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Abstract

César Gallardo Sanchez

Title: “Development of Design Techniques to optimize the performance of Synchronous Reluctance
Machines with Anisotropic Rotor Structure”

Concepcion 2024

82 pages

This thesis provides a comprehensive understanding of Synchronous Reluctance Machines
(SynRM), addressing both the fundamental principles of operation and the development of various
design techniques. To expedite the sizing stage, a precise analytical model was developed which
combines two methods: to calculate the air-gap flux density and average torque, the magnetic
potential of the rotor and stator were used, and the torque ripple was calculated using the energy
stored in the air-gap. This model is extended to machines with multiple flux barriers. Comparisons
with the Finite Element Analysis (FEA) yield promising results, both in terms of air-gap flux density
and electromagnetic torque. However, a harmonic analysis reveals that the analytical model tends
to overestimate the air-gap flux density and torque due to underlying assumptions made during its
development. Despite this, the model offers valuable capabilities, including the ability to extract
machine parameters in the d-q reference frame, facilitating a preliminary control strategy analysis.

In pursuit of further enhancing SynRM performance, an asymmetric rotor topology was
introduced. This feature achieves a significant reduction in torque ripple and an increase in
maximum internal power factor. While both designs exhibit similar efficiency, the asymmetric design
excels by offering a wider constant power speed range (CPSR). Simultaneously, a comprehensive
study on discrete skew methodology was conducted. The proposed method provides deeper
understandings into the impact of skew angle on torque ripple. This method introduces an indicator
to assess the potential reduction achievable by selecting various skew steps and angles. Validation
through FEA in both two and three dimensions reinforces its applicability.

These techniques were used to design two SynRMs using the same stator with two different
rotor topologies, one symmetrical and the other asymmetrical. The design was carried out by
optimization using a multi-objective genetic algorithm (MOGA), coupled with the techniques
developed throughout the thesis. The preliminary results highlight the superiority of the asymmetric
design in terms of performance indices. However, it is worth noting a significant reduction in these
indices when skew is applied, underscoring the importance of design choices. These two rotor
topologies were manufactured to validate the improvement through experimental measurements.

Keywords: analytical model, asymmetric rotor, design guidelines, electromagnetic torque,
finite element analysis, step skew, saliency ratio, synchronous reluctance machine, tolerances.
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Introduction

Interest in Synchronous Reluctance Machines (SynRMs) is growing due to their many
advantages over other machine types. SynRMs are single-excited machines that offer acceptable
torque density [1], [2], high efficiency [3], [4], high-speed suitability [5], [6], fault tolerance capability
[7], [8], and low cost [9], [10]. This makes them a promising alternative to induction machines (IM)
[10] and permanent magnet synchronous machines (PMSM) [9], [10]. The absence of rotor windings
or rotor cage in SynRMs eliminates rotor ohmic losses, leading to lower temperature and higher
efficiency compared to IMs [11]. In addition, the absence of permanent magnets (PMs) simplifies the
manufacturing process and reduces the cost compared to PMSMs.

SynRMs are used in various applications and are emerging as a substitute for induction motors
in industry. However, their use is also beginning to be studied in the field of vehicle electrification.
Nevertheless, these comparatives advantages come at the cost of two critical drawbacks: high torque
ripple [12], [13] and low power factor [9], [13]. One of the main contributors for the large torque
ripple in SynRM is the interaction of spatial harmonics of the magnetic motive force (MMF)
generated by stator currents and rotor geometry [14]. High torque ripple can lead to undesired
mechanical vibrations and potential acoustic noise, as well as impact the current harmonics.
Moreover, in high-performance applications, low torque ripple is strictly required [15] and,
consequently, different techniques have been developed to reduce its magnitude as much as possible
such as: (i) modify and optimize the winding configuration [15], [16], and (ii) optimize the rotor
structure, in terms of geometry and dimensions [17], [18]; i.e.: using skewed rotor, adopting two
different flux-barrier geometries in the same lamination and asymmetries rotor structures.

Despite these two drawbacks, SynRMs have continued to attract interest for two main reasons:
(i) the increasing cost of rare earth permanent magnets and (ii) the increasing demand for high-
efficiency motors. However, considering the main requirements of different applications, these
machines topology are under intense research and development work at the moment. This work
aims to further the research and development of SynRM by developing new design techniques. The
work will focus on modifying the rotor structure by incorporating asymmetrical flux barriers and
see how these modify the performance of the machine. Other modifications to the rotor were also
evaluated to reduce the torque ripple, such as a detailed skew technique. An accurate analytical
model will be developed for a fast-sizing stage which incorporate the slotting effect in the torque
waveform. The studies carried out will serve as design guidelines for SynRM, reducing design times
and improving machine performance.

1. Hypothesis

The hypothesis that was tested during this doctoral thesis is:

An asymmetric rotor structure, which features a different position of the flux barriers relative to the
rotor’s g-axis, in a Synchronous Reluctance Machine can increase magnetic anisotropy in the rotor structure.
This improvement enables an increase in saliency ratio, power factor, efficiency, and average torque, while also
reducing torque ripple in the machine operation.



1. Objectives

General objective:

/7

% Enhance the performance of Synchronous Reluctance Machines through the
development of design techniques and guidelines focused on increasing rotor
anisotropy.

Specific objectives:

1. Develop and validate an accurate analytical model for Synchronous Reluctance
Machines.

2. Investigate the impact of rotor asymmetries on the performance of Synchronous
Reluctance Machines

3. Analyze and compare the performance of Synchronous Reluctance Machines with
enhanced rotor anisotropy by including asymmetries against traditional designs under
various operating conditions.

4. Validate the practical feasibility of the optimized Synchronous Reluctance Machines
designs with rotor asymmetries through Finite Element Analysis and experimental
testing and validation.

III.  Outline of the doctoral dissertation

This doctoral dissertation focuses on the different design techniques for SynRM we put some
efforts in apply some asymmetric features on the rotor structure.

* Chapter I provides a brief overview of the basic theory, development history, model, vector
diagram, and main characteristics of the SynRM. The non-linear behavior is also discussed. The
chapter concludes by discussing the different design technique to improve the performance of
SynRM.

¢ Chapter II presents the linear analytical model of SynRM with multiples flux barriers per
rotor pole and the slotting effect is take into account. This model is based on equivalent lumped-
parameter magnetic network and aims to compute stator and rotor magnetic potential, air-gap flux
density and electromagnetic torque.

¢ Chapter III explores the benefits of asymmetrical rotor geometry. It analyzes various
performance indices across a range of operating points. The behavior of the machine is compared
between a symmetrical model and an asymmetrical model, both optimized through Finite Element
Method (FEM).

e Chapter IV introduces a generalized analytical expression for multi-step discrete skewing in
SynRM, examining its impact on torque harmonic components. It introduces a method to visualize
how to reduce specific harmonic content. Two SynRM designs are analyzed through finite element
analysis to compare the effectiveness of each approach and validate the optimal step skewing
predicted by the analytical formulation.

* Chapter V employs the methods discussed throughout the manuscript to design a SynRM
prototype through optimization using genetic algorithms and FEM simulations. The optimization
results in two designs, a symmetrical one and an asymmetrical one, which are compared in terms of
average torque, torque ripple, saliency ratio, and power factor. The optimal designs go through
further evaluation from a mechanical standpoint to ensure the rotor integrity.



IV.  Contributions of the doctoral dissertation

The specific contributions of this Thesis are summarized as follows:
The Main Contribution of Chapter 11

Development a fast and accurate analytical model to determine the air-gap flux density
distribution and the torque waveform for different combination of pole/barrier and take into account
the slotting effect.

Provide the equations to obtain from the air-gap flux density the flux linkages in the g-d
reference frame.

The Main Contribution of Chapter 111

A comprehensive study on the influence of the benefits and disadvantages of applying
asymmetries in the rotor structure of a SynRM for different operating points.

The Main Contribution of Chapter IV

Present a comprehensive analytical expression for multi-step discrete skewing in SynRM.
The method calculates a specific skew angle to eliminate a specific harmonic component and a
mitigation factor to showcase the impact of skewing on each harmonic component.

The Main Contribution of Chapter V

Design and manufacturing of 24kW prototype with two different rotors (symmetric and
asymmetric) for laboratory level examinations in order to validate the design methods at University
of Nottingham.
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Chapter I: Synchronous Reluctance Machine: an overview.

This chapter introduces an overview of the basic principles of operation for SynRMs. It covers
the mathematical model and includes the saturation and cross-coupling effect between the d-q axes.
Additionally, several design techniques that play a major role in improving performance during the
SynRM design phase are highlighted.

1.1. Operating principle

The first theoretical and technical introduction of a motor with reluctance torque production
and sinusoidal MMF using a conventional IM stator was made by Kostko in 1923 [19]. This led over
the years to the concept of a SynRM evolving from a simple rotor structure to more complex design
structures. However, it was not until the 1990s that it was demonstrated that the SynRM can be
controlled using vector control techniques [20]-[23] and thus improve its performance, making this
machine topology more attractive.

SynRMs develop electromagnetic torque on the shaft based on the variation of the reluctance.
In Figure 1.1 the object (a) has the same geometrical dimensions in all axes, so it is isotropic, when
exposed to a magnetic field it has the same reluctance in all axes. Then, the object (b) in Figure 1.1
has different dimensions in the axes (anisotropic), so when exposed to the same magnetic field a
reluctance difference appears its axes. As a result, an electromagnetic torque develops in the object
(b) which tends to align the d-axis to the position of less reluctance; this torque will be present as long
as there is an angular difference between the d-axis and the magnetic field to which the object is
exposed. The angle between the d-axis and the magnetic field produced by the stator is known as the
load angle (0). The stator current is responsible for both magnetization (main field) and torque
production [21].

