with straight (planar) airgap topology.
	The design parameters of the benchmark magnetic circuit are selected to ensure the magnetic core operation at specified magnetic conditions. The key parameters are outlined in Table 2.1.
	Table 2.1. Design Parameters of the Benchmark Magnetic Circuit.
	The flux distribution obtained from the FEA simulation at a coil current of 6 A is shown in Figure 2.6. The results confirm that the core operates at the selected average flux density of 1.6 Tesla for the design-rated current of 6 A. The flux distribution is uniform in the central limb and across the airgap.
	The relationship between flux linkage and coil current is plotted in Figure 2.7 (a) and (b) for magnetic material with constant and high relative permeability, and for M400-50A steel with non-linear relative permeability, respectively. In subsequent analyses, these baseline values will be used to quantify the improvements achieved and the performance implications by the contoured airgap topologies.
	/
	Figure 2.6. Flux Distribution in Benchmark Circuit at I = 6 A.
	/
	Figure 2.7. Coil flux linkage versus input coil current for (a) core material with constant magnetic permeability, (b) M400-50A core material.
	The baseline for comparison, the straight air gap topology with the air gap surface area of 25 mm², produced a steady flux linkage increase with current, ranging from approximately 0.0037 Wb at 1 A to 0.0371 Wb at 10 A. This serves as the reference flux linkage against which all contour designs are compared, enabling direct assessment of each topology's effectiveness in enhancing magnetic performance.
	In the first stage of the comparative analysis, the core is assumed to have a high and constant relative permeability (effectively mimicking infinite). By neglecting non-linear magnetic behavior, any observed performance improvements or drawbacks can be attributed directly to geometric factors.
	The airgap topologies used for the analysis along with their results for gains in flux linkage versus the input current to the coil, and the increase in per-unit surface area of the airgap for each of the chosen three topologies are presented in Figure 2.8–2.10. The preliminary analysis of the results presented in these figures show specific numerical improvements in flux linkage. This improvement is due to the direct impact of the increase in effective air gap surface area and consequently reduced overall magnetic reluctance.
	The further evaluation of presented results enhances the understanding of the impact, that contoured airgap topology has, specifically in terms of flux linkage and the utilization of airgap surface area. The findings highlight both analytical and simulation-based considerations that arise from each topology’s specific geometry.
	 Linear Flux Linkage Response to Current: Across all topologies, flux linkage increases linearly with current, a direct result of using materials with constant magnetic permeability in the analyses. This choice removes saturation effects, simplifying the interpretation by ensuring that any performance variations arise solely from variations in geometry rather than non-linear material behavior. This linear response provides a clear baseline for comparing the impact of different contours.
	 Airgap Surface Area and Magnetic Reluctance: As expected, contouring the airgap increases its effective surface area, thereby reducing magnetic reluctance and improving flux linkage. The higher surface area correlates with lower reluctance, allowing more magnetic flux production for the same applied MMF, which enhances the flux linkage. For example, the sinusoidal topology with the largest amplitude reaches a flux linkage of 0.0660 Wb at 10 A – an 80% improvement over the straight topology. This pattern reinforces the concept that air gap contouring is an effective strategy for increasing magnetic performance within compact machine designs.
	 Non-Proportional Flux Linkage Gains Relative to Surface Area/ Effect of Localized Core Cross-Section Reductions: However, the increase in flux linkage is not directly proportional to the increase in air gap surface area, as illustrated in each topology’s results, Figure 2.8 (c)–2.10 (c). While theoretical formulations suggest that flux linkage should increase proportionally with surface area (given a constant airgap thickness), FEA results deviate from this ideal due to a key factor: localized increases in core reluctance in the vicinity of the contoured airgap. While the reluctance of the core remains largely unaffected everywhere else and is predominantly very small as compared to the air gap reluctance, in the regions where the air gap is contoured, the cross-sectional area of the core is effectively reduced in the direction of the flux flow. This causes a significant increase in core reluctance (since however high the value of magnetic permeability was set; it is still a finite number having some extent of implications) that partially offsets the expected gains from the enlarged air gap surface area. This is highlighted in Figure 2.11 (a) and (b) and the effect is particularly evident through the higher flux densities in those regions.
	/
	Figure 2.8. FEA results for triangular airgap topology (a) geometry progression and the flux distribution for I = 6 A, (b) flux linkage versus coil current for various airgap surface areas, (c) per-unit flux linkage increase versus the per-unit airgap surface area increase for coil currents of 6 A.
	/
	Figure 2.9. FEA results for circular airgap topology (a) geometry progression and the flux distribution for I = 6 A, (b) flux linkage versus coil current for various airgap surface areas, (c) per-unit flux linkage increase versus the per-unit airgap surface area increase for coil currents of 6 A.
	/
	Figure 2.10. FEA results for sinusoidal airgap topology (a) geometry progression and the flux distribution for I = 6 A, (b) flux linkage versus coil current for various airgap surface areas, (c) per-unit flux linkage increase versus the per-unit airgap surface area increase for coil currents of 6 A.
	When the core material is assumed to have constant, high permeability (i.e., no saturation), the contoured airgap topologies consistently demonstrate higher flux linkage than the straight (planar) airgap. However, these improvements are not strictly proportional to the increase in airgap surface area. The following points summarize the key observations:
	 Contour Shape and Amplitude: Shape (triangular, circular, or sinusoidal) directly influences how much additional surface area is introduced in the airgap. Amplitude controls the magnitude of this increase. Larger amplitudes provide a more substantial boost in airgap surface area – and thus lower the airgap reluctance – but also produce a more significant reduction in the local cross-sections of the core.
	As the contour amplitude grows, the adjacent core geometry narrows in the vicinity of the contoured airgap. This localized reduction in core cross-section raises the local reluctance, partially offsetting the gains from the enlarged airgap surface area. Despite the offsetting effect of localized core narrowing, all contoured topologies still outperform the straight airgap baseline under linear assumptions.
	The balance between reduced airgap reluctance (via increased surface area) and increased core reluctance (via reduced cross-sections) is contour-dependent, making both shape and amplitude critical design variables.
	/
	Figure 2.11. (a) Illustration of decreasing cross-sectional area of the core in the vicinity of the triangularly contoured air gap.
	/
	Figure 2.11. (b) Illustration of varying core cross-sections in the vicinity of the contoured air gap and the respective increased flux densities in the core’s contoured portions.
	In contrast to the linear permeability scenario, practical ferromagnetic materials (e.g., M400-50A) exhibit non-linear magnetic characteristics. As the magnetomotive force (mmf) increases, local saturation can arise in the core, especially near regions where the cross-sectional area is reduced by contouring. Consequently, the overall flux linkage gains observed at lower currents may diminish at higher values for input current.
	In the second stage of the comparative analysis, practical non-linear magnetic permeability (e.g., M400-50A steel) is introduced, allowing core saturation effects to appear at higher MMF levels. The same set of triangular, circular, and sinusoidal airgap contours are investigated to quantify how material non-linearity modifies each topology’s potential gains. The specific flux linkage gains versus the input current to the coil, of various airgap surface areas for each of the chosen three topologies are presented in Figure 2.12–2.14.
	The analysis of these results presents additional performance considerations, i.e. the expected proportional increase in flux linkage with the enlarged airgap surface area is further compromised by saturation effects. While analytical expressions might predict a linear relationship between increased surface area and flux linkage (assuming constant airgap thickness), incorporation of material’s magnetic characteristics show that as saturation sets in, the incremental gains become progressively smaller. This leads to a marked deviation from the idealized linear behavior. This effect is particularly evident in contoured topologies with higher amplitudes, where the local flux densities exceed the material’s linear operating range.
	/
	Figure 2.12. FEA results for triangular airgap topology, flux linkage versus coil current for various airgap surface areas.
	/
	Figure 2.13. FEA results for circular airgap topology, flux linkage versus coil current for various airgap surface areas.
	/
	Figure 2.14. FEA results for sinusoidal airgap topology, flux linkage versus coil current for various airgap surface areas.
	In summary, under non-linear magnetic permeability conditions, the performance benefits of airgap contouring are influenced not only by the contour’s shape and amplitude – as was observed with linear materials – but also significantly by the operating point. At moderate currents, contoured topologies continue to outperform the straight airgap baseline; however, at higher currents, localized saturation in the narrowed core regions limits the net gains. This highlights the need for a multi-objective optimization strategy that considers both geometric design and the expected use-case scenarios to maximize overall machine performance.
	Additionally, it should be noted that the airgap area adjacent to the contour edges also exhibits a non-uniform flux distribution, affecting the overall flux-linkage gains per-unit contoured airgap area. However, as this characteristic is consistently present across all contour shapes, it has been omitted from the primary comparative analysis.
	3 Implementation of Contoured Airgap Topology in Rotating Electrical Machines
	3.1 Machine Selection Considerations
	3.1.1 Flux Orientation, Radial Versus Axial
	3.1.2 Machine Type consideration
	3.1.3 Proposed Path Forward

	3.2 Methodology
	3.3 Implementation of Contoured Airgap in Axial Flux SRM
	3.3.1 Integration and Evaluation of Sinusoidal Airgap Contour
	3.3.2 Practical Validation through Static Torque Measurements
	3.3.2.1 Prototype Design and Manufacturing
	3.3.2.2 Experimental Static Torque Measurement Setup
	3.3.2.3 Results and Comparative Analysis


	3.4 Implementation of Contoured Airgap in Radial Flux SynRM
	3.4.1 Implementation and Evaluation of Airgap contour

	3.5 Conclusion

	From the comparative analysis of results from the previous chapter it is evident that triangular contouring results in a non-uniform flux distribution across the airgap and lowers the flux linkage gains per-unit increase in airgap surface area. This is due to the occurrence of larger normal-airgap thickness at and around the tip of the triangular contour. By contrast, sinusoidal and circular contours produce relatively uniform airgap flux distribution and thus achieve higher flux linkage gains per-unit increase in the airgap surface area.
	Among circular and sinusoidal profiles, the circular shape is inherently limited in contour amplitude by its geometric constraints, since the contour amplitude cannot be extended beyond half of the core width. On the other hand, the sinusoidal shape offers greater flexibility in the contour amplitude all the while offering comparatively uniform flux distribution in the airgap.
	Having identified the sinusoidal profile as the most feasible airgap contour, the subsequent task is to integrate this concept into a rotating electrical machine design. Depending on the specific operating point of the machine, the varying contour amplitudes can yield different degrees of gains in performance parameters. An evaluation of amplitude sweep is necessary to optimize the reduction in airgap reluctance against potential local reductions in core cross-sectional area and the respective onset of magnetic saturation at specific operating points.
	This chapter focuses on integration and subsequent validation of contoured airgap topology into rotating electrical machine designs. The following are the considerations for the selection of machine type, flux orientation (radial or axial) and the methodology for the design implementation and analysis of the case studies.
	In principle, every rotating electrical machine could benefit from a contoured airgap, as lower reluctance is universally advantageous. However, practical concerns regarding the latest state-of-the-art in manufacturing technology limit which machine types and flux topology are most suitable for practical validation. In context of primary selection of manufacturing technique, additive manufacturing provides a possibility to produce the 3-dimensional geometry of a contour, but current constraints on multi-material printing influence the choice of both machine type and flux topology.
	This section details how these constraints shape the final choice of machine design and flux orientation for implementing (and experimentally validating) the proposed sinusoidal airgap topology in the rotating electrical machines.
