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Abstract

Synchronous reluctance motors are a type of electric motor that can achieve higher
efficiencies than induction motors without using permanent magnets. The torque
in these machines is generated by the magnetic anisotropy between their direct and
quadrature axes. To increase the saliency ratio of these machines, a multilayered
structure is used, which interleaves flux guides and flux barriers. However, this
topology choice results in a more complex rotor design. To maintain conformity
with industry standards, where identical laminations are punched and axially
stacked, the flux guides are held together by small ribs using the same lamination
sheet. The ribs in the rotor design must be wide enough to sustain the mechanical
loading of the rotor, but narrow enough to limit their negative impact on the
magnetic performance.

Optimizing these machines typically involves a high number of parameters
and the use of finite element models to accurately describe and account for the
complex rotor geometry. Simultaneously optimizing all parameters can result in
computing times of several months due to long evaluation times and the curse
of dimensionality. To achieve feasible optimization times, a common approach is
to decompose the complex optimization problem into smaller, more manageable
subproblems. The decomposition is usually carried out at the objectives level,
optimizing the flux barriers and flux guides for magnetic performance, and then
adding ribs to ensure structural integrity. While this design strategy may effectively
allow for reasonable optimization time, it neglects potential parameter interactions.
Therefore, optimizing all parameters together may still yield substantial perfor-
mance improvements.

This work proposes developing time-efficient optimal design approaches that
account for parameter interactions using the outputs of an extensive variance-based
sensitivity analysis. The design approaches are benchmarked against those inspired
by the literature. The application framework focuses on evaluating the feasibility of
replacing the rotor of a commercially available induction motor to convert it into
a synchronous reluctance machine. The optimization objectives are to maximize
the mean torque, limit the relative torque ripple to below 10%, and ensure the
structural integrity of the rotor. Therefore, the design process involves developing
numerical models to evaluate the quantities of interest, discussing the possibilities
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of parametrization, conducting sensitivity analyses, and developing time-efficient
design approaches.

To accommodate the intricate rotor geometry and nonlinearity of ferromagnetic
materials, the mean torque and torque ripple are evaluated by solving the magneto-
static equations in 2D using finite element method, with the mesh generator Gmsh
and the solver GetDP. The evaluation time is reduced by employing the moving
band method and limiting resolution domain to a pole. The accuracy of this model is
verified by experimental data collected from a full-scale 300kW SynRM that shares
the same stator as the one being modeled. Iron losses, calculated using Bertotti’s
decomposition in post-processing, are also validated experimentally, albeit using the
induction version of the motor. Similarly, structural integrity is assessed by solving
equations of solid mechanics and applying the von Mises yield criterion to detect
mechanical failure. The interplay between the magnetic and mechanical models,
represented by magnetic forces, is evaluated and addressed through a conservative
safety factor on the maximum allowable stress. Overall, it takes approximately
11 minutes to evaluate mean torque and torque ripple at 150 positions, while the
mechanical model requires only 45 seconds.

After describing the numerical models, the possibilities of parametrization are
discussed. In a preliminary study, rectangular, circular, hyperbolic, and Joukowski
flux barriers are compared on mean torque and torque ripple. While circular flux
barriers achieve slightly better magnetic performance, Joukowski flux barriers are
ultimately selected due to their balance between parameter count and magnetic
performance. Furthermore, the study reveals that faster optimization convergence
could be achieved by employing a rectangular design space, preventing overlap be-
tween flux barriers. This parametrization involves rescaling the individual thickness
of flux barriers and flux guides to fit the rotor yoke, eliminating explicit constraints
between parameters. A second parametrization is proposed, emphasizing the
magnetic insulation of the rotor as an explicit parameter in the design space. This
re-parametrization is expected to favor optimization convergence, as this parameter
has been linked to the torque capability of SynRM in previous studies. Lastly,
considerations for structural integrity prompts the addition of radial and tangential
ribs, characterized by their thicknesses and fillet radii.

A comprehensive sensitivity analysis is then conducted on both parametrizations
to elucidate the effects of parameters on the outputs of interest. Sobol indices are
chosen as sensitivity indicators, as they decompose the variance of the output into
contributions stemming from variations of individual parameters alone (first-order
effects), variations of two parameters simultaneously (second-order effects), and so
on. To facilitate interpretation, these indices are depicted using nested pie charts
and chord diagrams. Accurately estimating these indices for rotors with four flux
barriers necessitated approximately seventy thousand samples of the search space.
The evaluation of these quasi-Monte Carlo samples is fully parallelizable, benefiting
from recent advancements in computing power and facilitated through cluster
computing. Results indicate that the second parametrization proves highly effective
for mean torque and iron losses, as parameter interactions are minimized. In
particular, over 95% of the variance in mean torque can be attributed to the magnetic
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insulation ratio alone. However, torque ripple and equivalent stress remain notably
influenced by tangential ribs and distribution of air and iron within the flux bar-
riers and flux guides, with the magnetic insulation ratio only playing a marginal role.

The first time-efficient design approaches explored in this study draw inspiration
from existing literature and involve optimizing the ribs separately from the flux
guides and flux barriers. Combinations of two formulations for magnetic optimiza-
tion and three formulations for mechanical optimization are benchmarked against
a reference solution obtained by optimizing all parameters simultaneously. This
reference solution could be achieved in 2 weeks through efficient parallelization of
the workload on a dedicated workstation. To address the stochastic nature of the
optimization algorithm, three independent runs of each combination are conducted.
Results indicate that total optimization time can be effectively reduced by over half
with negligible impact on mean torque when the optimization problem is separated.
The most effective approach involves pre-dimensioning the radial ribs within the
magnetic optimization and minimizing the total surface area of the ribs within
the subsequent mechanical optimization, followed by one iteration of the process.
Despite these efforts, significant variations in torque ripple are observed across the
independent runs, which results from unaccounted parameter interactions.

Utilizing the results of sensitivity analysis, parameters can be categorized
into different sets based on their impact across various outputs of interest. By
prioritizing parameters with negligible impacts on other outputs, optimization
constraints can be sequentially satisfied by optimizing subsets of parameters. If
the search space is insufficient to meet the constraint, additional parameters are
included to expand it, albeit with penalties applied to changes in these parameters.
Using this methodology, mean torque is first maximized using the entire search
space. Subsequently, structural integrity is ensured by minimizing changes to
tangential ribs. Torque ripple is then minimized by redistributing air and iron
between flux barriers and flux guides. Finally, a reassessment of structural integrity
is performed to accommodate these changes. This approach proves highly effective,
reducing total optimization time to two-fifths of the reference optimization time,
while achieving a torque ripple below 5%. Consequently, the objective of developing
a time-efficient optimal design approach is successfully accomplished.