A q d q " d
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Reluctance HIIRN
torque !
(@Y,

(b)

Figure 1.1. Sketch representation of the reluctance principle. (a) isotropic object; (b) anisotropic object.

In general, the SynRM is similar to the conventional salient-pole synchronous motor, but it
does not have an excitation winding in the rotor structure. The SynRM rotor is composed of flux
carriers (electrical steel) and flux barriers (insulating material, usually air), as shown in Figure 1.2.
The main advantage of the SynRM lies in the absence of copper losses in the rotor, which allows a
higher continuous torque than other IMs of the same size [24], [25]. To meet these requirements, the
rotor geometry of a SynRM must be designed so that the inductance on the d-axis is maximum and
minimum on the g-axis. This ratio between the d-axis and g-axis inductances is known as the saliency
ratio (¢) and is calculated as
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Figure 1.2. Sketch of a recent geometry for a 4-pole SynRM.

1.2. Electromagnetic torque

The design of an electrical machine must be such that it produces torque efficiently. In the
SynRM, the electromagnetic torque is produced by the interaction between the flux in the air gap
and their respective magnetizing current. Different expressions for the analytical calculation of the
electromagnetic torque in a SynRM were delivered when the saturation and cross-coupling effect is
neglected.

3
Tem = 5P(Aaiq ~ Aqia) (1.2)

where i4, iq are the current in the d-axis and g-axis, respectively; and 14 and A4 are the flux linkage
in the d-axis and g-axis, respectively.

From the torque equations, it is clear that for a specified operating current and speed the
electromagnetic torque developed on the shaft depends on the saliency ratio (§); this reaching its
maximum value for a given load angle (§) or current angle (af). The vector diagram in the d-q
reference frame is shown in Figure 1.3 at steady-state, including the total iron losses, from which the
equations relating load angle and current angle can be derived.

— - )lq
§ =tan! (E) (1.3)
_ tan-1 (Ll
6 = tan <f id) (1.4)
af = tan™?! (;—:) (1.5)

8§ =tan™?! E tan(a'ie)] or tan(8) = %tan(aie) (1.6)



Figure 1.3. Phasor diagram for a SynRM at steady-state considering losses.

In the torque equations the machine inductances and flux linkages are constant since saturation
is not considered, while the actual parameters depend on the current and the current angle. In fact,
the electromagnetic torque shown in (1.2) does not consider the variation of the co-energy with the
variation of the rotor position. Therefore, we would only obtain the average torque, it is more
accurate to obtain the torque waveform using FEM simulations [26].

Combining the relationship between the current angle and the load angle it is possible to
express the torque equation as a function of the load angle as

Tom = —gqu(E —1)i? sin{2 tan~1[¢ tan(8)]}. (1.7)

Figure 1.4 shows the influence of current angle and load angle on the electromagnetic torque.
It can be observed that as the saliency ratio increases, the machine develops a higher torque value,
which is directly dependent on the current and load ang]les.
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Figure 1.4. Influence of the current and load angle on the electromagnetic torque for a SynRM. (a)
current angle vs. electromagnetic torque; (b) load angle vs. electromagnetic torque.



1.3. Internal Power Factor and Power Factor

The vector diagram in Figure 1.3 allows to identify the internal power factor (IPF) and the
terminal power factor (PF) of the machine. This characteristic can be expressed in different forms

[27]-[29].
A i
7t —\

S (1.8)

IPF = cos ¢, = cos (5 + 6 — af) = -1
= cOS ¢; = COS 2+ af ) = cos|tan \

Pin
PF =cos¢ = S (1.9)

mn

where Py, is the real power and S;,, is the apparent power.

Figure 1.5 shows the influence of current angle and load angle on the IPF for an ideal case,
when the saturation and losses are neglected. It can be observed that as the saliency ratio increases,
the machine develops a higher IPF, which is directly dependent on the current and load angles. The
IPF is higher for higher current angles, but the same is not true for the load angle, where a higher IPF
is obtained for lower load angles.
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Figure 1.5. Influence of the current and load angle on the IPF for a SynRM. (a) current angle vs. power
factor; (b) load angle vs. power factor.

Equation (1.8) shows that IPF depends on the current angle and the magnetic saliency of the
machine. The maximum internal power factor (IPF,,x) can be expressed by (1.10) [28], confirming
that a higher saliency ratio ensures a higher IPF. It observed in the Figure 1.6 that to obtain an
acceptable power factor the saliency ratio must be greater than 10 [30]. In practice, it is almost
impossible to obtain such high saliency values, usually around ~5. Assisted permanent magnet
synchronous reluctance machines (PM-S5ynRMs) with ferrite magnets are emerging as an alternative
to achieve a suitable power factor.

n
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IPF oy = (1.10)
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Figure 1.6. Maximum power factor for a SynRM for different values of saliency ratio.

When considering all physical phenomena in the electromagnetic analysis, the IPF,,4 is not
constant, as depicted in Figure 1.7. The saliency changes due to saturation and cross-coupling effects,
leading to higher values for the IPF . at larger current angles. IPF,, represents the limit for the PF
of the machine. In any operating point, the machine will exhibit a lower PF than the IPFy .
Regarding to the IPF and PF, for any operation point the PF will be a slightly lower than the IPF due
the saturation and losses. In an ideal scenario, the PF would be equal to the IPF, but practical
considerations introduce some deviations.
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Figure 1.7. Behavior of the power factors in a six pole-three flux barriers SynRM analyzed through
FEA.

1.4. Control strategy

SynRMs can be controlled by vector control techniques, for which it is necessary to know the
voltage and current equations in the d-g plane. The equations below are obtained by using the vector
diagram in Figure 1.3 as a reference and neglected losses.

Vg = —wlgig = —wiq (1.11)
Uq = deid = (U/‘ld (112)

v = J (Lqgiq)” + (Lgia)? (1.13)
iq = igcosaf (1.14)

iq = issinaf (1.15)
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i§+id =il (1.16)

where w is the electrical angular speed.
In addition, it is necessary to define the voltage and current limits, which are normally defined
by the converter or the insulation characteristics of the machine. The current limit is defined by (1.17)
as a circle with center at the origin, whose radius is defined by the current limit. On the other hand,
the voltage limit is defined as an ellipse centered at the origin, (1.18), where the length of its axes
decreases with increasing machine operating speed.
ig +id =ity (1.17)

; 2
(Laiq)” + (Laia)* = (vz)m) (1.18)

Speed MTPV

increase

MTPA
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Figure 1.8. Machine operating points under vector control techniques.

The literature shows that a SynRM can operate efficiently in different operating modes
according to speed and load [31]-[36], such as: maximum torque per ampere (MTPA) from zero
speed until the machine reaches rated speed, flux weakening (FW) at medium and high speed, and
maximum torque per volt (MTPV) at high speed. The operating points for any SynRM are shown in
Figure 1.8; where, with increasing speed the operating points move along the OABO line. At OA the
machine operates at MTPA, at AB it operates at FW and at BO it operates at MTPV.
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1.5. Influence of saturation and cross-coupling effect

Magnetic saturation is normally not considered in the model when it is analyzed by the
equations in the d-q reference frame. However, it is necessary to consider this effect when it is desired
to implement a high-performance control strategy or maximizing the machine capabilities.
Saturation, resulting from the nonlinear characteristic of the ferromagnetic material, leads to the fact
that the inductances and flux linkages in the d-g axes are not constant, but rather a function of the
currents [33], [37]-[40] and can therefore be expressed as

Aa = Aa(ia, iq) (1.19)

Aq = Aq(ias iq)- (1.20)

There are two ways to calculate the flux linkage equations considering the influence of
saturation and cross-coupling effects. The first one and the more accurate is by means of FEA
simulations in order to obtain the flux linkage per phase and, subsequently, apply the Clarke-Park
transformation as follows.

2 2n 4
da=7 [Aa cos(6,,) + A coS <9m - ?) + 2, cos <9m - ?)] (1.21)
2 2n 4
da=7% [Aa sin(6,,)+4p sin (em - ?> + A, sin <9m - ?)] (1.22)

where 1,, 1y and A. are the flux linkage of each phase, p is the pole pairs and 6,, is the angular
coordinate referring to the stator reference frame and is calculated as follow

Qm = P(Qr + 90) (123)

where 6, is the rotor position and 6, is the initial rotor position.
Another way to obtain the flux linkage expressions for (1.19) and (1.20) if the inductance per
phase is known, is to consider the following transformation

Laqo = P(8m)[Lapc(0m)]P(0m) ™, (1.24)
where
Lqg Laq Lao
Lago = |Laa  Lq Lqo|, (1.25)
Log Log Loo

Laa(gm) Lab(gm) Lac(em)
Lanc(6m) = [Lpa(Om)  Lpp(Om)  Lpc(6m) |, (1.26)
Lca(em) ch(em) Lcc(gm)

and
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2 4m
cos(6,,) cos <9m — ?) cos <9m — —)

3
2m 4m
P(6,) =|sin(f,,) sin <9m - ?) sin (Gm — ?> . (1.27)
1 1 1
V2 V2 V2
Considering the stationary reference frame, flux linkage expressions are
)'d Ld qu Ldo lq
[Aqu] = |4a[=[Lada La Lqo l:q . (1.28)
Ao Log  Loq  Loo] [io

It is assumed that the machine is being supplied by balanced three phase currents, reason why
the zero-sequence component of the stator currents is zero. Thus, the d-g axes flux linkage
expressions of (1.19) and (1.20) can be calculated as

Ad = Ldid + quiq, (129)
Aq = quid + Lqiq. (130)

From this perspective, and once the effects of saturation and cross-coupling are included in the
analysis, the torque equation (1.2) becomes

3
Ty = Ep[qu(iﬁ —i5) — (Lq — Lo)iqiq)- (1.31)

The first term is the torque produced because of the magnetic coupling between d-q axes
circuits and the second term is the reluctance torque. At low current the first term could be neglected
since the magnetic coupling between axis has a low influence on the machine.