	A radial flux machine with contoured airgap structures, whether designed with an outer rotor configuration or vice versa, usually demands that one component be split into sections. That is because, in the contoured design for such machine topology, the “barrel-like” shape of the internal component (as shown in Figure 3.1) prevents its direct insertion into the fully fabricated counterpart. If the machine is configured with an outer rotor, the rotor must be segmented so it can be assembled around the stator. Mechanical seams, introduced by joining these rotor pieces, can degrade performance through small but consequential airgap misalignments and increased reluctance at the seam boundaries. Alternatively, in an outer stator configuration, if the stator is composed of multiple segments and the rotor is kept in one piece, the challenges associated with increased reluctance at the seam boundaries shift to the segmented stator side while also demanding a sacrificed winding configuration.
	/
	Figure 3.1. Comparative illustration of contoured airgap topology implementation on outer-stator, radial-flux electrical machine.
	Axial flux machines are more naturally accommodating to contouring, owing to their nature of disc-like stator and rotor assembly in an axially stacked manner (as shown in Figure 3.2). This means that the machine components can be fabricated in or near their final shape, and there is no need for segmentation that later must be joined. However, the windings are predominantly of the concentrated type leading to a higher degree of ripple in torque/speed profile in comparison with the superior distributed winding configuration of radial flux topology. Nevertheless, in an electrical machine with axial flux topology, the contoured airgap can be achieved without creating segments or mechanical discontinuities that ought to complicate the assembly process and impact the performance parameters significantly. Thus, the axial flux topology is chosen for direct implementation and prototyping.
	/
	Figure 3.2. Comparative illustration of contoured airgap topology implementation on dual-rotor, axial-flux electrical machine.
	Current state-of-the-art in multi-material AM is less suited for designs requiring integrated permanent magnets or specifically different magnetic-electrical materials. Hence, the machines relying solely on reluctance-based torque production (i.e., no magnets or conduction-based rotor cages) naturally fit the available single-material AM approach.
	In the category of reluctance machines, although both synchronous reluctance machines (SynRMs) and switched reluctance machines (SRMs) can benefit from reduced magnetic path reluctance, rotor flux barriers for axial flux topology in SynRMs require extensive internal support structures during printing and more extensive postprocessing to remove them. In contrast, SRM rotor typically consists of solid salient pole structure without the complex flux barriers seen in SynRMs and have a more mechanically straightforward rotor construction suited for AM production. Considering these points, an SRM is selected for the actual protype validation. Its rotor geometry avoids multi-material and post-processing issues, and its stator can be printed in a form that accommodates the contoured airgap without complicating the winding design.
	Meanwhile, the broad potential of contoured airgaps is still relevant for SynRMs. A radial flux SynRM can be evaluated numerically to illustrate how the airgap contouring concept extends beyond flux orientation and machine type, even if it may require more complex printing and assembly processes to produce physically.
	The axial flux SRM, combining a straightforward single-material rotor and a planar disc assembly, appears as the best candidate for prototyping a sinusoidally contoured airgap. In this arrangement, a systematic sweep of contour amplitudes can be conducted to identify which amplitude level maximizes torque and efficiency under the selected operating conditions.
	In parallel, the radial flux SynRM remains valuable for simulation-based analyses, particularly given its commercial relevance in certain drives and industrial applications. By running FEA simulations on a SynRM with a contoured airgap, it becomes possible to demonstrate that the same principles underlying the axial flux prototype hold true in a radial flux setting, although with the previously mentioned assembly complications.
	The combination of practical validation on the axial flux SRM and numerical validation on the radial flux SynRM provides convincing evidence of the contoured airgap topology’s potential. It also points out how practical manufacturing constraints guide the choice of machine design for any practical implementation. This dual evaluation, through physical prototyping on an axial flux SRM and computational validation on a radial flux SynRM, ensures that the key impacts of airgap contouring can be generalized and adapted for different industrial applications.
	Having established the basis for machine type selection and flux orientation, this section provides a generalized framework for the design, simulation, and iteration process utilized for the implementation and analysis of the contoured airgap in the previously mentioned SynRM and SRM machine types. The detailed implementation and results for that specific machine follow in subsequent sections.
	The iterative procedure is governed by establishing an OLE-Automation-server within the MATLAB environment, utilizing ActiveX/COM interfaces to control and communicate with geometry developing CAD-tool i.e. SolidWorks and the FEA tools i.e. FEMM, Simcenter MAGNET and JMAG for machine design analysis and iterative optimization. MATLAB provides the initial analytical design calculations, dimensional parameterizations (including stepwise variations of the contour amplitude), and supervisory scripting for the automated control and communication with other involved CAD and FEA software. SOLIDWORKS generates the 3D geometry based on these parameters, enabling exact representation of the contoured airgap in a solid model. The geometry is then imported into a FEA environment to compute electromagnetic performance. Finally, these results are returned to MATLAB for post-processing and comparative analysis. Figures 3.3 and 3.4 present a high-level block diagram and illustration of the methodology utilized for the subsequently presented studies[56], [Publication-III], [Publication-IV].
	/
	Figure 3.3. Block diagram for implementation of contoured airgap in electrical machines and subsequent analysis.
	/
	Figure 3.4. Illustration of workflow for contoured airgap implementation and analysis[56], [57], [58].
	The axial-flux SRM design of [59], [60], having a planar airgap topology is considered reference point for this case study [Publication-III]. This reference design provides the geometry and performance characteristics against which the characteristics of implemented contoured airgap topology will be analyzed. Its key design and design parameters are presented in Table 3.1.
	Table 3.1. Design Parameters of the Benchmark Axial Flux SRM.
	Finite element analysis, conducted under steady-state conditions using tools such as FEMM and Simcenter MAGNET, confirms that the baseline SRM design produces an average torque of approximately 0.23 Nm aligning closely with analytical design estimation. The performance metrics, including load conditions, torque production, and efficiency, are documented to form the reference for subsequent contour amplitude sweeps. Figure 3.5 presents the current and torque profile at rated voltage and speed. Figure 3.6 presents the respective magnetic flux density distribution in the machine parts at the rated current, generated by FEA. At rated parameters, the FEA calculated values for torque production, ripple rate and efficiency are approximately 0.23Nm, 66% and 59% respectively. The output characteristics of benchmark design are also presented in Table 3.2. The ripple rate is calculated by
	/
	Figure 3.5. Current and torque profile of benchmark machine at rated voltage.
	/
	Figure 3.6. Magnetic Flux-Density Distribution in Machine Parts at Rated Current.
	Table 3.2. Output Characteristics of Benchmark Axial-flux SRM Design.
	Next subsections will detail how this reference design is modified, simulated iteratively, and ultimately optimized for enhanced torque production and efficiency.
	To enhance the electromagnetic performance of the axial flux SRM, the conventional planar airgap is modified into a sinusoidally contoured profile. This integration aims to increase the effective airgap surface area, reducing the airgap reluctance and consequently increasing the flux linkage, without altering the nominal airgap thickness. The sinusoidal airgap contour is mathematically defined by (2.12). The depiction of increased airgap surface area from implementation of contour is made in Figure 3.7.
	/
	Figure 3.7. Illustration of increased airgap surface area from contour implementation.
	During the contour implementation process, specific design constraints are imposed to preserve key parameters associated with the magnetic core. That means as the adjacent stator and rotor pole faces were contoured, the contouring was also translated similarly to other surfaces of the rotor back iron. This constraint is key in preserving the saliency ratio of the rotor. The other parameters such as outer diameter, inner diameter, and winding configuration were kept unchanged.
	This case study iteratively implements and analyses varying contour amplitude from 1mm to 10mm in discrete consecutive steps of 1mm. Each contour amplitude is analyzed for key performance indicators – including average torque, torque ripple, flux density distribution, and efficiency – under identical operating conditions.
	The generated torque profile as a function of rotor position, for various values of contour amplitude is shown in Figure 3.8. The analysis of the torque profiles shows that from the rotor position of unaligned to aligned, initially, the increase in generated torque for contoured geometry is not very distinct. That is because of the higher local magnetic saturation at sharp teeth edges of rotor poles. This increased local saturation limits the increase in flux linkage and hence the torque production initially but diminishes when rotor-stator poles start aligning with each other.
	/
	Figure 3.8. Machine’s Torque Profile with varying contour amplitude.
	The generated mean torque at rated input parameters, as a function of varying contour amplitude is presented in Figure 3.9. Figure 3.10 presents the variation of torque density as a function of contour amplitude. Figures 3.11 and 3.12 present the variation in electromagnetic efficiency and the torque ripple rate as a function of contour amplitude. All the presented results are for rated input parameters, identical to the benchmark design with planar airgap topology. The analysis of the results showcases consistent behavior as to the conclusions drawn from the analyses made in previous chapter. The torque production, torque density and efficiency values demonstrate the effect of decreased airgap reluctance in the form of increasing trend for increasing values of contour amplitude. The reason for the increase in torque density and efficiency is that, with a comparatively smaller increase in stator volume (contoured stator-teeth face), a larger gain in air gap surface area and hence the torque generation occurs. On the other hand, the small volume of added material in the stator core causes only iron losses and these losses are a very small portion of the total losses in the machine, i.e. iron losses and copper losses. That is so until a specific point from where the extent of localized saturation in the vicinity of contoured airgap is ought to dominate the gains from reduced airgap reluctance. After that, with further increase in contour amplitude deteriorates the output performance. The results indicate the increased output performance parameters of the machine at a cost of increased torque ripple rate. This increased torque ripple rate is associated with increased slope of reluctance profile from unaligned to aligned position, i.e. the aligned reluctance is comparatively lower than the benchmark design of planar airgap. For the operating conditions of the current analysis, the presented results indicate the design with contour amplitude of 5mm to be the optimal. The specific performance variation of the selected optimal design in comparison with the benchmark design is presented in Table 3.3.
	/
	Figure 3.9. Mean torque production of machine at rated voltage, as a function of varying contour amplitude.
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	Figure 3.10. Torque density variation as a function of varying contour amplitude.
	/
	Figure 3.11. Efficiency variation as a function of varying contour amplitude.
	/
	Figure 3.12. Variation in torque ripple rate as a function of varying contour amplitude.
	Table 3.3. Output Characteristics of Benchmark and Optimal Design.
	To practically validate the performance gains from implementing a contoured airgap topology, static torque measurements were performed. This practical validation provided a crucial confirmation of the theoretically and numerically predicted improvements in electromagnetic performance parameters, particularly output torque comparison against the identical input coil current for planar and contoured airgap topology. Simplified and reduced two-pole setup of the benchmark and optimal design from the previous analysis were prototyped to effectively represent and validate the essential characteristics of the contoured airgap configuration.
	A reduced-scale mock-up setup was designed to enable direct comparison between planar (straight) and contoured airgap topologies. This simplified prototype consisted of two stator teeth and two rotors with two poles each, effectively forming a two-pole configuration that adequately represents the airgap geometry and flux paths of a full-scale machine. The design illustrations for the stator-rotor components of the reduced-scale setup are presented in Figure 3.13.
	/
	Figure 3.13. Illustration of the stator and rotor components for reduced-scale setup.
	These main components, two stator teeth and two rotor structures each, were fabricated using metal-AM. Due to the static nature of the intended torque measurements, solid metallic structures were chosen rather than traditional laminated cores, as the absence of alternating fields eliminates concerns regarding eddy current losses. 
	The magnetic core components were fabricated with SLM Solutions GmbH Realizer SLM-280 LPBF 3D printer. As illustrated in Figure 3.14 (a), the L-PBF process entails melting thin layers of metal powder with a laser beam. After each layer is scanned, the build platform is lowered, and a fresh powder layer is applied. After printing, the prototype core was cut off from the base plate, cleaned, and annealed. The subsequent thermal treatment for grain recrystallization was conducted in a graphite chamber Webb-107 vacuum furnace. The Fe-Si powder used for the printing process was supplied by the Sandvik Group. It consisted of nearly spherical particles with a median diameter of 38μm (d50). This high-purity powder had a chemical composition of 3.7% silicon, trace elements, and iron. 