Finally, the database gathered to perform sensitivity analysis can be reused to
compare different topologies across various objectives without requiring resource-
intensive optimizations. Indeed, the numerous samples across the search space can
provide some statistical information on what topology is more likely to outperform
others, even if the optimum was unlikely to be captured in the database. This is
illustrated by comparing histograms of topologies featuring one or four internal
flux barriers, with or without a cut-off barrier, in terms of iron losses, mean torque,
torque ripple, power factor, structural integrity, and suitability for sensorless control.
For competing topologies across two objectives, the comparison methodology can
be extended using density plots. Moreover, it is shown that the identification of the
switching point, denoting when one topology surpasses another, can be approxi-
mated more precisely through cost-effective metamodel-based optimizations. For
rotors featuring a single inner flux barrier, the comparison methodology is validated
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using Pareto fronts obtained with finite element models. The analysis uncovers that
rotor configurations with a cut-off barrier generally exhibit higher mean torque and
lower iron losses, whereas those without tend to have slightly lower equivalent
stresses, reduced torque ripple, and enhanced sensorless capability.
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Introduction

Electricity stands as one of the most vital form of energy in the contemporary world,
finding versatile applications such as lighting, heating, and actuation systems.
Notably, more than half of the global electricity consumption is attributed to
motor-driven systems, which is twice as much as lighting [1, 2]. Given their role
in converting the majority of electrical energy, the efficiency of electric machines
is a frequent focus of regulatory measures. In Europe, the latest regulation EU
2019/1781, already in effect since July 2023, mandates that electric machines meet
efficiency requirements falling within the IE4 class. This regulation supersedes the
previous EC 640/2009 regulation, which stipulated the IE3 efficiency level.

While induction motors currently dominate the industry due to their relative
affordability, reliability, and line-starting capabilities, their mechanism of torque
production inevitably involves losses at the rotor, thereby limiting their efficiency.
Although careful design considerations can enable them to meet the IE4 efficiency
requirements, they may struggle to comply with future norms.

Conversely, synchronous motors, either with a wound rotor or permanent mag-
nets, stand out for their unparalleled torque density, efficiency, and power factor.
Despite these remarkable attributes, the manufacturing cost of these machines is
notably higher. The inclusion of slip rings, essential for supplying power to the
field winding, incurs substantial maintenance expenses. Additionally, the use of
permanent magnets, while advantageous in terms of performance, comes with a
considerable environmental footprint and susceptibility to geopolitical pressures.

Synchronous reluctance motors strategically position themselves between the
efficiency and cost spectrum, bridging the gap between induction motors on one
end and conventional synchronous motors on the other. Synchronous reluctance
motors leverage the magnetic anisotropy of the rotor to produce reluctant torque,
as depicted in Fig. 1.1. The intrinsic efficiency of synchronous reluctance motors
surpasses that of induction motors, a result of not relying on induced current for
torque generation. Furthermore, the absence of permanent magnets in synchronous
reluctance motors eliminates the risk of demagnetization, facilitating operation in
higher-temperature environments and concurrently reducing manufacturing costs.
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Figure 1.1: Working principle of a synchronous reluctance motor.

This unique combination of enhanced efficiency, reduced costs, and increased
reliability positions synchronous reluctance motors as a promising alternative
to other types of electrical machines. The working principle of SynRM and key
parameters of interest are elucidated in the subsequent section 1.1, along with an
exploration of the physical limitations inherent to this machine. Within the same
section, crucial geometrical features of the rotors are also presented.

Section 1.2 delves into a comprehensive review of the methods employed in the
optimal design of these machines, accompanied by an examination of the challenges

faced. Subsequently, sections 1.5 and 1.6 detail the objectives and organizational
structure of this research, providing a roadmap for the subsequent chapters.

1.1 Theory of synchronous reluctance motors

1.1.1 Equivalent circuit model

L
La ILAZ

Inductance

™ 27

eenz

Figure 1.2: Evolution of the inductances in (o) and (dq) coordinate systems.

The equivalent circuit model of the motor establishes the relationship between

the voltages v and the currents i, phase stator resistance Ry and magnetic fluxes A:

Rqi+ 0 (1.1)

v=Rgi+—. .
T dt

The electrical equations of SynRM are commonly established in the stator reference

frame (a3), or in the rotor reference frame (dq), as illustrated in Fig. 1.2. These

transformations are performed using the space vectors transformations detailed in
appendix A.
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In the stator reference frame (af)

In this frame, the « axis is aligned with the magnetic axis of phase a. The equations
are:

. d)g
Vo = Rgio + T (1.2)
) dAg
vg = Ryig + I (1.3)
[/\a _ Ly, + La c08(20em) L sin(20cm) ] lza] (1.4)
s L sin(20em,) Ly — L co8(20em) | |ig|’ '

with 0, being the electromechanical position of the rotor. The terms Ly, and La
represent the averaged inductance and variation of inductance, and can be expressed
using the maximum and minimum values of the inductances, Lq and L:

Ly 2 (Lg+L,)/2 La 2 (Lg—Ly)/2. (1.5)

In the rotor reference frame (dq)

Assuming isotropic and homogeneous properties of the ferromagnetic materials, the
d axis and ¢ axis of minimum and maximum reluctance paths are purely geometrical
and define the (dq) coordinate system, attached to the rotor. In this reference frame,
the electric equations become:

dA
vg = Rgig + d7td — WeAg (1.6)
Yy dX,
Vg = Rstg + E+ WeAd (1.7)
)\d _ Ld 0 id (1 8)
Aq 0 Lg| |ig|’ '

with we being the electromechanical speed of the rotor, equal to the number of pole
pairs p times the mechanical speed of the rotor wy,. Expression (1.8) shows that, in
the absence of magnetic saturation, the components of the fluxes are decoupled from
each other when expressed in this frame of reference. The electromagnetic torque is
given by:

3 . 3 . .
Tom = 517 |>‘dq X 1dq‘ = 510 ()\dlq - )\qld) (1.9)
3 .
= §p(Ld — Lg)iqiq. (1.10)

Equations (1.6) to (1.9) can be used to establish the operation diagram of the motor
under current and voltage limitations. Such analyses typically involve saliency ratio
¢, current angle ., and load angle 9, which are all dimensionless parameters:

Ly i A
" &4 474
¢= I, tan(6.) W tan(d) N (1.11)
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The maximum torque per ampere (MTPA) is reached for iy = ¢4, which implies
tan(f.) = 1, ie, . = 45°. This is a major difference from a surface mounted
permanent magnet synchronous motor, which uses ¢4 = 0. The maximum torque
per volt (MTPV) is reached for Ay = \,, which implies tan(é) = 1. The angles § and
0. are interconnected together through the saliency ratio (:

1
tan(d) = E-tan(ee). (1.12)
We also derive the internal power angle ¢;, being the angle between the back-EMF

and the current vectors. The cosine of this angle corresponds to the internal power
factor (IPF):

T A
b; = 3 160, IPF £ cos ¢;. (1.13)

Higher IPF is desirable as it lowers the reactive power, leading to a reduction of the
rating of the inverter. This form of control is called maximum torque per volt-ampere
(MTPVA). As with MTPA and MTPV, the IPF is limited by the reachable saliency
ratio ¢ which entirely depends on the design of the motor. Using (1.12) in (1.13), the
maximum reachable IPF is:

¢—1
IPF = —— ttanf, = . 1.14
max 1 at tan 6, ﬁ (1.14)
Therefore, maximizing the saliency ratio allows maximizing the internal power fac-
tor.