Figure 1.9 shows the influence of the current and the current angle on the machine inductances.
It can be observed that the inductances when the permeability is infinite, the saturation is neglected,
remain constant. In this case, the saliency of the machine is greater than eight and remains constant
for every analyzed operating point. On the other hand, when saturation and the cross-coupling effect
are considered, the inductances tend to decrease when the phase current increase.

The saturation of the ferromagnetic material causes a change in the saliency ratio of the
machine. This is because the reluctance in the d-axis increases, resulting in a decrease in the d-axis
inductance until it approaches the value of the g-axis inductance. For a fixed current, the g-axis
inductance experiences a minor variation with the change in current angle. When the machine
operates past the knee of the B-H curve, the g-axis inductance is considered constant, while the d-
axis inductance decreases. However, the d-axis inductance experiences greater variations as the
current angle changes; at a higher current angle, the d-axis inductance increases. Thus, as the current
angle increases, the g-axis inductance remains constant, the d-axis inductance increases, and the
machine's saliency ratio increases. Operating the machine with a large current angle can improve its
performance. However, this approach moves the machine away from the MTPA trajectory and could
lead to increased torque ripple.
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Figure 1.9. Influence of the current and the current angle on the machine inductances in a SynRM. (a)
material with infinite permeability; (b) behavior of the material according to B-H curve; (c) M350-50A B-H
curve; (d) mean flux density in the machine, six points were considered: barrier carrier, radial bridge, two
points in the stator yoke and two in the teeth. The analysis was carried out in FEA.

1.6. Efficiency

Under the assumption that joule losses in the stator windings are dominant among other losses
in the machine at low speeds, the efficiency can be calculated by [41], [42]

-1

Pcu
= (1 . 1.32
1 [ +a)Tem] ( )

This equation can be expanded with some modification as

-1

n~|1+—e— (1.33)

where Ry is stator winding resistance. It can be deduced from (1.33) that increasing the ratio of (Tle—zm)

S

tends to increase the machine efficiency. However, this is only valid when core losses and additional
losses are negligible compared to the stator resistive losses.

The torque generated by a SynRM is not constant due to space harmonics in the air gap, leading
to torque ripple and contributing to core losses. Maximum machine efficiency cannot be achieved
through optimization of rotor structure alone, as core losses occur both in the stator and rotor. The
distribution of core losses in a standard SynRM is shown in Figure 1.10, with maximum values near
the air-gap and minimal losses in the inside part of the rotor due to minimal changes in magnetic
flux density over time.
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Figure 1.10. Core loss distribution in a 6-pole SynRM for low speed and 5 A/mm?.

The output parameters of a 6-pole SynRM, supplied at 50Hz with a current density of 5 A/mm?,
are shown in Table 1.1. The efficiency, obtained from FEA, is 91.4% while the efficiency calculated
using equation (1.33) is 92.2%. There is a small error in the calculation due the core losses was
neglected, but this data can be considered a first approximation of efficiency in the early design stage.

Table 1.1. Output parameters for a case study 6-pole SynRM through FEM.

Parameter Symbol Quantity Unit

Torque Tem 49.5 Nm
Stator current Is 20 A

Rotor angular speed w 104.7 rad/s
Winding losses Peu 432.7 \
Core losses Pedd-+hys+add 58.3 \%Y

Figure 1.11 shows the impact of current angle and load angle on efficiency. As the saliency ratio
increases, the efficiency of the machine increases. The efficiency is maximum when the machine
develops the maximum torque and this depend on the current angle and load angle.

100 ; : ; : 100 T
—6—¢3
Q < —B—&5
c\’\/ é/ 6‘:7
> —o— &3 >
g 50 225 £ 50 —Hk—
@ 3 L ®) 3 A—en
£ &7 =
= —— &9 M
—A— =12
0 . . T . . . . .
0 20 40 60 80 0 20 40 60 80
Current Angle (elect. degree) Load Angle (elect. degree)

Figure 1.11. Influence of the current and load angles on the efficiency in a SynRM. (a) current angle vs.
efficiency; (b) load angle vs. efficiency.
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1.7. Design techniques. Machine performance improvement
1.7.1. Analytical models vs. Finite elements methods

Finite Element Analysis (FEA) is one the most popular tool to design and optimize SynRM [9]
thanks to the ability to incorporate all the electromagnetic phenomena present in the machines with
high accuracy. Although FEM generally produces accurate results, it is subject to a high
computational cost, especially during an optimization process where numerous iterations are
required to obtain a good design. Consequently, a great deal of research has been conducted to build
analytical models that are capable to preserve good accuracy, compared to FEM and achieve results
significantly faster [43], [44].

The work done in [43] presents an analytical model based on Maxwell's equations to calculate
the flux density in the air-gap. The effects of rotor and stator slots are considered by conformal
mapping; however, this does not include the derivation of torque and torque ripple. In [44], an
analytical model where the reluctance of the flux barriers is calculated from the conformal mapping
is implemented, but the effect of stator slotting is neglected. A simplified method is proposed in [45]
from developing a magnetic circuit for a SynRM, the impact of stator slots is neglected. On the other
hand, extensive work has been done evaluating the magnetic flux density in the air-gap and the
torque as a function of the rotor magnetic potential and the stator electric loading [17], [46]-[50]. The
air-gap magnetic flux density is defined as a function of the rotor magnetic potential produced by
the stator electric loading, and the torque as an integrated function of the stator electric loading and
the rotor magnetic potential. Similarly, the effect of stator slotting is neglected, with the consequent
absence of the slot harmonics that are a fundamental component to be considered to capture the
torque fluctuations.

A further analytical model for SynRM and its validation through FEM is presented in [51]. This
work calculates the air-gap flux density as a function of stator and rotor magnetic potential and the
torque by integrating the Lorentz’s force density along the air gap surface; but the study neglecting
the slotting effect. Using the same principle as in [51], a SynRM with asymmetric flux barrier is
designed in [52] to minimize the torque ripple. To obtain higher fidelity, this analysis considers the
slotting effect with the conformal mapping technique. This technique requires a hard algebraical
work which becomes critical as the number of flux barrier increases.

An accurate Analytical Model (AM) for SynRMs can help the reduction of time spent to derive
the preliminary design phase. These models, besides being fast, must deliver sufficiently accurate
results; but most importantly, they need to enable the correlation between different parameters
defining machine performance, such as electrical, magnetic, and geometrical. The analytical
equations allow to study the behavior of certain performance indexes of the machine including the
variation of the design parameters and their relationships.

Amongst the features that an AM for SynRM should include, the interaction among the flux
barriers and the stator teeth is the most important; the relative position between them causing the
appearance of spatial harmonics in the air-gap flux density. These harmonics are one of the primary
sources of torque ripple in this type of machine. This issue is solved in[53] where an accurate AM for
SynRM:s is presented. This work succeeds in predicting the air gap flux density and electromagnetic
torque considering the slotting effect.
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1.7.2. Rotor structure optimization employing asymmetries

Lately, studies have been conducted to investigate the impact of asymmetric structures on the
performance of electrical machines [54]-[57], particularly Interior Permanent Magnet Synchronous
Machines (IPM). This research has revealed an improvement in average torque and reduction in
cogging torque when the rotor structure is designed to be asymmetric. The application of asymmetric
designs is believed to lead to an increase in average torque, a decrease in cogging torque and torque
ripple. Historically, electrical machines have been designed with symmetrical structures and
windings for each pair of poles, with the same electrical and magnetic characteristics being repeated
in both the rotor and stator structures.

The stator of an electric machine comprises of the teeth and windings as its main active
elements, which are typically designed to be identical and symmetrical. Recent studies have focused
on the asymmetrical design of the teeth and slots in the stator structure, with the goal of reducing
cogging torque. One example of this is found in [58] where it was shown that asymmetrical design
of the stator teeth can lead to a reduction in cogging torque. The impact of unequal tooth width in
the stator structure has also been studied in [59], which found that adjusting the width can result in
similar torque values while reducing stator current values, leading to a reduction in copper losses
and an increase in machine efficiency.

The opening of the slots in a stator may vary and may not be precisely centered in each slot.
Additionally, variations in the dimensions of the teeth can be used to achieve optimal
electromagnetic design [60]. However, it is typical for all poles in the rotor to be designed
symmetrically from the centerline of each pole or identically from pole to pole. Asymmetric design
elements can be applied to the rotor, such as the positioning of magnets in PMSMs or the design of
flux barriers in IPMSs and SynRMs. These changes can improve the performance of the machine, as
evidenced by the numerous patents [61]-[64] and articles [17], [54]-[58], [65]-[75] that have been
published on the subject in recent years.