	//
	Figure 3.14. Laser powder bed fusion of soft magnetic materials, (a) printing process schematic [30], (b) DC magnetization curve of the printed heat-treated material [61].
	The complete workflow on which the processing parameters selection is based upon is outlined in detail in [61], exploring the considerations before, during, and after printing to facilitate the 3D printing of cores with desirable magnetic properties. The empirical DC material magnetization curve used for the numerical simulations is outlined in Figure 3.14 (b). The optimized printing and annealing parameters are summarized in Table 3.4.
	Table 3.4. Prototype printing and heat treatment parameters [61].
	Post-processing steps included careful removal of support structures, surface finishing to achieve the desired airgap accuracy, and manual winding of the stator teeth with insulated copper wire according to the specified winding configuration.
	The assembly procedure involved precise alignment of rotor and stator components, ensuring consistent airgap dimensions and mechanical robustness. The assembled prototypes were then mounted on a suitable mechanical fixture to facilitate accurate static torque measurement. Due to practical limitations, the achieved airgap dimensions were 0.5mm instead of the theoretical value of 0.25mm. Figures 3.15 and 3.16 present the workflow of the prototyping and practical measurement process along with the pictorial illustration of the additively manufactured components and the assembled reduced-scale mock-up setup, clearly illustrating both planar and contoured airgap prototypes in the measurement setting.
	/
	Figure 3.15. Schematic workflow of the prototyping and practical measurement process.
	/
	Figure 3.16. Machine assembly and practical measurement setup.
	The experimental validation of static torque was performed using a dedicated measurement setup, shown in Figure 3.16, designed to precisely assess the torque characteristics of the planar and contoured airgap topologies. The reduced-scale mock-up prototypes were mechanically coupled to a servo motor operating at a very low rotational speed (≤ 1 rpm). This very low and controlled rotational speed allowed accurate replication of static rotor positioning, facilitating the measurement of torque at defined angular steps.
	Torque was measured using an ST (Sensor Technology) torque sensor (model RWT421-DE-KG), selected for its accuracy and suitability for low-magnitude torque measurements. During the experiments, the stator coils were powered using a regulated DC power supply, and the excitation current was systematically varied from 2.5A to 5A in increments of 0.5 A to evaluate torque performance across different excitation levels.
	The measurement data was acquired and logged using a DEWETRON data acquisition recorder, providing reliable and high-resolution recording capabilities. Torque data was collected for both planar (benchmark) and contoured (optimal) airgap topologies under identical measurement conditions, enabling direct comparative analysis.
	The measured static torque values facilitated the comparison against those obtained through FEA. The evaluation involved calculating mean torque values and quantifying the percentage improvement achieved by the contoured airgap design relative to the planar airgap design, thus providing experimental validation for the theoretical performance enhancements predicted by numerical simulations.
	The static torque characteristics obtained through practical measurements and finite element analysis (FEA) simulations are presented in Figure 3.17 and Table 3.5. The torque profiles illustrate the comparative behavior of the planar and contoured airgap topologies across excitation current levels ranging from 2.5 A to 5 A. It was observed that the contoured airgap consistently exhibits higher torque values compared to the planar airgap across all current levels, verifying the theoretical prediction that airgap contouring reduces reluctance and consequently increases torque output.
	Table 3.5 summarizes the mean torque values and the corresponding percentage increases calculated from both practical measurements and numerical simulations. The percentage improvement provided by the contoured topology, compared to the planar airgap topology, is clearly evident and consistent across both FEA and practical measurements. Small discrepancies between the practical and FEA values are observed, primarily due to differences in material properties and practical experimental factors.
	Due to the absence of accurate magnetic properties of the material, utilized for AM production of stator-rotor components in the FEA software's database, numerical simulations were performed using the M400-50A magnetic steel model. In contrast, practical prototypes utilized a slightly different magnetic material (3.5% FeSi) as documented in [61]. This discrepancy in materials accounts for the lower torque values observed in practical measurements compared to simulation results. Nevertheless, the consistency in the percentage increase of static torque between straight and contoured topologies, as observed experimentally, closely aligns with simulation predictions.
	/
	Figure 3.17. Torque profile analysis, FEA vs. practical measurements for planar and contoured airgap topology (I = 2.5A to 5A).
	Table 3.5. Comparison of Mean Torque and Percentage Increase (FEA vs. Practical) for I = 2.5A to 5A.
	Additional practical factors contributing to deviations include minor inaccuracies in component alignment and dimensional tolerances introduced during laboratory-scale  prototyping. Furthermore, inherent accuracy limitations of the torque measurement sensor (ST RWT421-DE-KG) may introduce minor variations in measured results.
	Despite these influencing factors, the relative percentage improvement in torque from planar to contoured airgap topologies remained highly consistent across simulations and practical measurements. This consistency reinforces and validates the fundamental hypothesis that airgap contouring significantly enhances the electromagnetic performance parameters of electrical machines and provides a foundation for future optimization and scaling efforts.
	From the comparative analysis of results from previous section, the effectiveness of contoured airgap topology for axial-flux SRM’s electromagnetic performance parameter enhancement is established. To showcase potential of the principle for diverse machine types and flux-orientations, this section presents the implementation and numerical modeling-based validation of contoured airgap topology in radial-flux SynRM. The results from this case study will also serve as the benchmark for the validation of enhance modeling technique presented in the next chapter.
	The radial flux SynRM of [62], initially designed with the state-of-the-art presented in [54], [63], [Publication-V] was further improved to have fluid flux-barriers in the rotor design [64]. This improved design as illustrated in Figure 3.18, with design parameters presented in Table 3.6 was selected as the benchmark machine design to evaluate the effects of implementing a contoured airgap topology.
	/
	Figure 3.18. Machine geometry, 2D layout of conventional stator and rotor design from [62] and the improved rotor design.
	The finite element analysis of the benchmark machine, conducted at varying levels of machine’s operating point i.e. at 1/3 Irated, 2/3 Irated and Irated, along-with the respective load angles for maximum-torque-per-ampere (MTPA), confirms the output performance parameters wherein, the respective torque profiles are presented in Figure 3.19 and the main output characteristics validated through FEA are presented in Table 3.7. The next subsection will detail the design criteria employed while implementing the contoured airgap topology and simulated iteratively for the incremental increase in contour amplitude.
	Table 3.6. Design Parameters of the Benchmark Radial-flux SynRM.
	150
	mm
	Machine Stack Length
	231
	mm
	Stator Outer Diameter (Dos)
	57.5
	mm
	Rotor Inner Diameter (Dir)
	6
	mm
	Stator-tooth Width
	18.2
	mm
	Stator Yoke Width 
	0.6
	ohm
	Phase Resistance
	60
	deg
	Load angle for MTPA @ rated load
	1.5
	T
	Average Flux Density for Core
	0.5
	-
	Rotor Flux-barrier to Guide ratio
	/
	Figure 3.19. Torque profiles for varying operating points of the benchmark machine under MTPA strategy.
	Table 3.7. Output Characteristics of Benchmark Radial-flux SynRM Design.
	The major imposed criteria for this study are described below and illustrated with the help of Figure 3.20. Sinusoidal airgap contours with varying amplitudes (Ac) from 0mm (benchmark) to 45 mm, in increments of 5 mm were systematically evaluated using FEA. The contoured rotor surface was generated by axial variation of rotor radius, maintaining a consistent airgap clearance, while the stator geometry was adapted accordingly.
	 The stator back iron thickness is kept constant, i.e. the outer perimeter of the stator follows the contoured profile of the airgap.
	 The stator slot area is kept constant throughout the machine length, to accommodate the same number of winding conductors throughout the machine’s stack length.
	 The stator tooth width is also kept constant, resulting in the decreased slot height when increasing the contour amplitude.
	 The airgap thickness is also kept constant throughout the machine length.
	 For the rotor design, while increasing the mid-plane diameter, the flux-barrier and the flux-guide width was kept constant.
	/
	Figure 3.20. Cross-sectional views of the end-plane and mid-plane geometry.
	The effects of contoured airgap topologies were evaluated through comprehensive FEA simulations. Torque characteristics at three distinct operating points of the machine (1/3, 2/3, and full-rated current) were analyzed. Figures 3.21, 3.22 and 3.23 present the variation in machine’s main performance parameters with varying amplitude of the contour. It is evident that the contoured airgap consistently improved mean torque output at each investigated operating point of the machine, compared to the benchmark planar airgap configuration. This confirms the validity of the concept efficacy in the case of radial-flux SynRM too. Analysis of the other performance parameters such as torque density and efficiency also yield the same conclusions as established from Chapter 2 where the fundamentals of airgap contour implementation in practical, non-linear magnetic materials were discussed. That is to say, the torque density does show an increasing trend with an increasing amplitude of the contour until at an optimal point beyond which the degrading effects of localized saturation dominates. Another observation, in line with the conclusions drawn in the previous chapter, is the relatively higher gains at lower applied MMF and vice versa. The torque ripple also shows increased value as the applied MMF and /or contour amplitude increases. The specific numerical and percentage values for the performance parameter variations are presented in Table 3.8.
	In conclusion, this chapter has successfully demonstrated the practical feasibility and effectiveness of implementing contoured airgap topologies in rotating electrical machines, validating the hypotheses set out at the beginning of this thesis report. The comprehensive analyses conducted through both numerical simulations and practical experimental validation clearly establish that airgap contouring significantly enhances electromagnetic performance parameters. Specifically, the implementation of sinusoidal contouring led to notable increases in torque production, torque density, and machine efficiency across varying operational conditions. This supports the first hypothesis, confirming that contoured airgap topology enabled by additive manufacturing effectively reduces airgap reluctance and enhances electromagnetic performance.
	/
	Figure 3.21. Performance characteristics of Radial-Flux SynRM against varying Contour Amplitude in terms of Magnitude (bled) and Percent (red) variation, for operating point of 1/3 Irated at the corresponding load angle of MTPA for each contour amplitude.
	/
	Figure 3.22. Performance characteristics of Radial-Flux SynRM against varying Contour Amplitude in terms of Magnitude (bled) and Percent (red) variation, for operating point of 2/3 Irated at the load angle of MTPA for each contour amplitude.
	/
	Figure 3.23. Performance characteristics of Radial-Flux SynRM against varying Contour Amplitude in terms of Magnitude (bled) and Percent (red) variation, for operating point of Irated at the load angle of MTPA for each contour amplitude.
	Table 3.8. Performance Parameters for Varying Contour Amplitude in SynRM.