1.1.2 Effects of ferromagnetic saturation

The saturation of ferromagnetic materials results in non-linear relationships between
fluxes and currents. In general, this can be expressed as:

A = )\d(id,iq) )\q = )\q(id,iq) (1.15)
= Lq = Lq(iq,1q) = Lq = Ly(iq,iq)- (1.16)

The effects of saturation in the ¢ axis are usually small, as this axis is essentially con-
stituted of air and, therefore, already saturated. Conversely, the d axis is extremely
sensitive to saturation because this axis is mainly constituted of ferromagnetic
materials. For MTPA control, the result is a shift in the optimal angle 6. towards
90°, as a marginal current increase is more valuable in the ¢ axis than in the d axis.

In addition, the interdependence of d axis flux with respect to the ¢ axis current
and vice-versa is called cross-saturation. Although these axes are orthogonal, this
effect exists because these axes share the same iron elements. This cross-coupling is
known to have significant effects in sensorless control [3,4].

1.1.3 Theoretical limits to the saliency ratio

The maximum theoretical value of the saliency ratio is constrained by the presence
of the airgap in the d axis and the finite, non-zero permeability of air in the ¢ axis.
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Assuming an ideal rotor, infinitely permeable along the flux lines and completely
impermeable across them, and an ideal stator, equivalent to a current sheet, a
theoretical upper limit of { = 60 can be established [5]. However, when considering
additional limiting factors, such as slotting effects, the practical saliency ratio hardly
exceeds 10. Consequently, this limitation results in an internal power factor (IPF)
lower than 0.82, which is inferior to the typical values encountered in induction
motors at full load. Despite the increased efficiency and advantageous life cycle
cost, the power factor remains a significant drawback of SynRMs.

1.1.4 Key geometrical features

The key geometrical features of the rotor of a SynRM have been refined over the
last century to address the challenge of poor power factor in these machines. In
1923, Kotsko highlighted the limitations of salient pole topologies, Fig. 1.1 (a). He
emphasized that any decrease in the ¢ axis inductance L, by widening the cut-off
implies a reduction of the pole arc, leading to an unwanted decrease in the d axis
inductance L, [6]. This effect is mitigated in a multi-layered structure, where one or
more flux barriers for the ¢ axis flux are interleaved with flux guides for the d axis
flux, as depicted in Fig. 1.1 (b), and in Fig. 1.3 for a 4-pole rotor.

Figure 1.3: Rotor of a SynRM as described by Kotsko [6].

While the multi-layered rotor structure offers significant magnetic advan-
tages, the manufacturing and assembly of segments with different shapes, as
illustrated in Fig. 1.4 (a), makes its construction considerably more challenging.
To capitalize on existing tooling and maintain a low manufacturing cost, the ro-
tor geometry is adapted by connecting the segments together as shown in Fig. 1.4 (b).

By employing these connecting bridges, referred to as ribs in this text, the
construction aligns with industry standards, involving the straightforward process
of stacking identical laminations axially after cutting them into the appropriate
shape.

The significantly improved manufacturability of TLA justifies the widespread
use of ribs in SynRMs. Nevertheless, these ribs also create a short-circuit for a
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(a) Axially laminated rotor (ALA) (b) Transversally laminated rotor (TLA)

Figure 1.4: Construction of the rotor of a SynRM [7]

portion of the flux in the ¢ axis, as they are constructed from the same ferromagnetic
material as the flux guides. This results in a reduction of the magnetic anisotropy
of the rotor. Therefore, precise dimensioning of the ribs is essential to withstand
the mechanical load to which the rotor is subjected while minimizing their negative
impact on magnetic performance.

1.2 Optimal design and challenges

The specifications for designing a SynRM can be as diverse as maximizing mean
torque, power density, or efficiency, or minimizing torque ripple, acoustic noise, or
ensuring structural integrity. The optimal design is typically obtained by performing
a black-box optimization, as schematized in Fig. 1.5. In this scheme, an optimization
algorithm explores the search space iteratively, provided the information gradually
obtained.

Black-box optimizations have the advantage of being flexible in application,
but implies a high number of iterations. The issue of high computational time
stands out as a major challenge in the optimal design of SynRM, where the complex
rotor geometry demands a considerable number of parameters, and addressing the
torque ripple requires evaluating a non-linear magnetic model at different rotor
positions. Due to the extended evaluation time required by numerical models, it is
not uncommon to encounter optimization times spanning several months of CPU
time, even for the simplest problems of optimizing the rotor on a single operating
point [9,10].

This unreasonable computational time has been identified as one of the limiting
factor in addressing larger-scale problems, such as stator optimization, consideration
of additional objectives, or optimization on several operating points [11-15]. To
address this challenge, motor designers typically intervene at the model level to
minimize evaluation time. Alternatively, they break down the optimization problem
into smaller, more manageable problems, employing what are commonly referred
to as time-efficient (or computationally-efficient) design approaches [16-18]. The
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Figure 1.5: Black-box optimization [8].

subsequent subsection provides an in-depth review of these strategies.

1.2.1 Lowering the evaluation time

With the goal of reducing the evaluation time, a semi-analytical approach using
Fourier-based modeling was proposed in [19], with strict assumptions on the shape
of flux barriers, the linearity of ferromagnetic materials, and the absence of ribs.
The reported evaluation time was similar to the one of a finite element (FE) model,
partly attributed to the lack of code optimization in the implementation but also to
the high number of regions. As a viable alternative, Magnetic Equivalent Circuits
(MEC) present themselves as promising candidates for addressing electro-magnetic
evaluations. Nevertheless, the accurate modeling of reluctance motors using MEC
poses a challenge due to the pronounced effects of highly localized saturation and
flux fringing [20,21]. Using finite element methods (FEM), Pellegrino et al. proposed
an evaluation method for the fundamental and third harmonic components of the
torque ripple. Their approach involves only 6 distinct rotor positions to capture
these harmonics, achieved by introducing a random initial position offset during the
optimization process [22, 23].

Adhering to FEM, the evaluation time can be significantly reduced to a negligible
amount by incorporating a metamodel. However, achieving an accurate metamodel
across the entire search space remains challenging, especially near an optimum
that was not especially captured by the design of experiments (DoE). Consequently,
FE calls are often performed within the optimization routine to fit and update a
metamodel around the region of interest. In return, the metamodel can provide
the direction of the steepest descent to the optimization algorithm. Among the
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various local metamodeling techniques, the Response Surface Method (RSM) with
a second order polynomial stands out as a popular choice in the literature. In [24],
this approach has been applied for the 3-objectives problem of maximizing the
torque, torque density and efficiency of a SynRM. In [25], the weighted objectives
were the efficiency, power factor, and torque ripple. Similarly, torque density and
torque ripple have been optimized using RSM in [26]. If researches accounting for
the structural integrity within the optimization process are less common, there are
still examples assessing for its feasibility using RSM [27].

1.2.2 Lowering the complexity of the optimization

Another approach to lower the optimization time consists in simplifying the
optimization problem itself, one possibility being to decompose the optimization
problem into smaller-sized optimization problems. This approach is entirely
compatible with the methods that aim at reducing the evaluation time, so that the
two strategies can be adopted simultaneously [10].