There is a significant gap in the number of studies addressing asymmetries in the stator and
rotor structures. Research in [56], [65], [66] have shown that in IPMs with an asymmetric rotor can
lead to the two torque components, the excitation and reluctance torque, to achieving their maximum
values for the same stator current angle. On the other hand, in SynRMs, the rotor structure plays a
crucial role in their performance. The optimal design of flux barriers can increase the saliency ratio,
improve average torque, power factor, and efficiency, while also reducing torque ripple as reported
in [17], [75].

In [56], an analysis was conducted on IPM with radial magnets (spoke type). Another study,
referenced in [70], examined IPMS with V-type rotors. Previous research has shown that applying
asymmetries to the rotor structure can improve the average torque. Also, in these IPMs, the two
torque components reach their maximum value at the same current angle. A new asymmetric rotor
design, with additional flux barriers on the interpolar axis, was compared with a V-type IPM in [57].
This design resulted in an increase in average torque, decrease in torque ripple, and improved
constant power characteristic.

The design of PMa-SynRM is presented in reference [71]. The rotor design's asymmetry is
achieved through a combination of magnet positioning and flux barrier design. In [65], a rotor
structure was developed combining the advantages of both a SynRM and a PMSM. The rotor
assembly is designed to achieve the maximum of both torque components at the same current angle
and significantly reduce torque ripple. Reference [75] presented a rotor with two flux barriers, with
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the position of the barriers relative to the stator teeth being different at each rotor pole, creating an
asymmetrical design. This design reduces torque ripple and increases average torque.

A comprehensive study on the impact of asymmetries in the rotor structure of a SynRM was
conducted in reference [55], evaluating various rotor topologies without radial ribs to enhance
average torque and decrease torque ripple. The study compares a symmetric structure with three
asymmetric designs. All three asymmetric designs showed an improvement in average torque,
however, only two achieved a reduction in torque ripple, highlighting those asymmetric structures
are a promising approach in the design of electrical machines.

It is apparent that most research on asymmetric structures has been focused on IPMs, with
relatively few studies on the benefits of asymmetries in SynRMs. The most extensive analysis on this
subject can be found in [18], where the impact of asymmetric positioning of flux barriers relative to
the g-axis of the rotor on machine performance is examined for a specific operating point. However,
it is important to note that an electrical machine does not function continuously at the same operating
point, as variations in the load will cause the operating point to change. Thus, it is crucial to
understand how the machine responds to these changes.

1.7.3. Rotor skewing

Skewing techniques can be classified into two main categories: continuous skewing and
discrete skewing (also called step skewing). The first one involves rotating each lamination of the
stator or rotor core in regular angular distribution, between the first and the last slice equal to the
skew angle [76], as depicted in Figure 1.12 (b). This can drastically reduce torque ripple but
complicates and makes the manufacturing process more expensive since each lamination of the rotor
has a different position with respect to a symmetry axis, thus requiring specific tooling. In turn, the
second category, considers the division of the rotor stack into a few discrete segments, as shown in
Figure 1.12 (c).

(a) (b) (©
Figure 1.12. 3D sketch of different types of skew. (a) reference skewless rotor; (b) continuous skew; (c)
discrete skew, also mentioned as step skew.

A considerable number of works have addressed the rotor skewing technique using the
conventional one-slot-pitch skew angle. These works can be found in references [77]-[84]. In [77], the
performance of a SynRM is compared when it is operated without skewing to when the rotor is
skewed by one stator tooth pitch. Reference [78] investigates the effect of rotor skewing on reducing
slot harmonic torques, using a conventional skew angle of one stator slot pitch, but this reduces the
average torque as well. This was confirmed in [79] and [80]. In [81], the equation to calculate the skew
angle to suppress the stator slot harmonic component (one slot pitch) was presented, considering the
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number of slices in the calculation. The novel forced feasibility concept was introduced in [82] to
improve optimization convergence and reduce overall optimization time in a SynRM design. A rotor
skew was chosen as the best suited torque-ripple mitigation option by skewing the rotor at an angle
of one stator slot. Recently in [83], a SynRM with salient pole rotor was continuously skewed by one
stator slot pitch to improve energy conversion and reduce torque ripple. The impact of rotor skewing
on torque ripple in SynRMs was analyzed in recent research [84], comparing both continuous and
segmented rotor skewing. Post-optimization simulations were performed for both methods and
yielded similar results, with a slight advantage to segmented rotor skewing due to the increased cost
of continuous skewing. In both cases, the total skew angle was equal to one stator slot. As it may be
noted from the dates of these works, the one-slot-pith skewing trend has been dominant as a post
optimization process, applicable to several machine topologies up to date.

In turn, several papers have discussed the skewing technique for reducing torque ripple [85]-
[91], but they lack information on the selection of the skew angle or the skewing parameters used. In
[85], a rotor design with an asymmetric flux barrier was created to reduce torque ripple by splitting
the rotor into two step-skewed parts. However, the paper does not mention the method used to
determine the skew angle, which is assumed to be equal to the slot pitch. Reference [88] evaluates
the suitability of SynRMs for electric traction applications. Skew is applied to reduce torque ripple
by using a 2.5° mechanical skew angle between three stacks, resulting in an angle close to the slot
pitch. In [89], the torque ripple was reduced by dividing the machine into three layers using step
skew, but the skewing angle is not specified. A SynRM was optimized using topology optimization
in [90], which increased the torque compared to a model optimized with parameters, but also
increased the torque ripple. The skewing technique was used to reduce the torque ripple by dividing
the rotor into two slices, but the specific skew angle and its determination method are not reported.
In [91], the goal was to reduce torque ripple through rotor skewing while maintaining a power factor
through optimization. The study found that the optimum mechanical skew angle across all machines
was 2.5 mechanical degrees, very close to the slot pitch. All these works seem to match the one-slot-
pith skewing trend.

Despite the prevalence of the slot pitch angle as the optimal skew angle in literature, references
[73], [92] question its effectiveness in minimizing torque ripple. Reference [73] demonstrates that a
torque ripple of less than 3.0% can be achieved by applying rotor skew. The optimum rotor skew
angles, ranging from 60-70% of a slot pitch angle for the 24-slot machine and 30-80% for the 36-slot
machine, have as an outcome this achievement. The analysis highlights that the ideal rotor skew
angle heavily depends on both the stator configuration and the rotor topology. In [92], a comparison
between continuous skewing discrete skewing was performed over a SynRM. The results indicated
that the torque ripple was significantly reduced even with two stacks, while only slightly decreasing
in the average torque when high order torque harmonics were produced. Some results showed that
the optimal skew angle differed from the traditional one-slot pitch, being either higher or lower,
depending on the type of skew technique applied (continuous or discrete).

As a result, recent trends have been investigated to improve the effectiveness of skewing in
different topologies [93]-[95]. A new unconventional magnet step-skew method for PMSM is
introduced in [93]. It involves varying both the length of the magnet and the skew angle between
magnet segments, in contrast to the constant stack length and step-skew angle in conventional PM
motors. A semi-FEA algorithm is developed showing improved performance compared to
conventional step-skew. However, it comes with increased magnet manufacturing cost. In [94] a new
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method for parameterizing the flux barrier profiles of SynRMs and PMa-SynRMs was introduced.
To reduce torque ripple the skew angle is obtained through a parametric FEA analysis. A discrete
rotor skewing of 4° in 3-step pieces is applied which deviates from the conventional 10° angle for a
36-slot machine based on one slot pitch. In [95], the impact of step skewing on the output torque and
motor inductance in a 30-slot/4-pole SynRM configuration was examined. A comparison of step
skewing was made theoretically, and the study considered the effect of two harmonic orders but did
not account for the number of steps in the skewing angle calculation. Moreover, it was discovered
that the average torque reduction resulting from skewing is dependent on the machine operating
point.

This topic has brought increased attention in the literature. A better understanding of how the
optimal skewing can be achieved at the design stage is an important factor in the sizing of a SynRM.
It is necessary a generalized multi-step skewing approach for SynRM which considered a torque
ripple harmonic content and not the traditional one-slot-pitch skewing technique. This aims to serve
as an input of post-optimization processes in the design stage of SynRMs.

Reducing the difficulties and cost of the manufacturing process and providing the possibility
of mitigating relevant harmonic content in the electromagnetic torque may be achieved when
applying discrete multi-step skewing in a SynRM. Of course, the manufacturing complexity and
performance benefits may be adversely affected as the number of steps increases, but this is yet to be
disclosed. As a result, in [96] is propose some generalized analytical expressions for multi-step
discrete skewing on SynRM in order to mitigate undesired harmonic content of the electromagnetic
torque and its influence on other harmonic components.

1.8. Summary

This chapter provides an overview of the basic principles of operation for SynRMs. It covers
the mathematical model, vector diagram, and including the saturation and cross-coupling effect
between d-g axes. Additionally, a first approximation of the efficiency calculation is developed. Key
design features of the machine are described and how their affect the machine’s performances. As
well, the electrical, mechanical, magnetic, and geometrical parameters and their impact on the first
stage of the machine’s design were discussed. Additionally, a few designs technique that play a
major role in the performance improvement in the design step of SynRM were highlighted, such as
the use of asymmetrical barriers on the rotor and the use of the skew technique to reduce torque

ripple.
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Chapter II: Accurate Analytical Model for Synchronous Reluctance Machine

This chapter introduces an Analytical Model (AM) for predicting air-gap flux density and
electromagnetic torque in SynRMs with good accuracy. The impact of stator slotting and flux barriers
on the torque and magnetic flux density in the air-gap is analyzed. Two methods for calculating
torque are studied, and their limitations in accounting for the effect of slotting are emphasized. The
method will first be developed for a rotor with one flux barrier and then expanded to multiple
barriers. The AM's results are compared with FEM results to validate the model.