	Contour Amplitude (mm)
	Operating Condition
	Units
	Parameter
	Analysis
	45
	40
	35
	30
	25
	20
	15
	10
	5
	0
	27.64
	27.17
	26.57
	25.76
	24.75
	23.71
	23.07
	22.28
	21.45
	20.65
	1/3 Irated
	Mean Torque
	60.55
	60.02
	59.44
	58.81
	58.15
	57.30
	56.45
	55.27
	54.07
	52.91
	2/3 Irated
	Nm
	92.43
	92.35
	92.03
	91.16
	90.22
	88.93
	87.56
	85.89
	84.38
	82.71
	Irated
	0.57
	0.57
	0.57
	0.56
	0.55
	0.54
	0.53
	0.52
	0.51
	0.49
	1/3 Irated
	Torque Density
	1.25
	1.27
	1.28
	1.29
	1.30
	1.30
	1.30
	1.29
	1.28
	1.26
	2/3 Irated
	Nm/kg
	1.91
	1.95
	1.98
	2.00
	2.01
	2.02
	2.01
	2.00
	1.99
	1.97
	Irated
	95.69
	95.78
	95.81
	95.79
	95.71
	95.61
	95.58
	95.57
	95.53
	95.51
	1/3 Irated
	94.41
	94.47
	94.50
	94.54
	94.56
	94.57
	94.57
	94.52
	94.49
	94.49
	2/3 Irated
	%
	Efficiency
	92.78
	92.87
	92.99
	93.01
	93.02
	93.01
	92.98
	92.89
	92.83
	92.80
	Irated
	44.50
	42.73
	41.31
	39.00
	36.35
	32.79
	31.38
	29.20
	27.77
	26.87
	1/3 Irated
	Torque Ripple Rate
	63.97
	60.60
	51.47
	48.96
	47.83
	45.40
	44.06
	41.55
	39.82
	36.38
	2/3 Irated
	%
	69.33
	65.91
	63.67
	61.49
	59.51
	57.25
	56.10
	48.27
	45.65
	40.52
	Irated
	33.86
	31.58
	28.67
	24.76
	19.84
	14.83
	11.75
	7.91
	3.89
	-
	1/3 Irated
	Mean Torque
	14.43
	13.44
	12.35
	11.14
	9.90
	8.30
	6.68
	4.46
	2.19
	-
	2/3 Irated
	11.75
	11.65
	11.27
	10.21
	9.08
	7.52
	5.86
	3.84
	2.01
	-
	Irated
	16.20
	16.54
	16.10
	14.68
	12.20
	9.29
	7.99
	5.74
	2.99
	-
	1/3 Irated
	Torque Density
	-0.67
	0.47
	1.37
	2.16
	2.89
	3.08
	3.10
	2.36
	1.30
	-
	2/3 Irated
	-2.99
	-1.11
	0.40
	1.31
	2.13
	2.34
	2.30
	1.75
	1.12
	-
	Irated
	%
	0.19
	0.28
	0.32
	0.29
	0.21
	0.11
	0.07
	0.06
	0.02
	-
	1/3 Irated
	-0.09
	-0.02
	0.00
	0.05
	0.07
	0.08
	0.08
	0.03
	-0.01
	-
	2/3 Irated
	Efficiency
	-0.02
	0.07
	0.20
	0.22
	0.24
	0.23
	0.20
	0.10
	0.04
	-
	Irated
	65.65
	59.03
	53.78
	45.17
	35.32
	22.06
	16.81
	8.69
	3.38
	-
	1/3 Irated
	Torque Ripple Rate
	75.81
	66.55
	41.47
	34.56
	31.45
	24.77
	21.09
	14.21
	9.45
	-
	2/3 Irated
	71.11
	62.65
	57.13
	51.76
	46.87
	41.28
	38.46
	19.12
	12.67
	-
	Irated
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	The advent of AM has introduced new possibilities for electrical machine design, allowing for the realization of relatively complex three-dimensional geometries that were previously unfeasible with conventional manufacturing techniques. This essential expansion of the design space to 3D, presents new challenges in modeling and simulation. The reliance on three-dimensional FEA increases as traditional analytical models lack in incorporating the complexities of three-dimensional machine designs. Without advancing the analytical modeling approaches, the reliance on full three-dimensional FEA based iterative design process will become a bottleneck in the AM-enabled ecosystem of rapidly producible application-specific electrical machines. In the context of AM-enabled ecosystem of electrical machine production, the design process itself must also evolve to accommodate more rapid iterations. This shift necessitates the development of improved analytical models capable of better approximating performance parameters and handling three-dimensional design features while maintaining computational efficiency.
	Among analytical approaches, the modified winding function analysis has emerged as a valuable tool for electrical machine performance evaluation, particularly in early-stage design iterations. Compared to traditional magnetic equivalent circuit (MEC) and d–q models, its primary advantage lies in its direct inductance-based formulation, which is well-suited for analyzing the influence of spatial airgap variations due to slot openings and/or salient pole geometries on stator or rotor sides and, different winding configurations with a higher degree of computational efficiency. MWFA extends classical winding function analysis (WFA) by incorporating the physical stator and rotor geometry instead of considering the airgap throughout the machine periphery, a constant or approximated by series functions. However, despite its advantages, MWFA has traditionally been developed for two-dimensional design space, where the third dimension is assumed to be uniformly stacked and non-skewed. This assumption limits its applicability to electrical machines with three-dimensional design features, including those enabled by additive manufacturing. Additionally, MWFA does not incorporate material non-linearities, making it less effective for analyses at operating points where saturation effects become prominent.
	By improving the accuracy and scope of design features that MWFA can incorporate, the dependence on intensive three-dimensional FEA simulations in design iterations can be reduced. This will allow MWFA to remain a viable, computationally efficient tool for evaluating machine performance, particularly in the context of AM-enabled designs. The advances presented in this chapter aim to bridge the gap between rapid analytical modeling and high-precision numerical validation, ultimately streamlining the iterative design process for rapidly produceable, mass-personalized modern electrical machines.
	In this chapter, the focus is on extending and refining the MWFA methodology specifically to address these emerging requirements. The enhancements discussed include strategies to incorporate the electromagnetic characteristics of machine’s core materials, allowing for accurate modeling under nonlinear operating conditions in a computationally efficient manner. Additionally, a comprehensive formulation is introduced to effectively handle the three-dimensional design features, particularly the incorporation of contoured airgap topologies and slot skewing, both critical to modern machine designs.
	Subsequent sections of this chapter will comprehensively review the state-of-the-art in MWFA, propose and validate a hybrid FEA-Analytical approach to account for nonlinear magnetic behavior, and present a novel strategy to incorporate three-dimensional design features in MWFA. The proposed modifications ensure that MWFA not only retains its inherent advantages of computational efficiency and applicability in iterative design process but also aligns closely with the practical realities and challenges posed by advanced machine designs enabled through additive manufacturing.
	MWFA is an analytical modeling approach primarily utilized for early-stage electromagnetic evaluation of electrical machines. MWFA enhances classical winding function analysis by integrating precise winding configurations and physical stator-rotor geometries, such as slot openings and salient poles, directly into inductance calculations. Consequently, inductance becomes a rotor position-dependent parameter, providing more accurate torque profile estimations. Despite its effectiveness, MWFA has a traditionally limited role in the iterative design process owing to its simplifying assumptions such as linear magnetic properties, planar airgaps and non-skewed geometric structures, posing challenges for three-dimensional designs for modern machines specifically enabled by AM.
	The generic MWFA based modeling procedure involves two main phases: an offline calculation of inductances for a complete mechanical rotation using MATLAB scripts, and an online SIMULINK-based performance evaluation that utilizes the rotor-position based precomputed inductances. The overall modeling framework is depicted in Figure 4.1.
	/
	Figure 4.1. Block diagram for MWFA based modeling procedure.
	The following subsections provide detailed formulations of MWFA’s fundamental principles, illustrated through a reference SynRM [62], [Publication-VI], [Publication-VII]. Key parameters of this reference machine are presented in Figure 4.2 and Table 4.1.
	/
	Figure 4.2. Machine geometry (a) 2D-layout of stator and rotor, (b) Rotor flux-barrier dimensions, (c) Stator slot dimensions.
	Table 4.1. Design Parameters of SynRM.
	VALUE
	PARAMETERS
	VALUE
	PARAMETERS
	5 mm
	H0
	13426 VA
	Rated Power
	1 mm
	H01
	20.3 A
	Rated Current
	20 mm
	H1
	135.95 mm
	Stator Inner Diameter
	0.85 mm
	H11
	135 mm
	Rotor Outer Diameter
	14.3 mm
	H13
	0.95 mm
	Air-Gap Length
	2.5 mm
	B01
	200 mm
	Stack Length
	4 mm
	B02
	04
	Number of Poles
	5 mm
	B03
	36
	Number of Stator Slots
	3 mm
	B11
	M400-50A
	Core Material
	5.85 mm
	B12
	23
	Number of Winding Turns per-Slot
	8.5 mm
	B13
	02
	Number of Winding Layers
	In MWFA, the inductances, self and mutual, as a function of rotor position (θ) are calculated using the following fundamental formulation
	where 𝑟, 𝜇𝑜, 𝑙, 𝑃𝜃,𝛽, 𝑁𝑥𝜃,𝛽 and 𝑛𝑦𝜃,𝛽 represent the average airgap radius, permeability of free space, stack length, airgap permeance function, winding function, and turn function, respectively. These terms are the function of stator and rotor relative position with β measured from a fixed reference point and θ relative to the stator frame of reference.
	To reduce the complexity of solution, the inductance calculation equation can be reduced to a mean value function as follows, giving its discrete implementation.
	In practical computations, inductances are determined at discrete rotor positions spanning one full mechanical rotation ( 0 to 2π). Therefore, rotor position-dependent functions are represented as vectors with "𝑛" discrete elements. The mean inductance at any given rotor position θ is then obtained through element-wise multiplication of these vectors, followed by averaging the elements of the resultant vector over all discrete steps. This discretized approach significantly simplifies the complexity inherent in continuous integral formulations of equation (4.1), especially as the number of rotor position-dependent variables increases.
	The stator winding function, 𝑁𝑥𝜃, is defined as
	where 𝑛𝑥(𝜃) is the turn function and 𝑃 is the mean airgap permeance. In multi-layer windings, shifts between winding layers help achieve better sinusoidal flux distributions. To incorporate this characteristic, the per-layer turn functions are shifted relative to each other, before adding to yield a resultant turn function. The machine under consideration has a double-layer winding with a short-pitch value of one stator-slot.
	The per-layer turn function for the phase-A winding is shown in Figure 4.3 (a). For each layer, a stator slot houses 23 number of windings turns. The resultant winding function per phase and for all three phases is presented in Figure 4.3(b) and Figure 4.4.
	//
	Figure 4.3. Phase-A (a) per-layer turn function, (b) resultant winding function for two-layers.
	/
	Figure 4.4. Winding Function of three-phase stator.
	The airgap permeance function considers stator and rotor geometrical influences. The overall permeance function is then given by,
	The stator side airgap function, 𝑔𝑠(𝜃), incorporating the stator slot opening is defined by,
	where 𝐻11, 𝐵11 and 𝐵𝑡𝑡 are the thickness of the empty portion from the stator slot, the width of stator slot opening and stator tooth-tip, respectively. 𝑟𝑖𝑠 and 𝑟𝑜𝑟 are the inner radius of the stator and outer radius of the rotor, respectively. The machine’s geometry is illustrated in Figure 4.2. The rotor-associated airgap remains constant at 𝑔𝑎𝑣𝑔, as the rotor has a uniform surface. The stator and rotor air-gap functions as a function of rotor position 𝜃 are shown in Figure 4.5.
	/
	Figure 4.5. Stator and rotor associated air-gap function.
	The operating principle of SynRM relies on the insertion of flux barriers into the rotor structure. These flux barriers introduce anisotropy into the rotor’s magnetic path, creating distinct difference in reluctance along the direct-axis (d-axis) and quadrature-axis (q-axis). This reluctance differential is fundamental for torque generation, as torque arises from the rotor’s tendency to align itself with the stator’s rotating magnetic field, thus seeking the path of minimum magnetic reluctance.
	The reluctance of a magnetic path is directly proportional to its length and inversely proportional to the cross-sectional area available for magnetic flux transmission. To analytically model this effect within the MWFA framework, the flux barriers’ reluctance is translated into an equivalent increase in the rotor-associated air-gap length. To achieve this translation, the rotor is segmented into subsections, each corresponding to a specific flux barrier. The ratio between the rotor subsection’s surface area without flux barriers 𝐴1 and the area with flux barriers 𝐴2, along with the bridge area 𝐴𝑅𝐵 that connects adjacent flux paths, determines the equivalent extension of the air-gap length. This relationship is mathematically expressed as follows,
	where 𝑙𝑓𝑏 and 𝑙𝑎𝑔 are the equivalent air-gap length for flux barrier and the actual air-gap length respectively. Since this surface area bridges two individual flux paths, the value of scaling factor for bridge area 𝑘, in this case is chosen to be ½. The air-gap function for rotor flux-barrier translation by (7), for one rotor pole is presented in Figure 4.6.