In the realm of optimization, these approaches operate by relaxing what is
commonly referred as the curse of dimensionality, which posits that the search
space of large-scale problems grows exponentially with an increase of dimension.
A prominent paradigm inspired by this divide-and-conquer principle is the Cooper-
ative Coevolution (CC) [28], which interfaces well with popular population-based
derivative-free search algorithms. These frameworks are typically employed to
tackle optimization problems having very large dimensionality. Notably, it has
been demonstrated that a perfect variable grouping strategy can exponentially
reduce the search space without losing optimization accuracy [29]. This approach
is, however, sensible to the decomposition strategy, and a poor grouping will reduce
the optimization accuracy [30,31].

While the dimensionality of the optimization problem of a SynRM remains
low despite its complexity, a comparable divide-and-conquer strategy can be
implemented without relying on specialized frameworks like Cooperative Co-
evolution. These dividing strategies typically leverage a priori knowledge of the
physical interactions between parameters and objectives. The decomposition of the
problem is usually performed at the objectives level, given that the contributing
factors are easily identified. An additional advantage is to reduce the number of
models involved in evaluations as long as they are not coupled, effectively reducing
the evaluation time. This reduction is particularly notable when the structural
integrity is part of a magnetic optimization problem, as the evaluation time is highly
asymmetrical between these objectives. Indeed, the structural integrity is inherently
a linear problem, while the evaluation of torque ripple or mean torque involves
several calls of a non-linear magnetic model.

Relying on these principles, R. R. Moghaddam addressed in [32] the challenge
of maximizing mean torque while minimizing torque ripple. In his approach, the
mean torque is first maximized using the magnetic insulation ratio of the rotor &,
corresponding to the thickness of air in the ¢ axis divided by the total thickness
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of the rotor lamination. Subsequently, torque ripple is minimized by finding the
optimal rotor slot pitch in the d axis, keeping ¢ constant. This study, considered a
pioneering work in the field of SynRM, successfully addressed the initial problem
through a simple and rapid design procedure.

Following this work, the consideration of mechanical integrity is usually
performed in the final step. In [33], a multi-physics optimization of a SynRM across
several operating points was achieved, with the mechanical analysis conducted
in the final step of the design approach. Similarly, RSM was employed in [34] to
minimize the torque ripple of a PMa-SynRM, with the structural analysis performed
post-optimization. Additionally, in [35], the mechanical design of the magnetically-
optimized rotor was ensured using topology optimization, resulting in a geometry
featuring radial and tangential ribs.

While the reviewed approaches effectively address the initial problem through a
rapid and straightforward design procedure, they often fall short in providing suf-
ficient guarantees regarding the quality of the solution it generates. Beyond the
macroscopic physical reasoning concerning parameter interactions on the target ob-
jectives, there is a need for more robust assurances as optimizing all parameters
collectively may still yield a substantial performance improvement.

1.3 Positioning of the research

Looking at the problem of optimizing a SynRM from a different perspective, it is ev-
ident that the operating principles of this machine intricately tie to the rotor geom-
etry. Consequently, any alterations made to the geometry will inevitably influence
the objectives to some extent. The success of the aforementioned approaches that
separate the optimization problem to reduce the overall optimization time hinges on
two critical conditions:

1. Proper identification of the primary influencing factors for each objective.
2. Negligible impact of parameters optimized for other objectives.

In the domain of electric motors, these assumptions are commonly validated
through parametric analyses, also referred to as One-At-a-Time (OAT). This method
involves moving each parameter between its minimum and maximum values while
observing the effects on the outputs, keeping the other parameters at their nominal
values. However, this conventional approach is widely recognized within the field
of sensitivity analyses as prone to significant errors [36]. This is primarily due
to its underlying assumption of linear dependence between objectives and input
parameters, an assumption that does not hold true for SynRM [32,37,38].

Although alternative, more comprehensive methods for sensitivity analyses
exist [39], they remain significantly underutilized in the domain of electric motors.
This underutilization can be attributed to the substantial computational cost associ-
ated with such analyses, often requiring a number of model evaluations comparable
to those needed for optimizing the entire search space [40,41]. As a result, current
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research efforts aimed at developing time-efficient design approaches seem to be
trapped in a deadlock. Indeed, the resulting designs from these approaches cannot
be effectively benchmarked, as the design obtained from optimizing the entire
search space remains unknown, and the validity of the assumptions underpinning
these approaches cannot be adequately demonstrated.

When considering the trends in computational power over the last 50 years, as
illustrated in Fig. 1.6, there is little hope in the foreseeable future of attaining suffi-
cient computing power to solve these complex optimization problems in reasonable
times. Solving an optimization inherently presents a sequential challenge, where
gains from an increasing number of logical cores are marginal compared to those
from clock frequency or single-thread performance. However, the evolution of clock
frequency has remained stagnant over the last two decades, and a comparable satu-
ration in single-thread performance is becoming evident.
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Figure 1.6: 50-year trends in microprocessors [42].

Conversely, the number of logical cores has experienced a remarkable in-
crease since 2010, favoring tasks that are fully parallelizable. The evaluation of
quasi-Monte-Carlo samples used in sensitivity analyses falls within the class of
embarrassingly parallel problems, extremely appropriate for parallel computing,
with the added advantage of neither requiring the implementation of message-
passing interfaces (MPI) nor to manage shared resources (OpenMP). If the number of
logical cores remains insufficient for conducting sensitivity analyses on a dedicated
workstation, this capability can already be unlocked by utilizing cloud-computing
services that have been made available since 2010. These services provide virtual
access to an incredibly high number of CPU cores at a reasonable cost, which is
expected to continue decreasing over time.

As a consequence, we anticipate that this shift in the nature of computing power
will fundamentally influence the approach to designing electric machines. The
current research aims at showcasing the potential of integrating sensitivity analyses
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at the core of electrical machine design, with the primary objective of developing
time-efficient design approaches.

Additionally, we envisage the possibility to develop time-efficient design ap-
proaches in the presence of non-negligible parameters across several objectives
through a proper penalization or iteration procedure. This reliance hinges on a single
critical condition:

«Precise quantification of the primary impacting factors, and their interac-
tions, for each objective. »

This condition is naturally satisfied by performing the sensitivity analysis. Conse-
quently, the proposed methodological framework is expected to address the major
limitations of existing time-efficient design approaches, which include their lack of
assurance they provide in the quality of the output design, and their difficulty in
extending to additional objectives.

1.4 Case study

Our application framework centers on evaluating the feasibility of replacing the
rotor of a commercially available induction motor used in railway applications to
convert it into a synchronous reluctance machine. This transition, as highlighted
in the introductory section, holds the promise of enhancing motor efficiency,
reliability, and overall life-cycle cost reduction.

Figure 1.7: Active part of the investigated motor.

Our specific objective involves designing a reluctance rotor for use with a
conventional 48 slots 3-phase stator with short-pitched windings, as illustrated in
Fig. 1.7. The primary characteristics of the variable frequency inverter-fed induction
motor are detailed in Table 1.1, with M400-50A ferromagnetic materials employed
for both the stator and the rotor.