2.1. Main assumptions

Figure 2.1 shows a general rotor geometry for a SynRM. The following assumptions are made
for the implementation of the analytical method:

* the tangential iron bridges of the rotor barriers are highly saturated under normal working
conditions, the relative permeability in these parts is negligible. Therefore, the regions of the rotor
iron bridges are considered as air [43], [44], [50], [51], [97],

¢ the rotor structure has no radial iron bridges,

¢ the permeability of the ferromagnetic material tends to infinity,

* and the tangential flux density is not considered for the torque calculation.

Tangential iron bridges

Rotor islands

Flux barriers

Figure 2.1. Sketch of a general rotor geometry for a SynRM.

The above assumptions have been considered in most of the analytical models described so
far, e.g., [43], [44], [50], [51], [98]. These assumptions also limit the proposed method to low-speed
applications. In high-speed applications the radial and tangential bridges must be thick enough to
provide the rotor with the required structural integrity. This causes the bridges to not fully saturate
and provide a low reluctance path for the g-axis flux, penalizing the saliency ratio of the machine.
The fact that the bridges are wide causes the cross-coupling phenomenon between the d-axis and g-
axis to be present to a greater extent in high-speed SynRM. The above consideration means that in
high-speed SynRM, bridges must be taken into account in the electromagnetic analysis.
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2.2. Air-gap flux density calculation

The approach for calculating the magnetic flux density consists mainly of two steps: first, the
magnetic potential across the flux barriers is determined. Secondly, the magnetic potential is
combined with Ampere's Law to calculate the flux density distribution of the air-gap.

It is necessary to start by calculating the MMF, which can be derived from Ampere's Law;
according to [99], it can be defined by (2.1) for a three-phase winding.

3 kw,6n+1 ,
MMFy(6;, 6,) = EMMFf il sin[(6n + 1)0;p — pby, — ] 2.1)
n=—oo
2
MMF¢ = —N, V2Ims (2.2)

where ky, ¢+ is the winding factor, p is the pole pair of the machine, 6 is the position along the
stator periphery, 6y, is the rotor position, af is the current angle, N, is the turns per pole per phase,
Ims is the supply currentand n = 0,+1, £2... & oo.

AM'’s for the calculation of the flux density is presented by several authors in [48]-[50], [85],
[100], where the flux density in the air-gap is calculated from the magnetic potential of the stator and

rotor in the air-gap like see in Figure 2.2, as in
ll L é ’ 6 m L r é m
By (65, 601) = ol =Us(8s, Om) ( )]. (2.3)

where Ug (65, 6,,) is the stator magnetic potential, which is equivalent to the drop of the MMF (6, 6,,),
U, (By,) is the rotor magnetic potential, g is the air-gap length and p, the air permeability.

The electric loading produces a magnetic potential distributed along the inner circumference
of the stator. The magnetic flux (green lines in Figure 2.2) crossing the flux barrier has a magnetic
potential in the rotor, calculated by (2.4). The rotor potential will be considered constant in each
magnetic "island" of the rotor, bordered by the air-gap and the flux barrier, and zero in the remainder,
this can be seen in Figure 2.2.

qt

phase a-axis

Rotor island
Figure 2.2. Stator and rotor magnetic potential in the air-gap.
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In this research, the behavior of the flux barrier opening is the same as the behavior of the slot.
Therefore, just as the slot opening is considered in the stator magnetic potential from the winding
factor, it will also be considered in the rotor magnetic potential. This behavior is considered from a
wave between the points (a;, D;,/2) and (ly,;, U;) in Figure 2.3.

Ad *q

U:

0 71/2p m/p Or

Figure 2.3. Flux barrier geometry and rotor magnetic potential in a rotor pole.

For the slot opening on the right side the curve will have positive slope and for the left side
negative slope.

Ur(em) = Qb (am):Rb (24)
tp
R, = 1.5
b #Olblaxial ( )

where @,(6,,) is the magnetic flux crossing the flux barrier, Ry, is the reluctance of the flux barrier,
tp and [, are the width and length of the flux barrier, respectively.

The flux crossing the flux barrier is calculated by (2.6), integrating the magnetic flux density in
the air-gap from the limits defined by the position of the flux barriers. A single flux barrier per pole
structure will be analyzed to explain the procedure correctly.

T
570 —B_ (64, 0 Laiat Dy
®b(9m)=fp (05 Z)a alro 4. (2.6)

ar

where D, is the rotor outer diameter.
Substituting (2.3), (2.4), and (2.5) into (2.6) and performing algebraic work, it is possible to
derive the magnetic potential of the rotor as

= 2] (&) [ = 2.7)
Ur(em) - I:Z (E) Lr Us(asr Qm) d@s - [E - (ar + al)] Ur(gm)
Simplifying (2.7) /
T/p-a
Ur(6m) = a j lUS(QS, 0 dbs (2.8)

T

where
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251 @)
(o Bl - ol
Figure 2.4 shows the results of applying the procedure described above for a SynRM with two

poles pairs. The stator has 48 slots and distributed three-phase windings; the other design data are
summarized in Table 2.1.

(2.9)

a =

Table 2.1. Machine main parameters.

Parameter Symbol  Quantity Unit
Stator outer diameter Dy, 346.7 mm
Stator inner diameter Dg; 245.2 mm
Rotor outer diameter Dy 244 mm
Rotor inner diameter D 70 mm
Air-gap length g 0.6 mm
Radio barrier Ry 45 mm
Axial length Laxial 172 mm
Slot pitch Ts 7.5 mechanical degrees
Slot opening bgs 1.4 mechanical degrees
Flux barrier width ty 15 mm
Flux barrier length Iy 194.5 mm
Flux barrier opening o=ty 7.08 mechanical degrees
Flux barrier angle Q=1 10.5 mechanical degrees
Turns per slot Ns 10 turns
Current Angle of 45 electrical degrees

500 Us(em) 4

-500

Magnetic potential (A-v)
(e}
. —
Air—gap flux density (T)

0 60 120 180 240 300 360 0 60 120 180 240 300 360
Stator periphery (mech. degree) Stator periphery (mech. degree)

(@) (b)
Figure 2.4. Magnetic potential and air-gap flux density without slotting effect for 8, = 0. (a) stator and
rotor magnetic potential; (b) air-gap flux density.

For this analysis, the of the electric loading (K) fundamental value is the 8.4 A/mm. Figure 2.4
(b) compares the magnetic flux density in the air-gap calculated by analytical model, which is
represented by the acronym AM on the curve, and obtained in FEM. It is important to note that only
the effect of the rotor flux barriers is considered; the influence of the stator slots is not considered.
Equation (2.3) is modified to consider the effect of the flux barriers on the air-gap flux density, where
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P(60s,6y,) is the air-gap permeance (2.11) and g, (6, 8y,) is the air-gap function, it is calculated from
the infinite slot assumption [101].

Bg(HS' gm) = P(Hsr em)[_us(gs: gm) + Ur(gm)] (210)

Ho

POs bm) = . (026m)

2.11)

Similarly, the effect of stator slotting can be included in the result of magnetic flux density in
the air-gap under the same assumption of the infinite slot, as clear from the results shown in Figure
2.5. Both effects, slotting and barriers, are correctly processed by the proposed AM. In Figure 2.5 (a)
the flux density waveform has the same behavioral trend for both analyses, FEM and AM. Figure 2.5
(b) shows the harmonic analysis for the air-gap flux density. As expected, the AM overestimates the
flux density. This can be seen in Figure 2.5 (b), where the fundamental component is slightly larger
in the comparison with the results obtained by FEM. This difference is mainly due to the assumptions
that were adopted during the development of the analytical model, i.e., by not considering the
nonlinearities in the machine. The remaining harmonic components in the AM show the same
behavior as those obtained from FEM. This flux density distribution in the air-gap is used to calculate
the electromagnetic torque waveform in the following section.
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Figure 2.5. Air-gap flux density with slotting effect for 8,, = 0. (a) air-gap flux density waveform; (b)
harmonic distribution of the air-gap flux density.

2.3. Torque calculation

The electromagnetic torque waveform is essential to evaluate torque ripple; in basic terms,
torque ripple can be defined mathematically, as shown in (2.12), it expressed in Nm (peak to peak).

Trp = max(Tep,) — min (Tep,) (2.12)

Historically, the torque of a SynRM was derived from two methods. Several researchers mainly
focus on evaluating the torque as a function of stator electric loading and rotor magnetic potential
[48]-[50], [85], [100]. The torque can be obtained by integrating Lorentz's force (Bg(65)Ks(6s)) along
the air-gap surface, as in

2m

TomOm) = R2Losga f By(65, 6m)Ks(85, 616, (2.13)
0
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where [, is the axial length of the machine, R is the air-gap radius and K(6s, 6y,) is the electric
loading.

In [99], the effect of the MMF in the air-gap field is represented with sufficient accuracy by a
current charge distributed over the area of the slot opening, in other words, by the electric loading.
Therefore, the MMF can also be calculated from (2.14), from where the electric loading can be
obtained.