	/
	Figure 4.6. Rotor flux-barrier translation towards airgap, with a stepped transition between flux barriers.
	Torque in MWFA is computed using co-energy analysis, dependent on inductance variations with rotor position, 𝜃.
	where 𝑝 is the number of pole pairs, 𝐼 is the input current matrix and 𝜕𝐿𝜃𝜕𝜃 is the inductance matrix derivative at the respective rotor angular position 𝜃. For the case of SynRM, the load angle 𝛿 is introduced towards the input current in the form of following equations
	The self and mutual inductances for stator phases are calculated by (2). For illustration purposes, the self-inductance of phase A and mutual inductance between phase A and B are presented in Figure 4.7 (a) and (b). The self and mutual inductance profiles for other phases are like those illustrated in Figure 4.7 but displaced 120˚ apart. The electromagnetic torque waveforms for the machine under consideration, for peak input currents of 10A and 18A at 𝛿 = 10˚ mechanical, are presented in Figure 4.8.
	//
	Figure 4.7. (a) Self-inductance of one phase, (b) Mutual inductance between two phases.
	/
	Figure 4.8. Electromagnetic torque waveform for input current of 10A and 18A, at 𝛿=10˚.
	The analytical MWFA model presented is evaluated based on its ability to reflect the sensitivity of output performance parameters to various machine design parameters. The parameters considered include stator slot count, winding configuration, layered windings, stator-teeth dimensions, air-gap length, and rotor geometric characteristics such as pole-arc to pole-pitch ratio and flux barrier dimensions.
	Figure 4.9 (a) and (b) illustrate the air-gap function and corresponding torque profiles for two different pole-arc to pole-pitch ratios, holding all other parameters constant with an input current of 15 A and a load angle δ of 10°. These results illustrate the influence of minor geometric variations on the machine performance, demonstrating an increase in mean torque from 20.5 Nm to 22.6 Nm and a ripple percentage rise from 33.1% to 36.7% upon decreasing the pole-arc.
	//
	Figure 4.9. (a) Air-gap function for design variation in pole arc (b) Associated torque profile for respective design variation.
	Similarly, adjustments in flux-barrier width directly impact the available area for d-axis flux. As depicted in Figure 4.10, a 1 mm increase in flux-barrier width reduces the mean torque from 20.5 Nm to 19.6 Nm, while the torque ripple decreases slightly from 33.18% to 31.4%, given the same input conditions (15 A, δ = 10°).
	//
	Figure 4.10. (a) Air-gap function for design variation in flux-barrier width (b) Associated torque profile for respective design variation.
	To assess the accuracy and practical applicability of the MWFA model in the design iteration process, a comparison with an FEA model is conducted. Torque profiles calculated using MWFA and FEA for different load angles at a 10 A input current are shown in Figure 4.11. The mean torque obtained through FEA was 11.29 Nm, whereas MWFA yielded 12.13 Nm at a load angle of 10°, representing a deviation of approximately 7.4%. This discrepancy, though minor, is primarily attributable to localized saturation effects inherent in complex machine structures and the lower temporal resolution of FEA simulations. Notably, increasing the temporal resolution of FEA significantly escalates computational time, highlighting MWFA’s computational advantage.
	In context of torque profile estimation, the MWFA model also demonstrates conformity with the torque profiles observed in FEA simulations. The shape and phase of the MWFA-predicted torque profiles align closely with their numerically simulated counterparts. This consistency confirms that MWFA can not only approximate the mean torque values but also accurately capture the dynamic electromagnetic behavior of the machine.
	/
	Figure 4.11. Torque profile comparison between MWFA and FEA for different load angle 𝛿 and I = 10 A.
	Further analysis over the entire input current range, i.e. from no load to rated conditions, reveals limitation of the conventional MWFA approach, especially when utilizing it in the machine design process where near-rated or rated operating conditions push the magnetic characteristics of the material in the non-linear region. As illustrated in Figure 4.12, deviations from FEA predictions become pronounced near rated currents due to magnetic saturation of the ferromagnetic core material. With the assumption of linear magnetic material in the mathematical formulation of MWFA, the squared value of 𝐼 in torque calculation of (8) renders its behavior to follow the same squared trend versus the input current.
	Figure 4.12. Comparison of mean torque calculation by the analytical model without the inclusion of non-linearity in magnetic permeability and FEA.
	Despite these limitations, the MWFA method significantly outperforms traditional numerical methods regarding computational efficiency, with simulation runtimes of approximately 15 seconds per iteration compared to multiple hours required by equivalent FEA simulations. This characteristic makes MWFA particularly suited for initial rapid iterative evaluations, facilitating early-stage design optimizations before more detailed numerical analyses.
	Although the MWFA-based approach offers computational efficiency and rapid assessment in early-stage design iterations, its overall applicability in the design process of modern electrical machines and viability for design process optimization is constrained by several fundamental assumptions. These limitations often necessitate extensive use of numerical modeling techniques, such as three-dimensional FEA, to achieve design accuracy in diverse operating conditions and more complex geometries. The key limiting assumptions of conventional MWFA can be summarized as follows.
	In the derivation of flux linkages and inductances for classic winding function analysis (WFA) which formulates the foundation of MWFA, the magnetic permeability of the core material is considered infinite, rendering the magnetomotive-force (MMF) drop across the core material to be non-existent. This assumption leads to an overestimation of the airgap MMF and the relationship between applied MMF and the airgap MMF to be linear. Whereas in reality neither is the MMF drop in the machine’s ferromagnetic core negligible, nor does it follow the applied MMF in a linear relationship. The MMF drop in the core is proportional to the magnetic path reluctance offered by the core which depends on two main factors: the core’s geometry and material’s magnetic permeability.
	MWFA usually assumes a uniform (planar) airgap topology, which disregards any axial or radial variations in airgap length. Modern designs, especially those facilitated by AM, incorporate contoured or non-uniform airgaps to enhance performance parameters. Conventional MWFA formulations lack the mechanisms to account for such three-dimensional complexities in the machine structure, limiting their effectiveness when considered for these newer design possibilities.
	Another simplifying assumption in MWFA is the treatment of the machine as having a perfectly symmetric, non-skewed structure along the direction normal to the flow of flux. In practice, slot skewing is a common design technique employed to mitigate torque ripples and reduce harmonic content in electrical machines. Since MWFA inherently assumes a non-skewed structure, it fails to estimate the performance enhancements and ripple reduction effects introduced by skewed configurations. This further limits its accuracy and viability for the iterative design process.
	Although MWFA offers rapid performance parameter estimation, the inherent simplifying assumptions limit its use to early design iterations. As design complexity increases, particularly with the integration of non-linear core material behavior, contoured airgaps, and skewed machine structures, the dependence on more detailed numerical modeling methods increases. Addressing these limitations is essential for reducing the dependency on computationally intensive numerical methods in the design process. The modifications proposed in subsequent sections aim to extend MWFA’s accuracy and applicability by incorporating correction factors and hybrid strategies that account for the non-linear, three-dimensional characteristics of modern electrical machines.
	This section details a hybrid approach [Publication-VI], [Publication-VII] to overcome that limitation by introducing an airgap MMF reduction factor, namely permeability factor, into the fundamental MWFA equations. The key objective is to map how the effective permeability of the core material changes with the operating current, then incorporate that permeability factor into the winding function formulation to achieve more realistic performance estimate.
	The standard formulations for airgap MMF, flux linkage and Inductance calculation for WFA are presented as follows,
	where (13) lays the foundation of the MWFA approach. These formulations assume that the ferromagnetic core has negligible reluctance. In other words, the analytical derivation treats magnetic permeability as infinite, resulting in all thew applied MMF to appear across the airgap alone. Consequently, analytical predictions while ignoring the MMF-drop in the core can overestimate inductances and torque values at higher excitation.
	In reality, however, the MMF drop within the core is non-negligible. Its value is dictated by the magnetic path reluctance of the core, which in turn depends on both its geometry and the material’s magnetic permeability. As a consequence, the effective airgap MMF, and hence the computed flux linkages and inductances, are lower than the calculated values of (10)-(12). To incorporate this effect of reduced airgap MMF a permeability factor, 𝑘𝑝, is introduced into the MWFA formulations. The modified expressions become,
	The specific value of permeability factor is defined by the ratio of the airgap magnetic reluctance (ℛ𝑎𝑔) to the total reluctance (ℛ𝑎𝑔+ℛ𝑐), where ℛ𝑐 represents the core’s reluctance. It can be expressed as,
	where, 𝑙𝑔 and 𝑙𝑐 denote the effective magnetic path lengths of the airgap and the core, respectively, while 𝜇𝑟 is the relative permeability of the core material. While the magnetic path lengths in airgap and the core can be estimated analytically with a fair degree of accuracy, the relative permeability of the material depends on the specific operating point of the machine core on the BH-curve of the material.
	To accurately integrate material’s electromagnetic characteristics into MWFA, it is essential to determine the precise operating point of the machine’s ferromagnetic core on the material’s BH-curve. The operating point depends primarily upon the magnetic field intensity (𝐻) experienced by the core material under different input current conditions. Correct identification of this operating point ensures that the permeability factor, 𝑘𝑝, introduced in the previous subsection reflects realistic magnetic conditions, thereby enhancing the analytical model’s predictive accuracy in all the operation regions of the machine.
	The magnetic field intensity (𝐻) within a simplistic core structure is mathematically defined as,
	where 𝑁 represents the number of winding-turns, 𝐼 is the input current, and 𝑙​ denotes the mean magnetic path length within the core. For a given electrical machine geometry and winding configuration, the magnetic field intensity can be directly related to the input current through a geometry-dependent proportionality constant Δ, as expressed in the simplified form,
	where 𝛥 controls the proportionality of the magnetic field intensity relative to the input current, as illustrated conceptually in Figure 4.13 (a)-(d). Determining the appropriate value of 𝛥 is crucial, as it directly affects the accuracy of mapping the machine’s operating zone onto the BH-curve and subsequently impacts the calculated permeability factor​.
	//
	//
	Figure 4.13. (a) BH-curve mapping against input current for (b) Δ = 5, (c) Δ = 10, (d) Δ = 20.
	The specific value of 𝛥 is established through an iterative hybrid FEA-Analytical calibration process, illustrated by the algorithmic block diagram in Figure 4.14. This hybrid approach systematically combines numerical accuracy with analytical efficiency and involves the following key steps.
	/
	Figure 4.14. Block-diagram of the iterative procedure for determination of machine’s operating point on BH-curve and subsequent calculation of saturation factor 𝑘𝑝 as a function of input current.
	The reference or benchmark value of torque is obtained from 2D-FEA for a half cycle of rated input current applied to the fundamental symmetrical section of machine geometry. The value of ε decides the error limit or accuracy of mapping.
	For the benchmark input current, an initial guess of the proportionality constant 𝛥 is made. Using this value, the magnetic field intensity is calculated. The corresponding magnetic flux density (𝐵) and relative permeability values are then extracted from the known BH-curve of the selected core material. Using these values, the permeability factor is computed based on equation (16) from the previous subsection. Incorporating this computed​ 𝑘𝑝 value into the MWF, a corrected analytical torque is calculated. This analytical torque value is then directly compared with the corresponding FEA benchmark value.
	If the difference between the analytical torque and the benchmark FEA torque exceeds the pre-defined tolerance ε, the value of 𝛥 is adjusted iteratively. This iterative calibration continues until the analytical and benchmark torque values converge within the acceptable tolerance, establishing the final optimized value of 𝛥. Figure 4.14(b)–(d) visually demonstrates this iterative procedure, showing BH-curves mapped against a representative input current range (0–25 A) for various values of 𝛥. Upon convergence to the desired accuracy ε, the value of 𝛥 is finalized, accurately defining the machine’s operational mapping onto the BH-curve.