Consequently, we aim at identifying the rotor design that maximizes the mean
torque while adhering to torque ripple and structural integrity constraints. Iron
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losses, power factor, and sensorless capability are additional quantities of interest,
but that will not be optimized.

Table 1.1: Main parameters of the motor

Param. Description Value Unit
D Number of pole pairs 2 —
P, Rated power 300 kW
Jn Rated current density 8.5 A/mm?®
Ny Rated speed 1800 rpm
Nax Overspeed limit 4800 rpm

The objective of mean torque maximization, alongside torque ripple and struc-
tural integrity constraints, mirrors typical objectives encountered in synchronous
reluctance motor designs. Following the pioneering work of R. R. Moghaddam in
developing time-efficient design approaches, this case study represents a modest ex-
tension by incorporating a structural integrity constraint. However, the simulta-
neous consideration of torque ripple and structural integrity presents considerable
challenges in developing time-efficient design approaches, as both constraints are
highly sensitive to parameter variations. Consequently, the optimization problem
under examination provides an excellent test case to showcase the potential benefits
of integrating sensitivity analyses into the design process of synchronous reluctance
motors.

1.5 Objectives of this research

Building upon existing works, our primary motivation is to introduce a comprehen-
sive methodology for the optimal design of the rotor of a synchronous reluctance
machine, specifically addressing the challenges of torque ripple, mean torque, and
structural integrity. At the core of this study is an extensive sensitivity analysis
aimed at quantifying the impact of parameters and their interactions on crucial out-
puts of interest. Within this framework, our objectives are two-fold:

1. To address goals specific to the design of synchronous reluctance motors, fo-
cusing on the unique aspects of this machine.

2. To identify and address more methodological objectives that go beyond the
specificities of synchronous reluctance machines, providing insights applica-
ble to a broader range of electrical machines.

These objectives are detailed in the next two subsections.

1.5.1 Analysis of synchronous reluctance motors

The primary goal of developing time-efficient approaches for the optimal design of
SynRM encompasses several key sub-objectives:
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« Propose a comprehensive parametrization of the rotor’s geometry. This in-
volves a discussion on the shape and number of flux barriers, the management
of non-overlapping constraints between these barriers, and the exploration of
a parametrization incorporating the magnetic insulation ratio £ as an explicit
design parameter.

« Quantify the effects of the parameters on critical performance metrics such as
mean torque, torque ripple, and structural integrity.

+ Discuss and benchmark different implementations of time-efficient design ap-
proaches, assessing both the quality of solutions generated and the total opti-
mization time.

« Propose and benchmark improved implementations of time-efficient design
approaches, based on sensitivity analyses.

In addition to these, the pursuit of finding the optimal design of SynRM introduces
two supplementary goals:

+ Derive a design metric associated to the motor’s suitability for sensorless con-
trol, offering advantages such as cost reduction, increased reliability, easier in-
tegration, higher control bandwidth, and enhanced compatibility with harsh
environments.

« Explore the benefits of incorporating a cut-off barrier at the periphery of the
rotor, as illustrated in Fig. 1.3.

1.5.2 Development of methodological frameworks

Following the goals set for synchronous reluctance motors, our investigation extends
to diverse methodologies with broader scopes:

+ Providing a comprehensive review of methods involved in sensitivity analysis,
and detailing the interpretation of key metrics derived from such analyses.

« Utilizing the results of sensitivity analyses to propose time-efficient design ap-
proaches.

« Comparing motor topologies across several outputs of interest, while avoiding
resource-intensive optimizations.

1.6 Organization of the thesis
To achieve the outlined objectives, this work is structured as follows:

« Chapter 2 describes the numerical models used to evaluate the quantities of in-
terest, such as the mean torque, the iron losses, or the torque ripple. The effects
of the magnetic forces on the mechanical stresses are discussed. Prioritizing the
accurate modelling of the motor, the evaluation of magnetic quantities of interest
is validated experimentally.
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Chapter 3 reviews the shapes of flux barriers and possibilities in parametriza-
tion to prevent them from overlapping during the automated exploration of the
search space. Two parametrizations are proposed, the first involves a direct repre-
sentation of the geometry while solving non-overlapping constraints. The second
parametrization proposes a more complex construction of the geometry, so that
the magnetic insulation ratio £ can be an explicit parameter of the search space,
following the works of R. R. Moghaddam.

Chapter 4 presents the results of the sensitivity analyses of the two parametriza-
tions. Central to this work, the focus is put in selecting adequate metrics and
presenting the results in a comprehensive manner. The results permit to gauge
the success of the parametrizations, and are used to discuss and propose design
approaches in the subsequent chapters.

Chapter 5 delves into the possibilities and challenges associated with developing
time-efficient approaches for the optimal design of SynRM. Consistent with the
literature, these approaches ground their foundations using physical reasoning.
These approached are benchmarked by comparing the quality of solutions and
total optimization times.

Chapter 6 introduces a methodology for deriving design strategies directly from
the results of the sensitivity analysis. The aim is to establish a more systematic
approach for developing a time-efficient design strategy, that leverages the advan-
tages of the parametrization. This methodology is illustrated for both parametriza-
tions.

Chapter 7 investigates the benefits of integrating a cut-off barrier to the rotor
geometry, recognizing its potential for improved power factor and suitability for
sensorless control. Beyond the comparison of different rotor configurations, this
chapter tackles the objectives of formulating a design metric for sensorless suit-
ability and devising a methodology to compare topologies across diverse objec-
tives without relying on resource-intensive optimizations. The principles of the
methodology are demonstrated by incorporating rotors featuring a single inner-
flux barrier into the comparative analysis.

Chapter 8 summarizes findings, providing final remarks and perspectives for fu-
ture work.



Numerical models

Numerical models are used to predict the performance of a given motor. In this
research, they are employed in optimization loops to find the configuration that
maximizes the performance, or in sensitivity analyses to gather information on the
design space. For models, there are no distinctions between objectives or constraints
of an optimization, referring to them as outputs of interest. This chapter aims to
provide a detailed account of the magnetic model, solving Maxwell’s equations to
calculate torque, magnetic flux, and iron losses. Additionally, the mechanical model,
employing the equations of solid mechanics to assess the structural integrity of the
rotor, is outlined.

A common challenge in modeling is finding the right balance between model
accuracy and evaluation time. In this research, the focus is on reducing optimization
time by lowering the complexity of the optimization rather than modifying the
models, although the two approaches are compatible. Therefore, the emphasis is on
avoiding modeling inaccuracies to ensure the validity of the results. Consequently,
the inherent non-linearity of ferromagnetic materials and the complexities of rotor
geometry are addressed by utilizing finite elements.

A second challenge specific to SynRM revolves around incorporating consid-
erations of structural integrity during the design of the active part of the rotor.
The cross-coupling between the magnetic and mechanical models, manifested as
magnetic forces, complicates the derivation of time-efficient design approaches.
This complexity arises from the need for systematic evaluation of magnetic forces
when assessing structural integrity. Consequently, this chapter explores possibilities
for accounting for these forces without directly evaluating them with the magnetic
model.