K, (64, 6,,)D;

MMFy(65, 0) = f :

do, (2.14)

The electromagnetic torque for both flux densities calculated in the previous section is shown
in Figure 2.6. These curves were performance by moving the rotor 60 mechanical degrees, which
corresponds to two torque ripple periods for three—phase machine [102]. When the effect of stator
slotting is ignored, Figure 2.6. (a), the comparison with FEM is satisfactory; while when the influence
of slotting is evaluated, the results show considerable differences, Figure 2.6. (b). Therefore, the above
method effectively determines the electromagnetic torque waveform when the stator slotting effect
is neglected.
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Figure 2.6. Electromagnetic torque waveform for two torque ripple periods. (a) without slotting effect;
(b) with slotting effect.

(=}

Harmonic analysis was performed to analyze this fact. The magnetic flux density is correct; at
any instant of time studied, the comparison with FEM is accurate. Additionally, the electric loading
is relatively easy to obtain and is the same for both cases investigated, including the slotting effect or
not. Figure 2.7 shows the torque when considering specific harmonics of the magnetic flux density.
It is observed that considering only the first harmonic, the average torque of the analytical model
and FEM are matching well; the exact values are shown in Table 2.2. However, as the number of
harmonics of the flux density increases, torque ripple appears, and the average torque decreases.
This effect becomes more predominant when harmonics above the 50t are included (green curve in
Figure 2.7). It is important to note that the flux density's harmonics significantly influence the final
torque result.
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Figure 2.7. Harmonic torque analysis when considering slotting effect for two torque ripple periods.

It is well known that the stator slotting introduces the higher order harmonics in the magnetic

flux density. Therefore, by not considering the higher order harmonics, it again ignores the slotting
effect, which is not the objective of the research. Thus, the calculation method for electromagnetic
torque from Lorentz's force is effective only for finding the average torque when the stator slotting

effect is considered.

Based on the above, the magnetic flux density in the air-gap can be decomposed as a sum of

harmonics as
By(0s) = Z|Bg(v)| cos(vw09S + <p(v)).

v=1

Table 2.2. Average torque and torque ripple values for harmonic analysis.

Analysis method & harmonic order T,z (Nm) T;p, (Nm)
FEM 21.03 15.3
AM-1st harmonic 21.33 1.14
AM-30th harmonic 21.29 5.76
AM-50th harmonic 18.49 7.48
AM-full order 11.07 4.22

In the same way, the electric loading can be decomposed as follows,

oo

Ko(6) = ) 1K, ()] cos(i1wo8 + o).

n=1

Therefore, the average torque is calculated by (2.17) whenv =n = 1;

2n
Tavg(Om) = _Rzlaxialf | BgW)|1Ks ()] cos(vawbs + ¢ (1)) cos(11wobs + ¢ (1)) 46
0

(2.15)

(2.16)

(2.17)

Furthermore, the principal of the torque pulsation relative to slot harmonics lays on the fact
that, in SynRM the rotor is forced to be aligned with the minimum reluctance. Any change on this
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alignment causes variations of stored energy at the slots opening area in the rotor and stator, results
in changes in their equivalent co-energy. These variations which depend on the rotor angle and them
are the potential sources for torque ripple [103], [104]. Discarding the magnetic saturation, the torque
ripple is calculated from the total energy stored in the machine [105]. Under the hypothesis of infinite
permeability, no energy is stored in the ferromagnetic core. Therefore, the magnetic energy (W,) is

Win(Brn) = W (1) + Wy (6. (2.18)

where W, (6p,) is the energy stored in the air-gap and W}, (6y,) is the energy stored in the flux barrier,
(2.19) and (2.20), respectively.

laxia R 2 2
W (o) = 5120 [ 7[5, (6,6, d, (2.19)
Wy(0m) =p [Rb(wb(gm))z] (2.20)

In this case, the torque is calculated by (2.21). The first term is the average torque, calculated
by (2.17). The second term represents the torque ripple, the pulsating component of the torque,
obtained from the magnetic energy stored in the machine, (2.22).

Tem(Om) = Tayg(Om) + Trp(01m) (2.21)
oW,
Top(Om) = — 25— (2.22)

As can be seen, the pulsating component depends on the magnetic flux density distribution in
the air-gap, which is a function of the position of the rotor flux barriers and the stator slotting.
Therefore, it is possible to analyze the effect of both parameters on the torque waveform from the
stored energy method, which is compared to the one resulting from FEM simulations as shown in
Figure 2.8. It can be noted from Figure 2.8 (a) that the oscillation trends obtained in AM is consistent
with FEM. In the same way that the flux density in the air-gap was analyzed, the harmonic
distribution for the torque was obtained. From Figure 2.8 (b), the AM overestimates the fundamental
harmonic component of the electromagnetic torque, which was to be expected since the torque is
obtained from two methods that depend on the air-gap flux density. The behavior of the rest of the
harmonic components in AM is the same as that obtained from FEM.

Figure 1.8 shows that the model can predict the ripple torque with good accuracy. Table III
shows that the absolute error for the average torque and the ripple torque is 0.303 N-m and 0.903
N-m, respectively. These errors can be considered acceptable. The main cause of this difference is the
assumptions made throughout the development of the AM and the fact that the effect of tangential
flux density is neglected in the torque calculation.
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Figure 2.8. Electromagnetic torque waveform for two torque ripple periods with slotting effect. (a)
torque waveform; (b) torque harmonic components.

2.4. Extension of the method to machines with a larger number of flux barriers per pole

An increased number of flux barriers per pole leads to greater rotor anisotropy, which results
in a higher magnetic saliency, the primary metric for evaluating the performance of a SynRM. The
saliency refers to the ratio between the inductance of the direct and quadrature axes. By increasing
the number of barriers, the reluctance of the quadrature axis is altered, which modifies the saliency
and enhances machine performance.
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Figure 2.9. Analytical method workflow.

The extension of the method is necessary to evaluate machines with better performance
characteristics and to generalize the approach to any number of flux barriers. It is presented
following the procedure described above for one flux barrier per pole, considering that the magnetic
potential of each barrier is the result of the flux crossing the barrier, and this is only present in the
barrier island. For the sake of clarity, a more intuitive representation of the method adopted, the
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workflow adopted is shown in Figure 2.9. Following this procedure, the air-gap magnetic flux
density and torque were calculated when the rotor structure has two, three, four, five, and six flux
barriers per pole. It is chosen to compute up to six flux barriers per pole because this is the optimum
number of flux barriers per pole for a stator configuration with 48 slots [3], [106]. The comparison
with FEM is shown in Figure 2.10 for flux density and torque. It is important to note that the higher
the number of flux barriers the more parameters must be analyzed, and therefore the model's
accuracy may decrease.

The flux density shows a good agreement with FEM for any of the cases analyzed. Figure 2.10
shows the comparison for 6,, = 0, but for any rotor position analyzed, the results are equally
satisfactory. The flux density curves clearly show the effect of flux barriers and stator slots.

On the other hand, Figure 2.11 shows that the torque behavior is agreement to the one obtained
in FEM; the average torque values, torque ripple, and absolute error are shown in Table 2.3. This
metric compares the absolute difference between the FEA values and the values predicted by the
analytical model. The torque ripple results are less accurate than the average torque, as indicated by
the mean absolute error. However, the analytical model achieves an error of less than one with
respect to the FEA results, which indicates a good prediction of the phenomenon.

Table 2.3. Average torque and torque ripple for different rotor configurations.

Barrier number Analysis method & error Tavg (Nm) T,p (Nm)

FEM 21.03 15.37

1 AM 21.33 14.50
Absolute error 0.30 0.90

FEM 21.49 14.03

2 AM 22.82 13.61
Absolute error 1.32 0.42

FEM 21.49 24.66

3 AM 22.84 20.90
Absolute error 1.35 3.75

FEM 21.44 13.14

4 AM 22.18 13.02
Absolute error 0.74 0.12

FEM 20.70 13.03

5 AM 21.61 12.86
Absolute error 0.91 0.17

FEM 20.72 12.45

6 AM 21.21 11.92
Absolute error 0.49 0.53

Mean Absolute Error 0.85 0.98
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Despite this, the AM proposed shows an acceptable behavior; of the six rotor structures
analyzed, the rotor with three flux barriers per pole shows the highest error in the torque calculation.
Moreover, the variation trend of the torque waveform obtained by both methods is consistent. It is
also observed from Table 2.3 that in all cases the average torque value is higher in the analytical
model. The assumption that the permeability of the ferromagnetic material is infinite leads to ignore
the magnetic saturation of the cores iron and hence the average torque will be overestimated. This
occurs because in the FEM model the permeance has a very large value to simulate the infinite
permeance assumed in the analytical model, but despite this, it is a finite value and small drops of
potential are affecting the results.

2.5. Parameters on the d-q reference frame

nen

According to [107] the Winding Function (WF) for an arbitrary phase "i" and its corresponding
Fourier Series can be calculated from equation (2.25); for this analysis the windings are assumed to
be stationary, only depending on 8. Figure 2.12 shows the winding function for each phase of the
machine under analysis.

4Ny, 21
N,(8,) = z . cos[pn(@s—k—)] (2.25)

m
n=1,3,5... p

where k=0, 1, 2.... for phases A, B, C..., p represents the pole pairs, m the number of phases and 7 the
order of the harmonic, N; the number of turns per phase per pole, k,, is the winding factor for
harmonic 7 and it is calculated as follows,

kwn = kdnkpnkxn (226)

sin (ﬂ)
2
kan = —— &~ (2.27)
asin (zgm)
) W
kon = sin <n§r_) (2.28)
p
nbss)
kyn = sin 2
= b (2.29)
2

where g is the number of slots per phase per pole, W is the width of the winding, 7}, is the polar pitch
y bgs is the slot opening.
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Figure 2.12. Winding function for a four pole SynRM.