	Once optimized, the determined proportionality constant (𝛥) enables straightforward estimation of the core’s operating point on the material BH-curve for any input current level. For computational efficiency, the corresponding relative permeability (𝜇𝑟​) values for the complete operating current range are precomputed and stored in lookup tables. During the online simulation phase, MWFA rapidly retrieves the appropriate permeability factor from these tables, facilitating fast yet precise analytical performance evaluation.
	As an illustrative example, the machine under investigation in this chapter utilizes M400-50A as the core material. The iterative hybrid calibration procedure described above yields an optimal 𝛥 value of approximately 13.5 for this specific geometry and material. Consequently, the relative permeability for M400-50A, ranging from zero up to a maximum of approximately 64,868.9, leads to calculated permeability factor values within a realistic range, typically 0 < 𝑘𝑝 < 1.
	The iterative hybrid FEA-analytical mapping procedure outlined in the previous subsection was implemented to determine the optimized proportionality constant for the reference SynRM. After iterative calibration, the optimal value of 𝛥 was identified to be approximately 13.5. This optimized value enabled precise mapping of the core’s operational points onto the BH-curve for the input current range of 0–25 A. Although this range exceeds the machine’s rated current of 20.3 A, it was deliberately selected to evaluate the MWFA model’s accuracy and robustness under overload conditions, thus ensuring comprehensive validation.
	Figure 4.15 illustrates the machine’s calculated operational zone. Specifically, Figure 4.15(a) depicts the mapped BH-curve corresponding to the determined value of 𝛥, clearly indicating the operating points at different input currents. The associated variation in relative permeability is shown in Figure 4.15(b), while Figure 4.15(c) presents the computed permeability factor across the entire evaluated input current range. The computed 𝑘𝑝 values logically remain within realistic boundaries (0 < 𝑘𝑝 ≤ 1), demonstrating the analytical model’s effectiveness in capturing the effect of material’s non-linear magnetic characteristics.
	//
	/
	Figure 4.15. Operating zone of the machine under consideration on (a) BH-curve, (b) Permeability curve, (c) Value of 𝑘𝑝 versus input current.
	To further evaluate the impact of incorporating core material’s electromagnetic characteristics, airgap MMF distributions calculated analytically, both without and with the inclusion of the permeability factor, are compared for two distinct current levels (10A and15A peak) at a mechanical load angle of δ=10∘. As shown in Figure 4.16(a) and (b), neglecting core material’s characteristics overestimates the airgap MMF significantly. Conversely, when the permeability factor is employed, the calculated airgap MMF is effectively reduced reflecting the consideration of MMF-drop in the machine core.
	//
	Figure 4.17. Airgap MMF with and without the inclusion of saturation factor 𝑘𝑝, for input current of (a) 10A, (b) 15A.
	These material-characteristic dependent corrections in airgap MMF directly influence electromagnetic torque calculations. Figure 4.17(a) and (b) illustrate torque waveform comparisons between MWFA predictions (with and without permeability factor correction) and corresponding FEA results at input currents of 10 A and 15 A respectively, maintaining the same mechanical load angle i.e. δ=10∘. The inclusion of the permeability factor evidently improves analytical torque predictions, aligning closely with FEA-derived torque waveforms and thereby validating the enhanced MWFA formulation’s accuracy.
	//
	Figure 4.17. Torque waveform comparison with FEA results, 𝛿 =10˚ mechanical (a) 10A, (b) 15A.
	For additional validation over the complete range of input current, Figure 4.18 presents a comparison between the mean electromagnetic torque calculated by the analytical MWFA model without incorporating core material non-linearity and corresponding FEA results across the evaluated input current range. As expected, the linear MWFA predictions exhibit a purely quadratic relationship with input current, significantly diverging from numerical FEA results, particularly at higher input currents where magnetic saturation becomes prominent.
	/
	Figure 4.18. Comparison of mean torque calculation by the analytical model without the inclusion of core material’s electromagnetic characteristics and FEA.
	//
	/
	Figure 4.19. Comparison of mean torque calculation by the proposed analytical model (under non-linear magnetic condition) and FEA for different materials (a) M400-50A, (b) 36F185, (c) M235-35A.
	On the contrary, after integrating the permeability factor into the analytical MWFA formulation, the analytical torque estimations closely align with FEA results across the full input current range, as depicted in Figure 4.19(a), for core material M400-50A. To further illustrate the accuracy and general applicability of this modeling strategy, additional validations using alternative core materials, 36F185 and M235-35A, are presented in Figure 4.19(b) and (c). In each case, the proposed modification in the analytical model maintains good agreement with the corresponding FEA results, reinforcing its effectiveness and diverse utility across varying material properties.
	The comparative evaluation of simulation runtimes, benchmarked on the identical computational resource of a 12-core modern CPU, further reinforces the practical utility and computational efficiency of the proposed hybrid MWFA methodology. As summarized in Table 4.2, the initial hybrid calibration procedure, performed only once per machine geometry and core material, typically requires approximately 15–20 minutes. After this calibration, subsequent iterative analyses leveraging the MWFA approach are completed in roughly 15 seconds per iteration.
	Table 4.2. Simulation runtime comparison for same temporal resolution and machine runtime (4 sec), FEA vs Analytical.
	Simulation Runtime
	Type of Modeling
	tuning via hybrid FEA-Analytical procedure
	15–20 minutes
	AnalyticalMWFA
	*(one-time procedure)
	15 seconds
	each subsequent iteration
	Approx. 50 Hrs.
	each individual iteration
	FEA
	Conversely, achieving similar precision and temporal resolution via full-scale three-dimensional FEA demands approximately 50 hours per iteration. This stark contrast in computational times validates the fundamental hypothesis that improving the accuracy and applicability of MWFA enables the analytical method to significantly alleviate computational burdens traditionally associated with iterative numerical simulations. Consequently, the refined MWFA framework not only accurately accounts for core saturation effects but also fundamentally enhances the iterative design workflow – shifting the majority of iterative computational burden from resource-intensive FEA simulations to rapid and efficient analytical evaluations. This transition is particularly advantageous in the context of additive manufacturing-enabled electrical machines, where rapid, precise, and computationally efficient design iterations are critical for achieving optimal, customized machine performance.
	Following this detailed analysis, it is evident that by far, the second hypothesis has indeed been proved. The hybrid FEA-Analytical approach not only reduces the computational time and complexity associated with machine design analysis but also substantively enhances its suitability for iterative design processes. This streamlined approach allows for quicker iterative refinements in design.
	As previously outlined, conventional MWFA inherently assumes a three-dimensionally uniform machine geometry, neglecting critical three-dimensional variations such as contoured airgaps and skewed stator or rotor configurations. Addressing this limitation is essential for MWFA to effectively support the iterative design optimization process, especially in the context of advanced machine geometries enabled by AM. Although the proposed strategy presented here is applicable to various flux topologies, i.e. radial or axial, all subsequent modifications and explanations are provided in the context of the machine topology currently under consideration i.e. radial flux SynRM. The following subsections propose specific strategies and associated formulations to extend MWFA for incorporating these complex three-dimensional design features.
	To effectively incorporate three-dimensional design features within the MWFA-based modeling framework, the proposed strategy [Publication-VIII] involves segmenting the machine geometry into discrete sections in axial direction. Each segment independently captures local variations in critical design parameters, including the airgap radius, airgap permeance function, winding functions, and turn functions. By discretizing the geometry into 𝑚 segments, each with its own distinct characteristics, the inductance formulation can accurately represent the cumulative impact of axial variations.
	Referring to the fundamental inductance formulation (2), all involved parameters are inherently functions of stator and rotor relative positions, expressed through the angles θ and β. For each axial segment 𝑗 (𝑗  = 1, 2, ..., m), the inductance calculation is conducted separately as follows
	where, 𝑟𝑗 and 𝐼𝑗 denote the mean airgap radius and axial length of the j-th segment, respectively. Similarly, 𝑃𝑗𝜃𝑗,𝛽, 𝑁𝑥𝑗𝜃𝑗,𝛽 and 𝑛𝑦𝑗𝜃𝑗,𝛽 represent the permeance, winding, and turn functions specific to segment 𝜃. 𝜃𝑗 indicates the rotor angular position within the stator reference frame for the 𝑗−𝑡ℎ segment, allowing the model to reflect localized rotational asymmetries.
	The total inductance of the machine, accounting for axial variations, is then obtained by summation of the inductances of individual segments as follows.
	Through this segmented approach, MWFA effectively handles the complexity associated with three-dimensional geometric features, significantly enhancing its predictive accuracy while maintaining computational efficiency suitable for iterative design processes.
	As previously discussed, conventional MWFA inherently assumes a planar (uniform) airgap, neglecting axial variations introduced by contoured topologies. While the complexity of implementing these topologies in MWFA varies based on specific design constraints, the fundamental modification framework remains consistent. In the context of the radial flux SynRM under consideration, constraints implemented for airgap contouring specifically impact the effective airgap dimensions, whereas other machine parameters and material properties remain unchanged. The effect of specific design constraints on the formulation of MWFA under proposed strategy is discussed in the next subsection.
	Considering the inductance formulation of MWFA (21), the terms contributing to inductance include the turn function, winding function, airgap permeance function, material permeability, and airgap surface area. The effects of airgap contouring on these terms, under previously described constraints of contoured airgap topology for radial flux SynRM, are discussed as follows. Additionally, since the rotational symmetry along the axial direction is not altered under the currently discussed constraints of airgap contouring, 𝜃1… 𝜃𝑚= 𝜃.
	1. Turn Function and Winding Function
	The winding parameters, including the number of winding-turns per slot, coil arrangement, and their spatial distribution around the stator periphery, remain unaffected by airgap contouring. Consequently, the turn and winding functions remain identical for each axial segment.
	2. Airgap Permeance Function
	The airgap permeance function considers spatial variations in airgap thickness associated with stator and rotor design. Given that the constraints defining contoured airgap topology maintain uniform airgap thickness and unchanged stator slot layout, including slot openings, the permeance function remains identical for each axial segment.
	3. Airgap Surface Area
	The most significant impact of airgap contouring arises from the increased airgap surface area. This increase, depicted in Figure 4.20, directly influences inductance calculations. Under the current constraints, the inductance formulation (21) reduces to,
	/
	Figure 4.20. Change in airgap surface area due to contouring.
	The increased airgap surface area is dependent on the contour shape and amplitude. Since the contour utilized in this current example is sinusoidal, instead of segmenting the machine, it can be accounted for by incorporation of a proportionality factor 𝑘c in inductance formulation of MWFA. The value of 𝑘c is directly proportional to increased airgap surface area due to the contour and is given by
	The contour equation (as defined in 2.18) becomes
	The surface area for the contoured airgap is calculated by
	where the surface area of the straight airgap surface is simply calculated by 2𝜋𝑟0𝑙0.
	4. Magnetic Path Reluctance
	Under the specific constraints of contouring, individual dimensions, i.e. the thickness of the stator-rotor components remain unchanged. This makes the machine’s operating point on the BH-curve largely unaffected. However, contouring increases the magnetic path length around the periphery of the machine, consequently increasing magnetic path reluctance. To incorporate this effect, the permeability factor formulation is adjusted by introducing the proportionality factor 𝑘𝑐.
	 The Inductance formulation of (21), with incorporated effect of contoured airgap topology, essentially becomes,
	The proposed analytical methodology incorporating the proportionality factor 𝑘𝑐 and permeability correction factor 𝑘𝑝 has been validated through comparative analysis against FEA results. A parametric sweep of the contour amplitude 𝐴𝑐, varying in consecutive increments of 5 mm, was performed on the benchmark radial-flux SynRM.