To achieve these goals, this chapter is organized as follows. First, the magnetic
model is detailed in section 2.1, and validated experimentally. The extraction of
magnetic forces, used to assess the cross-coupling, is derived in subsection 2.1.5.
Subsequently, the mechanical model is detailed in section 2.2, along with the
structural integrity criterion. From this model, the effects of magnetic forces are
assessed and discussed in subsection 2.2.3.
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2.1 Magnetic Model

2.1.1 Fundamental equations

The electromagnetic field, from which the electromagnetic forces can be derived, is
governed by the Maxwell’s equations:

V-D=gq (2.1)
V-B=0 (2.2)
VxE=-0B (2.3)
VxH=J+ 9§D, (2.4)

with D the electric flux density, g the electric charge, E the electric field, H the
magnetic field, and B the magnetic flux density. The relations between the different
physical quantities are described using constitutive laws. These relations are spe-
cific to a medium and can be anisotropic, nonlinear, dependent on other physical
quantities, or exhibit some memory effect leading to hysteresis. In the simple case
of isotropic linear materials, we have:

D=c¢cE B=uH E=0pJ, (2.5)

where €, 1, and p are the permittivity, permeability, and resistivity of the material,
respectively.

In electromagnetism, the Maxwell’s equations are usually approximated by perform-
ing a dimensional analysis on the characteristic lengths and times involved in the
problem. For electric motors, the dimensional analysis shows that the magneto-
quasi-static approximation of the Maxwell equations applies [43]. From this approx-
imation, we also neglect the contribution of eddy currents on the H field, so that
the field entirely results from the prescribed current density j; in the windings. Un-
der these conditions, the magnetic field can be described using the magnetostatic
equations only:

V-B=0 (2.6)
V x H=j,. (2.7)

The windings, air, and rotor shaft are constituted of non-magnetic materials. They
obey the constitutive law (2.5) using the constant permeability of free space'. Never-
theless, this law is not sufficient to describe accurately the behavior of ferromagnetic
materials under the magnetic fields encountered in electric motors. While isotropy
can be assumed for non-grain oriented electrical steel, the constitutive equation fol-
lows a non-linear law:

B = B(H). (2.8)

Assuming it exists, we write # the inverse mapping: # := B~ : B — H:

H = 7#(B). (2.9)

Yo = 47107 (H/m)
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Figure 2.1: Boundary conditions of the magnetic model.

Since B is divergence-free (2.6), it derives by definition from a vector potential A,
such that B = V x A. Using the constitutive equation (2.9) in (2.7), we have:

V X (#(V x A)) = js. (2.10)

The partial differential equation (2.10) is solved using finite elements to accommodate
the complex geometry and nonlinearity of ferromagnetic materials.

2.1.2 Resolution

Given the small airgap length and high permeability of the ferromagnetic materials,
we neglect the end-effects and reduce the domain of resolution to the 2D plane of
the motor. The domain is further reduced to a single pole by employing appropriate
anti-periodicity conditions, as illustrated in Fig. 2.1. We assume that the magnetic
field remains confined within the rotor and stator yokes, whose inner and outer
dimensions will not be altered in this study. This eliminates the need for meshing
additional air around the geometry.

Assuming perfect sinusoidal current control, the z-axis current densities j, = j’ &,
of the three-phase windings ¢ = {a, b, ¢} are imposed as:

je sin(f, + plom)
3| =js | sin(8e + pb, —27/3) | , (2.11)
js sin(0. 4+ pby, + 27/3)

with j; being the peak current density, . the current angle defined in (1.11), and 6,,
the mechanical angle.
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The relative position of the rotor with respect to the stator is handled using the
moving band method. This method dissociates the rotor mesh from the stator mesh,
removing the need to remesh the full geometry each time the position of the rotor is
altered. Ergo, a position increment involves rotating the rotor mesh and then stitch
it back with the stator mesh by inserting triangular mesh elements in the middle of
the airgap. For this method to be compatible with magnetic resolution over a pole,
the moving band must be complete. This entails that the moving band arcs, one for
the stator and one for the rotor, cover the full revolution. Anti-periodicity boundary
conditions are applied on the successive pole segments of the arcs.
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Figure 2.2: Magnetic properties of the silicon steel M400-50A.

The non-linearity of the ferromagnetic materials is handled by an iterative
Newton-Raphson resolution scheme on a piecewise linear interpolation of the an-
hysteretic B — H curve. Associated with the moving-band method, the solution of
the previous position is used as starting point for the nonlinear resolution. That low-
ers the number of iterations needed in the Newton-Raphson (NR) resolution scheme,
which benefits the global resolution time.
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Figure 2.3: Resolution of (2.10) at nominal current, with 6.=45°and 60,,=-30°. (a) Mesh, with ~ 28000
elements (b) Flux density and flux lines.
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An example of mesh and resulting flux density is provided in Fig. 2.3, utilizing
the properties of the M400-50A electrical steel as indicated in Fig. 2.2. This model
utilizes the mesh generator Gmsh [44] and the solver GetDP [45]. The mesh is
refined in the ribs, in the airgap, and at the bottom of the stator slots to accurately
capture the effects of magnetic saturation and changes in magnetic field. It takes
around 10 seconds (CPU time) with 16 NR iterations to perform an evaluation that
has not been initialized. Evaluating the magnetic field at a small position increment
of one percent of the pole span takes around 3 seconds with 5 NR iterations. This
highlights the benefits of emloying the moving band method, allowing to reuse the
previous solution as a starting point for the NR iterations.

2.1.3 Magnetic flux

The magnetic flux A going through a surface S can be calculated using:

A2 //B ds = // (VxA)-dS= A dl. (2.12)

For an infinitesimal wire in our 2D model, this equation is reduced to:

AT = ¢ A -dl= Lo(AT — A7), (2.13)
as
with L, being the axial length of the motor, A, the z-component of the vector poten-
tial, and the superscript 4+ and — designating the regions of go and back conductors.
For a winding constituted of N, turns, expression (2.13) is averaged over the surface
of the slots S, to get the averaged magnetic field of a turn, and then multiplied by
Ny to get the flux A\’ of phase i = {a, b, c}:

. 1 X 1 )
Si syt SpJsi

These fluxes are used in the electric equations of the motor, and required to calculate
inductances.

2.1.4 Global magnetic forces

In electrical machines, the common approach to extract the magnetic forces acting
on a body consists in integrating the Maxwell stress tensor T)s along a surface I
placed in the air and enclosing this part [46]. Neglecting the contribution of the
electric field, this tensor is reduced to:

1 1
Ty = —B;Bj — —DB?3;j, (2.15)
1o 2410

allowing the calculation of the torque vector 7 as follows:

T = /FI‘ X (T]LI . Il) dF (2-16)
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In this expression, n is the normal component of the surface of integration and r
the lever arm, i.e., the vector that connects the origin to the segment dI'. The
moving-band arcs on the rotor-side are chosen as the surface of integration®. In this
case, the torque 7' is simply the z-component of 7, multiplied by L, to account for
the 3D geometry.