The flux linkages can be calculated as the multiplication of the flux density by the cross-
sectional area, generalizing this to a three-phase machine the flux linkages for an arbitrary phase “i"
can be calculated as

2

10) = j By(Bum, 6)N;(65)dA (223)
0

dA = Rl,y;,,d6, (2.24)

When the Clarke-Park’s transformation is applied to these flux linkages like in the Chapter I,
the flux linkage on the d-g axes is obtained as follows

2 2 4

Ag = 3 [Aa cos(8,,) + A, cos (Hm - ?n) + A. cos (Gm - ?n)] (2.30)
2 2 4

do=3 [Aa sin(6,,)+4 sin (em - ?”) + A, sin (em - ?”)] (2.31)

Once the flux linkages are obtained in d-q reference frame the inductances and the average
torque developed by the machine can calculate by (1.4). The comparison with FEM is shown in Figure
2.13 showing a correct prediction of the AM for the flux linkage in both reference frame. On the other
hand, the mean torque values are shown in Table 2.4. The main differences in the results are due to
the assumptions that were considered during the development of the AM and the stator leakage
inductance are neglected.
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g 1L b a c g
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Figure 2.13. Flux linkage for a four pole SynRM. (a) flux linkage for the abc reference frame; (b) flux
linkage for the d-q reference frame.
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Table 2.4. Mean torque comparison between FEM and AM.

Analysis method Te (Nm)
FEM 20.5
AM 21.5

2.6. Summary

This chapter presents the development of an AM to evaluate the performance of a SynRM that
combines two methods proposed by the research community as possible ways to be adopted for the
analysis of SynRMs. The method including the slotting effect in a relatively simple way in the torque
wave and with equations that allow to analyze how each parameter affects the result. In addition, it
provides the possibility that the parameters can be freely and easily modified for further
optimization. The analysis process is explained in detail for a machine configuration with one flux
barrier per pole and subsequently extended for machines with a larger number of barriers.

Even though the assumptions were made throughout the development of the method, the
comparison with FEM shows satisfactory results, both for air-gap flux density and torque. To
validate the method, several FEM simulations were performed for different machine configurations
where the dimensions and the electrical steel used were changed. In all analyses the AM shows a
correct prediction of the machine behavior until the machine starts to operate above the saturation
knee of the B-H curve. The analyses carried out allow us to affirm that the analytical model gives
sufficiently accurate results when the machine is operated in the linear zone of the B-H curve.

The harmonic analysis showed that the AM overestimates the air-gap flux density and the
electromagnetic torque. This difference is mainly due to the assumptions that were adopted during
the development of AM, i.e., by not considering the nonlinearities in the machine. The remaining
harmonics components in the AM shows the same behavior as that obtained from the FEM. There is
another factor that also affects the torque results and that is that the tangential flux density is
neglected, being the model with the highest deficiency the one with three flux barriers per pole.

It is also important to mention that for the application of the AM it was necessary to assume
certain conditions that are mentioned at the beginning of the chapter, which limits its application to
low-speed purposes. In practice, radial and tangential barrier bridges are necessary for mechanical
reasons. Considering these as air is a good assumption, but ignoring these bridges also leads to a
small overestimation of the average torque.
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Chapter III: Rotor asymmetric impact on Synchronous Reluctance Machine Performance

This chapter examines the impact of an asymmetric rotor design on the performance of a
SynRM using FEM. The analyzed rotor has a simple structure, featuring two flux barriers per pole,
optimized through a multi-objective optimization algorithm. The rotor design exhibits asymmetry
along the g-axis, but each machine pole is identical, resulting in circumferential symmetry.

3.1. Modelling of the SynRMs under analysis
3.1.1. Sizing method

In this study, a 12kW@1500rpm SynRM with a two-pole-pair was designed to investigate the
potential benefits of an asymmetrical rotor design. The machine was sized using a specific
methodology [108], and features a stator with 48 slots and three-phase distributed windings (Figure
3.1), as well as a rotor with two flux barriers per pole. The ferromagnetic material used in the stator
and rotor cores is M19-29G. The main dimensions of the machine are outlined in Table 3.1. It is well
known that torque ripple in SynRMs is influenced by the interaction between the spatial harmonics
of the magnetomotive force caused by stator currents and the rotor geometry. Research [109] and
[102] have shown that the position of the flux barriers is a key factor in reducing torque ripple in
SynRMs, and thus is the primary variable to be analyzed in this study. The topology of the machine
under study is shown in Figure 3.1 together with the rotor parameterization.

Stator

Flux barrier bridge

Flux barrier

Rotor

(a) (b)

Figure 3.1. Machine topology. a) stator and rotor; b) rotor parametrization.
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Table 3.1. Design parameters

Parameter Symbol  Quantity Unit
Stator outer diameter Dg, 346.7 mm
Stator inner diameter Dg; 245.2 mm
Rotor outer diameter Dy, 244 mm
Rotor inner diameter Dy 70 mm
Air-gap length g 0.6 mm
Axial length Loxial 172 mm
Slot pitch Ts 7.5 mechanical degree
Slot open bgs 14 mechanical degree
Turns per slot N; 10 -
Slots numbers Qs 48 -

3.1.2. Optimization process

From the preliminary sizing described above, a design refinement stage is carried out to
optimize two objective functions: maximize torque production and minimize torque ripple. The air-
gap length, the inner and outer diameters of the stator and rotor are geometrical constraints.

The objective variables are set only on the rotor geometry, such as the position of flux barriers
concerning the d-axis (@, @), flux barrier opening (lyry, lpin), flux barrier width (ty,), the
separation between the barriers (w.) and the radius to the center the most inner barrier (Ry).

The optimization was implemented in ANSYS commercial software package using a Multi-
Objective Genetic Algorithm (MOGA). Rotor geometry was parameterized in a CAD software
included in the ANSYS package and FEM analysis was performed in ANSYS Electronics Desktop.
MOGA is defined with an initial number of 150 samples with a maximum of 35 iterations; 100 designs
were analyzed per iteration. The symmetric design converged after 2087 evaluations, and the
asymmetric after 2623. This analysis allows to obtain the anisotropic structure of the rotor that fulfills
the objective functions.

Figure 3.2 shows the optimization process workflow, and the range of input variables is shown
in Table 3.2. The model was supplying with 10 A/mm? during the optimization; this current value
corresponds to approximately 2 times the rated current. Choosing a current value between 2 and 3
times the rated current ensures that the torque ripple is less sensitive to load variations [110], [111].
On the other hand, the current angle is adjusted according to the objective functions for MTPA.

The insulation ratio, which is defined as the ratio between thickness of total insulation (ty; +
tpz) over total length ((Dy, — Dyi)/2 ) inside the rotor, by (3.1). This parameter attempts to represent
the feature of the machine anisotropic structure quality. The insulation ratio has a great impact on
the torque production; therefore, in order to determine the performance characteristics of the
machine are only affected by the possible asymmetry in the rotor structure, this parameter is the
same for both designs in the optimization process.

tp1 T th2

koo = —m—m———— —
ar (Dro - Dri)/2

(3.1)
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Figure 3.2. Optimization process workflow.

Table 3.2. Input variables range.

Parameter

Flux barrier angle 1 (right)
Flux barrier angle 2 (right)
Flux barrier angle 1 (left)
Flux barrier angle 2 (left)
Flux barrier opening 1(right)
Flux barrier opening 2(right)
Flux barrier opening 1(left)
Flux barrier opening 2(left)
Flux barrier width 1
Flux barrier width 2
Width between barriers 1-2
Current Angle
Inner barrier radius

Symbol

Boundaries
Lower Upper
1 30
1 30
1 30
1 30
2 10
2 10
2 10
2 10
10 22
10 22
2 10
45 75
40 50

Unit

mechanical degree
mechanical degree
mechanical degree
mechanical degree
mechanical degree
mechanical degree
mechanical degree
mechanical degree

electrical degree
mm

37
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3.1.3. Optimum Designs

For the symmetric model, the position and opening of the flux barriers on the left side remain
the same as those on the right side, while in the asymmetric model, they can take any value within
the set limits. The optimization results are presented in Figure 3.3 for the symmetric (a) and

asymmetric (b) models. The rotor structure data and the current angle for the optimal designs are
shown in Table 3.3.

100 100

2 2

E &

Z S0fF 2 501
5 L ___e_T" 3

= =

3] 15)

= | =

0 . 1 . . . | 0 A . L L L L
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200

Mean Torque (Nm) Mean Torque (Nm)

(@) (b)
Figure 3.3. Designs obtained from the optimization process for a 4-pole machine with two flux barriers
per pole. The current was fixed to ~10 A/mm? and the current angle was defined in the optimization algorithm
for MTPA. (a) symmetric design; (b) asymmetric design. The selected designs are highlighted on the figure.

Table 3.3. Geometric values for optimal symmetrical and asymmetrical designs.

Parameter Symbol Symmetric design Asymmetric design Unit
Flux barrier position index K, 1 1.42 -
Flux barrier opening index K., 1 1.65 -
Flux barrier width 1 th1 21.16 17.90 mm
Flux barrier width 2 th2 11.81 14.95 mm
Width between barriers 1-2 We 8.39 9.25 mm
Deeper radio barrier Ry 48.77 47.70 mm
Insulation ratio kair 0.38 0.38 -
Current angle al 60.56 61.95 °

To characterize the level of asymmetry of the designs, the following coefficients, K,, and K,,,
are introduced. The first index (K},) is the ratio between the barrier angles and the second (K,,) is the
ratio between the barrier opening angles. Equations (3.2) and (3.3) show how these indices are

calculated for a i-th barrier.