	Figure 4.21(a) illustrates the proportionality factor as a function of contour amplitude. As the contour amplitude increases,  𝑘𝑐 exhibits a nonlinear relationship, underscoring that the effective increase in airgap surface area does not follow a linear trend, but instead depends specifically on the contour’s geometry. Figure 4.21(b) shows the corresponding variation of the permeability correction factor as a function of input current for different contour amplitudes. This factor demonstrates a decreasing trend with increasing contour amplitude, reflecting the higher magnetic reluctance due to the extended magnetic path length imposed by the contouring, thus offsetting some of the benefits gained by increased airgap surface area.
	//
	Figure 4.21. (a) Values of proportionality factor 𝑘𝑐 vs. the contour amplitude, and (b) Values of permeability factor 𝑘𝑝 vs. the input current, for different values of contour amplitude 𝐴𝑐.
	To determine the validity of the proposed MWFA strategy, comparisons of torque waveforms under various operational scenarios were conducted. Figure 4.22 illustrates torque estimation for a machine with a planar airgap (i.e. 𝑨𝒄 = 0 mm) at a loading angle δ = 10° and an input current of 10A-peak. The MWFA model, after incorporating the correction factors, accurately aligns with the FEA-calculated values, in terms of torque profile and the mean torque (𝑇𝑒−𝑀𝑊𝐹𝐴= 5.0775 Nm versus 𝑇𝑒−𝐹𝐸𝐴 = 5.2729 Nm). Excluding these correction factors results in significant deviation i.e. 𝑇𝑒−𝑀𝑊𝐹𝐴= 7.5687 Nm, as illustrated in the figure, establishing the validity and efficacy of the proposed strategy.
	Figure 4.23 extends this analysis to a contoured airgap machine (𝑨𝒄 = 5mm) under the same operating conditions. The MWFA model, without correction factors, predicts a significantly higher torque (𝑇𝑒−𝑀𝑊𝐹𝐴 = 7.5687 Nm), whereas the corrected MWFA closely aligns with the FEA result (𝑇𝑒−𝑀𝑊𝐹𝐴 = 5.4385 Nm compared to 𝑇𝑒−𝐹𝐸𝐴 = 5.6534 Nm).
	Figure 4.24 illustrates torque profiles for an airgap contour amplitude of 25mm under different operational conditions (δ = 20°, input current of 20A-peak). Without correction factors, the overestimated mean torque value through MWFA comes out to be 56.8850 Nm. Whereas, incorporating the proposed correction factors notably lowers the deviation, aligning closely with the FEA-derived torque (𝑇𝑒−𝑀𝑊𝐹𝐴 = 26.4262 Nm versus 𝑇𝑒−𝐹𝐸𝐴 = 25.0032 Nm). Table 4.3 summarizes the quantified percentage deviations between MWFA-predicted torque and corresponding FEA results for the above presented results.
	/
	Figure 4.22. The generated torque in case of a planar airgap machine (𝑨𝒄= 0), under loading angle (𝛿 = 10o), stator current (𝐼𝑖𝑛 = 10A-peak).
	/
	Figure 4.23. The generated torque in case of a contoured airgap machine (𝑨𝒄= 5mm), under loading angle (𝛿 = 10o), stator current (𝐼𝑖𝑛 = 10A-peak).
	/
	Figure 4.24. The generated torque in case of a contoured airgap machine (𝑨𝒄= 25mm), under loading angle (𝛿 = 20o), stator current (𝐼𝑖𝑛 = 20 A-pk), while the mean torque using FEA is (𝑇𝑒−𝐹𝐸𝐴 = 25.0032N-m), and through MWFA (𝑇𝑒−𝑀𝑊𝐹𝐴 = 56.8850N-m without proposed strategy) and (𝑇𝑒−𝑀𝑊𝐹𝐴= 26.4262N-m with proposed strategy).
	Table 4.3. Summary of MWFA-Calculated Torque Deviations from FEA.
	/
	Figure 4.25. The comparison of generated torque calculated using FEA (blue) and proposed MWFA (red) under loading angle (𝛿 = 10o), stator current (𝐼𝑖𝑛 = 10, 20 and 30Apeak).
	/
	Figure 4.26. The comparison of generated torque calculated using FEA (blue) and proposed MWFA (red) under loading angle (𝛿 = 20o), stator current (𝐼𝑖𝑛 =10, 20 and 30Apeak).
	These results and analyses conclusively demonstrate that the proposed MWFA modifications effectively capture the complex relationship between geometric and magnetic factors in machines with contoured airgaps. Consequently, this enhanced analytical model proves reliable for accurate, computationally efficient performance prediction and iterative design optimization in advanced machine designs enabled by additive manufacturing.
	Skewing in electrical machine structures is utilized to mitigate torque ripple and reduce spatial harmonics, particularly the slotting harmonics (SH). Incorporating slot skewing within the MWFA framework enhances its capability to accurately represent practical machine behaviors, broadening its application to more realistic machine designs. Due to its extensive use in induction motors, the implementation and validation of slot skewing in MWFA is illustrated through an induction motor.
	Incorporating slot skewing into MWFA necessitates the introduction of angular displacement parameter, termed as the skew angle (α𝑠𝑘), into the fundamental formulation of the proposed strategy of (4.19)–(4.21). The machine geometry is divided into m segments axially, each displaced by an incremental skew angle from the previous segment. Each segment independently captures local variations in critical design parameters, including airgap permeance, winding, and turn functions, reflecting the skewed configuration.
	For a total skew angle α𝑠𝑘 divided uniformly across m axial segments, each segment experiences an incremental angular shift, denoted as Δα, illustrated in Figure 4.27 and calculated by
	/
	Figure 4.27. The illustration of rotor segmentation and skew angle.
	In each axial segment 𝑗 (𝑗 = 1, 2, …, 𝑚), the rotor’s angular position 𝜃𝑗 relative to the stator frame is adjusted to reflect the cumulative skew, formulated as
	Utilizing these modified rotor positions, the inductance calculation per axial segment follows the generalized form established previously in (19)-(21), capturing segment-specific winding and airgap functions affected by skew.
	The total inductance, considering skewing, is obtained by aggregating the individual inductance of each segment along the axial direction.
	This segmented skewing approach effectively incorporates the spatially distributed angular displacement into MWFA, significantly enhancing the analytical method's capability to accurately represent torque ripple reductions and harmonic attenuation associated with skewed structures.
	The proposed slot skew formulation within MWFA was validated through an induction motor whose key specifications are summarized in Table 4.4. The validation employs numerical simulations and experimental data, confirming the efficacy of MWFA in estimating reductions in SH components and the attenuation of torque ripple, thereby extending MWFA’s practicality to skewed machine topologies.
	Table 4.4. Design Parameters of Induction Motor.
	The proposed MWFA approach employed to compute stator-rotor mutual inductance profiles essential for calculating machine performance parameters is illustrated in Figure 4.28 (a). The inductances are calculated by dividing the rotor axially into four equal segments, each shifted with incremental angular shift for equivalent skew angle of one stator slot pitch. Summation of these segmented inductances smooths the overall inductance profile, effectively attenuating slot-related ripples, as illustrated in Figure 4.28 (b).
	Figure 4.28. The stator-rotor mutual inductance, (a) for each segment (4 segments), (b) the overall inductance profile.
	Figure 4.29 demonstrates that rotor slot skewing not only smoothens stator-rotor mutual inductances but also significantly reduces ripple magnitudes in stator-stator self (𝐿𝑎𝑎), stator-stator mutual (𝐿𝑎𝑏), stator-rotor (𝐿𝑎𝑟), and rotor-rotor (𝐿𝑟𝑟) inductances. Comparative analysis of the plots clearly highlights the reduction in peak-to-peak ripple magnitude when rotor slot skew is considered.
	Figure 4.29. The calculated inductances with (red) and without (blue) rotor slots skew, (a) stator to stator self (𝐿𝑎𝑎), (b) stator to stator mutual (𝐿𝑎𝑏), (c) stator to the rotor (𝐿𝑎𝑟), and (d) rotor to rotor (𝐿𝑟𝑟) concerning the rotor position.
	Similarly, the inductance derivatives concerning rotor position also exhibit significant reduction in ripples upon rotor skew inclusion, as shown in Figure 4.30. These reduced ripples directly correlate with reduced torque ripple and smoother current waveforms, significantly improving the machine’s operational characteristics.
	Figure 4.30. The derivative of the inductances with (red) and without (blue) rotor slot skews (a) stator to stator self (𝐿𝑎𝑎), (b) stator to stator mutual (𝐿𝑎𝑏), (c) stator to the rotor (𝐿𝑎𝑟), and (d) rotor to rotor (𝐿𝑟𝑟) with respect to the rotor position.
	The comparative simulation results of phase currents and torque waveforms for both skewed and non-skewed rotor conditions are presented in Figure 4.31. The currents with rotor slot skew (Figure 4.31(b)) exhibit reduced harmonic distortion compared to the non-skewed rotor (Figure 4.31(a)). Torque profiles further highlight this improvement, with reduced ripple amplitudes clearly observable in Figure 4.31 (c) and (d). As stated earlier too, slot skewing predominantly targets attenuation of slotting harmonics (SH). Figure 4.32 depicts how rotor skew significantly reduces the principal slotting harmonics, SH1 and SH2. Theoretically predicted frequencies of these harmonics were calculated using (31).
	where slip (𝑠), number of rotor bars (𝑛𝑏), and pole pairs (𝑃) directly influence harmonic frequencies. For the machine under test (40 rotor bars, two pole pairs, at 0.0067 slip), SH1 and SH2 theoretically appear at 883 Hz and 983 Hz, respectively. With skew, these harmonics attenuate from 0.04922 A and 0.0617 A to 0.00398 A and 0.00914 A.
	/
	Figure 4.31. The stator currents with the rotor in (a) 2D without slot skew, (b) 3D with slot skew equal to one stator slot pitch, (c) the comparison of torque profile with and without rotor slot skews, (d) the zoomed comparison of torque profile with and without skews.
	/
	Figure 4.32. The development of PSH1 and PSH2 with and without slot skew in phase current.
	Further analysis summarized in Table 4.5 and illustrated in Figure 4.33 illustrates slotting harmonics variations with slip, confirming the method's robustness under various load conditions.
	Table 4.5. The Development of PSH with Skewed Rotor.
	/
	Figure 4.33. The development of PSH1 and PSH2 with skewed rotor bars while PSH2 is present because the phase-current is taken into consideration here.
	For experimental validation, a dedicated test rig comprising two identical motors coupled back-to-back was utilized (Figure 4.34). Practical measurements of stator currents, using a DEWETRON transient recorder with 10 kHz sampling frequency over 70 seconds, facilitated high-resolution frequency spectrum analysis.
	/
	Figure 4.34. The experimental setup, block diagram (left), test rig (right).
	Measured results (Figure 4.35 and Table 4.6) demonstrate excellent agreement with simulated data (Figure 4.34 and Table 4.5), particularly for the SH1 component. The validated MWFA approach incorporating slot skew effectively predicts operational behavior, providing significant computational advantages while ensuring analytical accuracy, suitable for rapid iterative design processes. Minor discrepancies in SH2 result primarily from neglected magnetic nonlinearities and localized saturation effects. These factors could be accounted for by integrating the earlier proposed strategy for incorporation of material B-H curves.
	Table 4.6. The Development of PSH with Skewed Rotor in Practical Measurement.
	/
	Figure 4.35 The PSH1 and PSH2 in practical measurements.
	5 Conclusions and Future Work
	5.1 Future Works

	This doctoral thesis has established a comprehensive framework for designing and modeling contoured airgap topologies in additively manufactured electrical machines, aiming at enhancing their electromagnetic performance. The investigations highlight the critical role of airgap design in optimizing machine performance. Leveraging additive manufacturing (AM) technologies, this work successfully demonstrates the feasibility of integrating complex airgap contours which were previously impractical with traditional manufacturing methods.