The mean torque 7' and torque ripple T require the evaluation of the torque by
sweeping IV rotor positions #,,, = 6; over a pole span:

_ 1 &
NZT(QZ») (2.17)

ma;((T(Gi)) — min(T(6;))

T _
T

(2.18)

In the following, we set N =150 to properly capture the torque ripple.

2.1.5 Local magnetic forces

The local magnetic forces acting on the rotor are extracted using the discrete for-
mulation of virtual work principles [47-49]. The increased computational cost as-
sociated to this method is not seen as a drawback, as the local magnetic forces are
not evaluated during optimizations. Instead, their effects are incorporated into the
structural integrity criterion for the mechanical design, as it will be discussed in sub-
section 2.2.3.

Radial

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Tangential

220D

g axis
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I I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

d axis Angular position (rad mecha) d axis

Figure 2.4: Radial and tangential magnetic stress exerted on the periphery of the rotor, at the nominal
current and 6,,=0°, as a function of the observation point and for different electric angles 0.

The radial and tangential components of the magnetic stress at the iron-air inter-
face, considering the geometry in Fig. 2.3 (a), are provided in Fig. 2.4. The tangential
stress, responsible for generating torque when 6. # nw/2 (n € Z), consitutes only

%A line, in 2D.
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a minor portion of the radial stress. This indicates that the stator predominantly ex-
erts a pulling force on the rotor, and only a slight imbalance contributes to the torque.

In accordance with the principle of action-reaction, these pulling forces also
induce time-varying forces on the material points situated in the stator teeth when
the rotor is rotating. By exciting the natural frequencies of the stator, these forces
are one of the reasons behind the acoustic noise in electric machines [50, 51].
However, this aspect has been placed in the perspective of future works.

The worst-case scenario for the structural integrity of the rotor is identified
at 0,=0°, meaning that all the current is injected into the d axis. This is logical
as, by definition, the d axis is the one that maximizes the generation of the flux
and, consequently, radial forces. Conversely, the best-case scenario is encountered
at 6,=90°, meaning that all the current is injected into the ¢ axis. In addition to
having overall reduced radial forces, this configuration aligns these forces with the
radial ribs, making it favorable for structural integrity. Therefore, we adopt the
conservative configuration 6,=0° in section 2.2.3 to assess the mechanical stresses
resulting from magnetic forces.

2.1.6 Iron losses

Iron losses frequently stand as the second major source of power losses in SynRM
[52], behind the Joule losses in the stator windings [53]. An overview of the physical
mechanisms behind iron losses and their modeling is provided in appendix B. In this
work, we estimate the iron losses p . through a posteriori models, following the iron
loss decomposition of Bertotti:

PFe = Ph + DPci + Peze, (219)

with pj, the static hysteresis losses, p.; the classical eddy current losses, and pes
the excess losses. The magnetic field is extracted on the elements of the position-
stepping model developed in section (2.1), so that the total iron losses are calculated
by summing up the contribution of each element. Using FEM, the formulae that
integrate the instantaneous losses are favored due to the unavailability of direct har-
monics information from the field. However, the implementation complexity of the
iron loss models based on a frequency decomposition remains low, offering the added
advantage of better accounting for the rotational nature of the field. In the end, we
implement both possibilities to enable the cross-verification of the iron loss estima-
tions through the two methods.

Using the instantaneous losses

The iron losses components are computed using the model detailed in [54]:
1 T " dB
Pn = .

irr—| dt 2.20
7 (2.20)
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. ky,-B (B
H;..(B,B) = - cos | arcsin 3 (2.21)

T
2 2
Ckal /T aB.[" |aB,["\ 022)
Pl = 5027 |, dt dt '
5 9\ 0.75
e 1 /T dB,|” |dB, » 02
Peee =5 26T J, || at dt ' '

The source [54] also provides the coefficients kp, k¢, keq for the M400-50A:

kp=259-10"3 Wkg'sT?] (2.24)
kg =125.7-1076 Wkg's*T?] (2.25)
kege = 779-107° Wkg's™T1°]  (2.26)

The derivatives and integrations are evaluated numerically.

Using the frequency decomposition of the field

For this model, a Fourier transform is applied on the individual components of the 2D
magnetic field to extract both the amplitude and the phase shift of the harmonics. The
representation of each harmonic takes the form of a rotated ellipse, with the major
and minor axes’ lengths recoverable from the amplitude and phase shift components
of the harmonic. Using this representation, the iron losses induced by the rotating
field are calculated as follows [55-57]:

pre = pn(By) 71 (BL/B))+pa(By)+pei(BL) +pexec(By)-v2(B1/By). (2.27)

For each frequency component f;, the following formulae are utilized for the sepa-
ration of the losses:

phyi=kn- fi- B® (2.28)
DPeli = kcl : (fz . B)2 ' (1 + G3Ba4) (2.29)
Pexc,i = kemc ' (fz . B)1‘5 . (230)

The additional term in a3B%* is a minor correction suggested in [58] to better ac-
count for the classical eddy current losses within a saturated ferromagnetic material.
This reference provides the values ag = 0.307 and a4 = 2.975 for the material M800-
50A, which has the same lamination thickness as the M400-50A.

We employ the two functions 1 (B /B, ) and 72(B /B ) proposed in [59] for
a silicon steel with a similar composition (3.2% Si). These functions are illustrated
in Fig. 2.5 for a pure rotational field. Their values are reduced to zero for higher
magnetic fluxes, resulting in the absence of hysteresis and excess losses when the
field is strong enough. Counterintuitively, this phenomenon arises from the fact
that, under saturation, all the magnetic moments of the atoms constituting the



2.1. Magnetic Model I 23

(U3 oF

L L L L L L L L L L 1 1 1
025 050 075 1.00 125 150 1.75 2.00 025 050 075 1.00 125 150 175 2.00
B (T) B (T)

Figure 2.5: Functions 71 and ~y2 for a pure rotating field (B /B = 1), in a FeSi electrical steel [59].

sample align in the same direction, effectively forming a single domain. With the
absence of domain walls, changing the orientation of the excitation field without
affecting its strength does not induce other losses than the classical eddy-current
losses.

10000 —

1000 —

100

Iron loss (kW/m?3)

<l

Using instantaneous losses Using frequency decomposition

Figure 2.6: Distribution of the iron losses inside the motor, with a supply frequency of 70 Hz and at
nominal current, using the two models.

The distribution of the iron losses in the motor is provided in Fig. 2.6. Visually, the
two models exhibit similar behavior, though a more detailed comparison is conducted
in the subsequent experimental validation. Despite the highest density of iron losses
localized in the rotor’s periphery, attributed to slot harmonics of the field, the stator
still accounts for two-thirds of the total losses because of the rotating field.

2.1.7 Experimental validation

The rotor geometry of the experimental motor has been optimized to answer
specifications of high torque and low torque ripple, using the models of this
chapter. The geometry and associated search space correspond to the ones of
the first parametrization that is described in the following chapter 3, with one
minor geometrical adaptation to better distribute the stresses due to tight fitting
the magnetic sheets on the shaft. Specifically, the innermost edge of the first
flux barrier is given a curvature that follows more closely the one of the shaft by
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substituting R, = 0.9 R;,, in (3.3). The resulting rotor geometry is visible in Fig. 2.7.

(a) CAD (b) Assembly

Figure 2.7: Rotor of the prototype used for experimental validation.

In the assembly process, the rotor laminations are cut, stacked, annealed, and
tight-fitted on the shaft. The rotor is balanced under the G level 2.5 of grade
ISO 21940-11, up to the designed overspeed limit.

The predicted characteristics of the motor are given on Fig. 2.8. The saliency ratio,
Fig. 2.8 (a), increases sharply with ¢, as a result of the saturation of the ribs, and
decreases with 7,4 as a consequence of the saturation of the flux guides. Under MTPA
operation, its nominal values range from 5 to 6, leading to an internal power factor
of 0.7. Interestingly, the relative torque ripple, Fig. 2.8 (b), has minima that coincides
with the MTPA line even though the enforcement was explicitly applied only for
the nominal current. This is a nice feature that provides a smooth torque over a
wide range of operating points. The constant torque hyperbolae and constant flux
ellipses are given in Fig. 2.8 (c) and (d). Neglecting the resistive voltage drop, the
intersection of the two graphs would give the MTPV trajectory. The efficiency map,
Fig. 2.8 (e), is derived considering the DC supply voltage limitation. It accounts for
the winding Joule losses at 100°C, computed using the measured stator resistance,
and the iron losses, estimated using the instantaneous losses model developed in
section 2.1.6.

In these graphs, the white dots correspond to operating points that have been ex-
perimentally characterized. To enhance identification, the operating points that have
been established under the same experimental conditions, such as MTPA or constant
flux, are connected. The experimental setup uses a torque-controlled load, and an ex-
tra torque-meter is added between the motor and the load for cross-validation. The
flux is deduced from the applied voltages and resulting currents at the terminal level
using (1.1). Consequently, the reported measured values are corrected to account for
the experimentally characterized end-winding inductances.
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Figure 2.8: Predicted characteristics of the motor. The white dots represent experimentally characterized
operating points. The cross denotes the operating point used for the design of the motor. The currents,
mean torque and fluxes are normalized based on the characteristics of this reference point.
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No-load tests

The no-load measurements are performed by controlling the flux [|A4q(ia,74)]| at
a supply frequency of 32 Hz. The resulting current and voltages are measured and
reported in Fig. 2.9 as a function of the controlled flux, with excellent agreement with
the predictions. The effects of the magnetic saturation is visible in the flux-current
characteristic, whereas the constant speed operation results in a linear voltage-flux
characteristic.
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Figure 2.9: Comparison between the measured (black) and simulated (blue) characteristics of the experi-
mental points, for the no-load tests. The voltages are expressed in PU of the maximum AC output voltage
of the inverter.

Constant flux tests

As for the no-load test, the flux ||Agq(24,%4)|| is controlled at a supply frequency of
32 Hz. The load torque is then progressively increased. This control aims at keeping
the input voltage constant regardless of the level of the load. The measurements,
reported in Fig. 2.10, are performed for 3 levels of reference flux. The resulting torque
is accurately predicted by the models.
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Figure 2.10: Comparison between the measured (black) and simulated (blue) characteristics of the exper-

imental points, for the constant flux tests.

Constant torque tests

In these tests, the controller aims at maintaining a constant torque for increasing
rotor speeds. The measurements are performed for 90% and 100% of the nominal
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torque. The designed controller does not follow the MTPA or MTPV trajectories,
which can be seen in Fig. 2.8. Nonetheless, the measured operating points can still
be simulated and compared with the acquisitions.
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Figure 2.11: Comparison between the measured (black) and simulated (blue) characteristics of the exper-
imental points, for the constant torque tests.

The results are reported in Fig. 2.11, with excellent agreement with the predic-
tions on all the speed range. The small discrepancies on the flux are attributed to the
end-winding effects and parasitic inductances on the experimental setup.

Iron losses

Accurate measurements of the iron losses were not feasible with our experimental
setup. Fortunately, we have precise experimental data from an induction motor
with a stator and airgap length identicals to our prototype. This induction motor
was meticulously modeled using the same finite-element framework employed for
the SynRM, allowing us to extract the magnetic field used for computing the iron
losses.

f=140 Hz,
=120 Hz

0.1

_________ —— Model (instantaneous losses)
=== Model (frequency decomposition)
A Measurements

Iron losses (in % of the nominal power)

0.4 0.6 0.8 1.0 12
Flux (PU)

Figure 2.12: Validation of the iron loss models using experimental data gathered from an induction mo-
tor, that reuses the same stator as the prototype of the SynRM. The flux is normalized by the nominal
characteristics of the SynRM prototype, and the iron losses are normalized by the nominal output power
of the SynRM prototype.
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The measurements are performed under no-load conditions for frequencies
ranging from 30 Hz to 160 Hz. To isolate the iron losses, we subtracted mechanical
losses from the overall losses, while neglecting rotor Joule losses. The resulting iron
losses are reported in Fig. 2.12.

Both models give good predictions of the iron losses, especially at higher speeds
when these losses are significant. The model that is based on the frequency de-
composition of the field tends to underestimate the iron losses and requires higher
post-processing on the magnetic field. For these reasons, in the following, the iron
losses will be estimated exclusively by the model based on the instantaneous losses.

2.2 Mechanical Model

2.2.1 Fundamental equations

The mechanical stresses are physical quantities that are described by the theory of
solid continuum mechanics. The effects of the rotation of the rotor can be modeled
using static equations by working in a co-rotating frame of reference and imposing
an equivalent centrifugal force density f, function of the position vector r:

f=pwx (wxr), (2.31)

with p being the mass density and w the rotational speed. Equation (2.31) assumes a
small displacement vector u, so that the body forces in the deformed configuration
are the same as those in the initial configurations:

r+u~r. (2.32)

In those conditions, the static equilibrium and the infinitesimal strain theory give
the following equations for the stress and strain tensors o and e:

V.o=-f (2.33)

1
e=5(Vu+Vu'). (2.34)

The linear constitutive law that relates the stresses to the strains is known as Hooke’s
law and involves a fourth-order tensor. For materials that are both isotropic and
orthotropic, it reduces to:

o = Mtr(e) I + 2fie, (2.35)

with )\ and /i being the Lamé’s first and second parameters. In engineering, the stress-
strain relationship is characterized by the Young’s modulus E' and Poisson’s ratio v,
obtained under an uniaxial loading by measuring the resulting axial and transverse
deformations. They are related to the Lamé’s parameters through:

5= Ev _ E
T U+ -2v) P ot +wy (2.36)
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The Navier-Lamé equation is obtained by substituting the stresses for the displace-
ments in the equilibrium equation (2.33), with the constitutive law (2.35) and the
displacement-strain relationship (2.34):

pAu+ A+ p)V(V - u) = —f. (2.37)

As for the magnetic model, we use FEM to solve this equation to account for the
complex geometry of the rotor.

2.2.2 Resolution and post-processing

We consider the plane-strain assumption due to the use of clamping plates that
prevent the axial deformations of the lamination stack, so that the domain of
resolution can be reduced to 2D. This domain can further be reduced to one po