	The findings from analytical and simulation studies provided significant insights into the behavior of these machines under various operational conditions. The implementation of sinusoidal and other airgap contours, as validated through both theoretical modeling and experimental validation, resulted in improved flux linkage and reduced magnetic reluctance, thus leading to enhanced torque production and overall machine efficiency. The research also highlighted the trade-offs between increased airgap surface area and the onset of magnetic saturation, which were crucial for determining the optimal contour designs.
	This doctoral thesis has successfully established a detailed framework for the design and modeling of contoured airgap topologies in additively manufactured electrical machines, significantly enhancing their electromagnetic performance. Through analytical and simulation studies, the thesis demonstrates how advanced airgap designs optimize machine efficiency and performance, particularly through the strategic use of additive manufacturing (AM) technologies.
	Equally critical to realizing the full potential of AM, however, is the need to overcome the computational inefficiencies that limit iterative design workflows -especially for low-volume, application-specific machines. This brings focus to the second major research gap, the lack of a computationally efficient yet sufficiently accurate modeling framework that can handle non-linear magnetic properties and complex 3D geometries. It is within this context that the optimization of the design process became central to the broader contribution of this work. The enhancement of the Modified Winding Function Analysis (MWFA) played a crucial role in reducing the reliance on computationally expensive finite element methods (FEA). By refining the MWFA to accurately account for complex geometries and saturation effects within the machine core, the thesis offers a potent tool for rapid, iterative design processes. This optimization is particularly beneficial in the context of AM, where the overall production efficiency demands for the design process to be rapid and optimized for computational efficiency.
	Moreover, the thesis lays groundwork for further integration of design process optimization by suggesting segmented modeling approach for analytical models that could incorporate hybrid flux topologies and complex volume calculations. This would not only enhance the analytical accuracy in predicting machine losses but also fosters a more agile design framework capable of adapting to diverse manufacturing settings and operational demands.
	In conclusion, the research presented in this thesis marks a substantial step forward in the electromechanical design field, especially in the utilization of AM for electrical machines. It opens up new possibilities for future research, particularly in extending the capabilities of analytical models to fully leverage the design freedom offered by AM technologies, ultimately leading to smarter, more efficient, and cost-effective machine designs. These advancements emphasize the transformative potential of integrating detailed design process optimization strategies into the core of electrical machine development, promising a new era of innovation and efficiency in electromechanical manufacturing.
	Building upon the foundation established in this doctoral thesis, future research can further enhance the design and analysis of electrical machines with the following advanced studies:
	1. Investigation of More Complex Geometrical Shapes for Airgap: Expanding the scope of airgap geometries could explore the effects of more complex shapes, such as non-periodic or asymmetric contours. This exploration aims to optimize flux linkage and torque production beyond traditional sinusoidal and circular contours, potentially uncovering new pathways to efficiency improvements.
	2. Saturation Mitigation Techniques: Developing shapes or configurations specifically aimed at mitigating saturation effects in the core, especially near the contoured airgaps, is critical. Research could focus on geometric modifications or the introduction of composite materials within the core to distribute flux densities more evenly, thereby reducing local saturation and enhancing performance.
	3. Application and Case Study for PM Machines: Conducting case studies on the implementation of contoured airgap topology in permanent magnet (PM) machines could reveal opportunities to reduce the mass of rare-earth magnets used. This research could contribute to cost savings and resource efficiency in PM machine production, aligning with sustainable manufacturing practices.
	4. Extending Modified Winding Function Analysis (MWFA): Enhancing the MWFA to better account for localized saturations and complex geometrical impacts on electromagnetic and thermal performance. This extension would involve integrating more refined core material characteristics and loss modeling into the analytical framework, thus providing more accurate predictions of machine behavior under varied operating conditions.
	5. Incorporation of Complex Geometry in MWFA: Extending the MWFA to include more detailed volume and geometry calculations could improve its capability in estimating losses, such as iron and copper losses, especially for machines with complex geometries. This would enhance the model's utility in the design process by providing more accurate loss profiles and helping in thermal management optimization.
	6. Incorporation of Hybrid Flux Topologies in MWFA: Advancing the MWFA to incorporate hybrid flux topologies, such as those found in machines combining characteristics of both radial and axial flux machines, could broaden the applicability of the analytical approach. This expansion would allow for the exploration of innovative machine designs that could offer superior performance characteristics.
	7. Utilization of Developed Algorithms for Data-Driven Insights: Leveraging the refined algorithms and models to generate extensive datasets detailing the effects of various design parameters on machine performance. This data could be used to train machine learning models, providing predictive insights and optimizing design processes through AI-driven tools. Such applications could drastically reduce design cycles and enhance the adaptability of machines to specific applications.
	8. Integration of Thermal and Mechanical Considerations into Design and Prototyping Workflow Focus on enhancing the practical prototyping process by incorporating thermal management solutions and mechanical design constraints directly into the early-stage electromagnetic design workflow. This would involve co-optimizing thermal dissipation pathways, mechanical robustness (e.g., vibration tolerance, structural stresses), and electromagnetic performance – particularly for AM-fabricated components. Developing such models and prototyping strategies would ensure more reliable, application-ready machines while reducing post-design iterations and enabling a more holistic, performance-driven design approach.
	These proposed directions not only aim to deepen the understanding of contoured airgap technologies but also seek to integrate advanced computational tools and manufacturing techniques, setting a robust platform for the next generation of high-performance electrical machines.
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	Abstract
	Design and Modeling of Contoured Airgap Topology for Additively Manufactured Electrical Machines
	This doctoral thesis presents a comprehensive framework for the electromagnetic design and modeling of contoured airgap topologies in electrical machines, enabled by additive manufacturing (AM). The research is motivated by the need to overcome the geometric constraints imposed by conventional manufacturing, which traditionally limit electrical machine topologies to planar, two-dimensional designs. While additive manufacturing has already proven beneficial for structural integration and thermal management in electrical machines, its full potential for electromagnetic design innovation, especially in three-dimensional topology, remains largely unexploited.
	To address this gap, the work introduces and systematically validates contoured airgap surfaces as a novel approach to reduce magnetic reluctance and enhance flux linkage within compact machine geometries. A range of contour shapes, including sinusoidal, triangular, and circular profiles, were analyzed through finite element simulations and compared against benchmark planar topology. The performance improvements, particularly in flux linkage, torque production, and torque density, were evaluated under both linear and non-linear magnetic material conditions. Experimental validation using additively manufactured prototypes confirmed that contoured geometries yield consistent and significant improvements in output torque across a range of operating currents, validating the first hypothesis of this thesis.
	In parallel, this work addresses a second critical research challenge: the computational inefficiency of the iterative machine design process when using three-dimensional finite element analysis (FEA). To avoid this limiting characteristic, this work enhances the Modified Winding Function Analysis (MWFA) to support the rapid and accurate modeling of machines in nonlinear region of material characteristics and three-dimensional features, including contoured airgaps and slot skewing. A hybrid FEA-analytical approach is developed, enabling accurate estimation of saturation effects in the core material through a one-time FEA-supported correction that significantly reduces the computational load of subsequent iterations. Benchmarked against FEA, the enhanced MWFA reduces iteration time from several hours to under 20 seconds without compromising accuracy, thereby validating the second hypothesis concerning computational efficiency.
	Furthermore, the thesis proposes an extended MWFA formulation using a segmented modeling approach that incorporates three-dimensional variations in machine design, thus enabling the analytical modeling of complex 3D machines with a high degree of flexibility. These advancements enable the extended use of MWFA in iterative design workflows and lay foundation for future utilization for machine learning-based optimization possibilities, enabling smarter, faster, and more application-specific machine development in the AM context.
	In conclusion, this thesis not only demonstrates the performance potential of contoured airgap topologies enabled by additive manufacturing but also provides the analytical tools necessary to exploit this design-freedom efficiently. By bridging the gap between design innovation and computational modeling, the work lays the foundation for a new generation of electrical machines – compact, efficient, and customized for high-performance applications through AM-driven design workflows.
	Lühikokkuvõte
	Kõverdatud õhupilu topoloogiaga kihtlisandusmeetodil valmistatud elektrimasinate projekteerimine ja modelleerimine
	Käesolev doktoritöö keskendub elektrimasinate projekteerimisele ja modelleerimisele, kasutades kihtlisandustehnoloogia võimalusi, eelkõige uudse kõverdatud õhupilu topoloogia rakendamist. Uurimistöö lähtepunktiks on vajadus ületada traditsioonilise tasapinnalise disainiga elektrimasinate geomeetrilised piirangud ning uurida võimalusi, mida pakub kihtlisandustehnoloogia kolmemõõtmelise geomeetria vabaduseks.
	Töö esimeseks eesmärgiks oli välja töötada ja katseliselt valideerida kõverdatud õhupiluga geomeetriaid, mis võimaldavad vähendada magnetahela magnetilist takistust ja suurendada aheldusvoogu. Uurimuses analüüsiti lõplike elementide meetodil mitmeid erinevaid õhupilu kuju – sealhulgas siinuselised, kolmnurksed ja ringikujulised profiilid – ning võrreldi neid klassikalise tasapinnalise topoloogiaga. Analüüsi tulemusena tuvastati, et kõverdatud õhupilu geomeetriad võimaldavad märkimisväärselt tõsta aheldusvoogu, pöördemomenti ja momenditihedust nii lineaarsete kui ka mitte-lineaarsete materjalide korral. Katsekehadega läbiviidud katsed kinnitasid neid tulemusi, tõestades, et selliste topoloogiate rakendamine suurendab elektrimasinate väljundmomenti erinevatel koormustel, toetades esitatud hüpoteesi.
	Teise olulise uurimissuundana käsitletakse lõplike elementide meetodi (FEA) põhise iteratiivse projekteerimise arvutuslikku ebaefektiivsust. Selle lahendamiseks täiustati modifitseeritud mähisefunktsiooni analüüsi meetodit (MWFA), et see toetaks kiiret ja täpset elektrimasinate arvutust mitte-lineaarsetes tööpiirkondades ning võimaldaks arvestada kõverdatud õhupilu ja ruumilise geomeetria eripäradega. Töö käigus töötati välja hübriidarvutusmetoodika, mis kombineerib analüütilise ja FEA-põhise lähenemise, võimaldades üheainsa FEA-arvutusega täpselt hinnata südamiku küllastusmõjusid ning oluliselt vähendada iteratsioonide arvutuskoormust. Parendatud MWFA meetod vähendab arvutusaja mitmelt tunnilt alla 20 sekundi, säilitades kõrge täpsuse, ja kinnitab teist hüpoteesi arvutustõhususe kohta.
	Lisaks pakub töö välja edasiarendatud MWFA valemi, mis tugineb segmenteeritud modelleerimise lähenemisele ja võimaldab integreerida kolmemõõtmelisi geomeetrilisi muutujaid masina konstruktsiooni. Selline lähenemine suurendab analüütilise modelleerimise paindlikkust, toetab MWFA laiemat rakendamist iteratiivses projekteerimisprotsessis ning loob aluse tulevikusuunalistele tehisintellektil põhinevatele optimeerimisvõimalustele, eriti seoses kihtlisandustehnoloogia rakendustega.
	Kokkuvõttes demonstreerib doktoritöö, et kõverdatud õhupilu geomeetria kasutamine kihtlisandustehnoloogias võimaldab oluliselt parandada elektrimasinate elektromagnetilist jõudlust. Uurimistulemused ning välja töötatud arvutusvahendid pakuvad tugeva aluse uue põlvkonna elektrimasinate loomiseks – masinatele, mis on kompaktsemad, efektiivsemad ning paremini kohandatavad erinevatele rakendustele, kasutades ära kihtlisandustehnoloogia geomeetrilist vabadust ja innovatsioonipotentsiaali.
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