Ky, =
pi — a, (3.2)
L,
Ky, = (3.3)
i ll

When the machine is symmetrical these indices are equal to one, both sides of the magnetic
pole have the same dimension. If the design is asymmetrical, both K}, and K,,, can be greater or less
than one. To characterize the possible displacement of the machine's g-axis because of asymmetry, it
will be classified as positive or negative according to the value of K, . If K,, > 1 the asymmetry will
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be positive, and the g-axis will be displaced in a leftward direction and if Kj,, < 1 the symmetry will
be negative, and the g-axis will be displaced to the right as shown in Figure 3.1 (b).
To increase the anisotropy in SynRMs, it is common that the rotor has more than one flux

barrier per pole, in this case the indexes are calculated as follows, where n is the number of flux
barriers per pole of the rotor.

n
i=1 K

p.
K. =—— "L 34
p n G4
n
" Ky,
K, = % (3.5)

3.2. Results analysis

Both designs were analyzed using ANSYS Electronics Desktop, a commercial software
package. The analysis involved variations in rotation direction (clockwise and counter-clockwise)
and operating conditions (current angle ranging from 25-85 degrees and current density from 0-10
A/mm?) in order to evaluate the behavior of the designs under different scenarios.

3.2.1. Saliency ratio

The variation of the saliency ratio for symmetrical and asymmetrical designs as a function of
current angle and current density is shown in Figure 3.4. It can be observed that the symmetric design
shows higher saliency values than the asymmetric design for a value of the current angle less than
60 electrical degrees, when exceeding this value, the asymmetric design shows better saliency. In

general, the highest saliency values are achieved for both designs when the machine begins to be
saturated and for high current angle values.
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Figure 3.4. Saliency ratio as a function of the current density and the current angle. (a) symmetric design

counter-clockwise; (b) asymmetric design counter-clockwise; (c) symmetric design clockwise; (b) asymmetric
design clockwise.
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The saliency ratio (&) is used to evaluate the SynRM performance. As mentioned in Chapter I,
for a fixed value of current the g-axis inductance presents a small variation associated with the change
in the current angle. When the machine is operated beyond the knee of the B-H curve the g-axis
inductance can be considered constant, while the d-axis inductance continues to reduce. On the other
hand, the d-axis inductance presents greater variations as the current angle changes, for a higher
current angle the value of the d-axis inductance will be higher. Therefore, if the current angle
increases the g-axis inductance remains constant and the d-axis inductance increases, and the saliency
ratio of the machine increases as the current angle increases. This behavior in the inductance is caused
by the saturation and cross-coupling between the d-axis and g-axis.

3.2.2. Maximum internal power factor

Figure 3.5 shows the IPF behavior in both designs for different values of current and current
angle. Given the dependence between IPF and saliency ratio (equation 1.8), the behavior of both
indices is similar, the symmetric design shows higher power factor than the asymmetric design for a
value of the current angle less than 60 electrical degrees, when exceeding this value, the asymmetric
design shows better power factor reaching values above 0.8.
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Figure 3.5. Internal power factor as a function of the current density and the current angle. (a) symmetric
design counter-clockwise; (b) asymmetric design counter-clockwise; (c) symmetric design clockwise; (b)
asymmetric design clockwise.

3.2.3. Electromagnetic torque

Figure 3.6 illustrates the behavior of electromagnetic torque for both symmetrical and
asymmetrical designs as a function of current density and current angle. Neglecting saturation, a
SynRM achieves its maximum torque value at a current angle of 45 electrical degrees. However, as
saturation occurs, the current angle for maximum torque increases above 45 electrical degrees. The
impact of saturation can be easily observed in the torque contour curves (Figure 3.6) for both designs.
As the current density increases, the current angle for maximum torque also increases.
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Figure 3.6. Electromagnetic torque as a function of the current density and the current angle. MTPA
trajectory is highlighted in red. (a) symmetric design counter-clockwise; (b) asymmetric design counter-
clockwise; (c) symmetric design clockwise; (b) asymmetric design clockwise.

In the asymmetric design this effect is a is slightly more evident because the asymmetry
generates a shift in the g-axis of the machine. In a symmetric design, d-axis inductance is obtained
when aligning the a-phase symmetry axis with the rotor d-axis and supplying the a-phase with
current that has a current angle of 45 electrical degrees (af = 45°) and the maximum torque is
obtained. In the case of an asymmetric rotor, repeating this procedure does not provide the maximum
torque since the g-axis and d-axis are shifted as a result of the asymmetry. Accordingly, for the
proposed asymmetrical design, the maximum torque is obtained for a larger current angle than in
the symmetrical design. This increase in the current angle to obtain the maximum torque makes it
possible that when the machine operates at MTPA the salience presented by the machine is higher,
despite this advantage, the asymmetric model is not able to develop a higher torque than the
symmetric design since the sin2af begins to decrease when the current angle is greater than 45
electrical degrees.

3.2.4. Torque ripple

The primary advantage of the asymmetric design over the symmetric design is the significant
reduction in torque ripple. Figure 3.7 illustrates the torque ripple behavior for both designs at various
current and current angle values. When following an MTPA trajectory, the asymmetric design
consistently exhibits the lowest torque ripple value, as shown in Figure 3.7. Adhering to this control
strategy, the asymmetric design consistently demonstrates a torque ripple lower than 20%, while the
symmetric design exhibits a torque ripple higher than 20%, reaching as high as 30% at specific
operating points. These torque ripple values are further discussed in the following section.

One of the main contributors for the large torque ripple in SynRM is the interaction of spatial
harmonics of the MMF generated by stator currents and rotor geometry [14]. High torque ripple
generates vibrations that can cause higher acoustic noise and impact the current harmonics.
Moreover, in high-performance applications, low torque ripple is strictly required [15]. In this sense,
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the reduction in torque ripple is mostly due to the asymmetric position of the rotor flux barriers,
which allow some degree of mitigation of the spatial harmonics appearing in the air-gap.
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Figure 3.7. Torque ripple as a function of the current density and the current angle. MTPA trajectory is
highlighted in red. (a) symmetric design counter-clockwise; (b) asymmetric design counter-clockwise; (c)
symmetric design clockwise; (b) asymmetric design clockwise.

3.2.5. Additional discussion on efficiency and CPSR

In this section the designs will only compare when they rotate counter-clockwise, since, as it
was observed in the previous sections, there are no considerable differences in the performance
indexes according to the change of the direction of rotation. Figure 3.8 show the intersection of the
contour curves of the internal power factor, torque ripple and the mean torque over a certain range
of current density and current angle for the symmetric and asymmetric design, respectively. Two
operating points in the MTPA trajectory corresponding to 5 A/mm? for the inverted blue triangle and
10 A/mm? for the red triangle have been highlighted in the figure. Table 3.4 provides the values of
performance indexes for the operating points defined in Figure 3.8. The mean torque values are
relatively similar between the symmetric and asymmetric designs. The asymmetric design
demonstrates a 10% increase in power factor compared to the symmetric design. The most notable
distinction between the symmetric and asymmetric designs can be found in torque ripple, where the
asymmetric design offers a reduction of approximately 35% with respect to the symmetric one.

Table 3.4. Performance indices for the operating points defined in Figure 3.8 for the symmetrical and
asymmetrical designs when the machine rotated counter-clockwise.

Symmetric Asymmetric
Operating point IPF Tavg INm] T, [%] P [kW] IPF Tavg INm] Ty [%] P [kW]
0.7 80.4 24.2 12.6 0.8 78.2 16.2 12.3

A 0.6 175.1 29.9 27.5 0.7 176.2 15.7 27.6
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Figure 3.8. Electromagnetic torque and power factor as a function of the current density and the current
angle for counter-clockwise rotation. (a) asymmetric design; (b) symmetric design.

To evaluate the performance of the designs under examination, an efficiency map was created
for each design using the ANSYS Electronics Desktop's Machine-Toolkit. The analysis was
performed using a line-to-line voltage of 380 V with a star connection and operated at MTPA with a
maximum current density of 5 A/mm2. Figure 3.9 shows the result for the symmetrical and
asymmetrical design for counter-clockwise rotation.

The most widely accepted approaches acknowledge that the constant power speed range
(CPSR) largely depends on the saliency ratio [112]. Therefore, designing SynRM with enhanced
saliency ratio can expand the application of this motor topology in various fields, such as electric
vehicles. Figure 3.9 shows that the asymmetric design maintains nominal torque up to the nominal
speed, whereas in the symmetric design, the torque begins to decrease at 1200 rpm, resulting in an
8% reduction of torque at the nominal speed. This is primarily due to the increased saliency ratio in
the asymmetric design. In terms of efficiency, both designs exhibit a similar behavior, reaching 90%
efficiency at the rated speed.
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Figure 3.9. Efficiency map when the machine is operated a MTPA for a maximum current density of 5
A/mm? for counter-clockwise rotation. (a) symmetric design; (b) asymmetric design.
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3.2.6. Sensitive analysis

After optimizing a design, it is important to conduct a sensitivity analysis to determine which
variables have the greatest impact on the target functions. This analysis provides insight about
potential errors that may occur during the manufacturing of a prototype. The ModeFRONTIER
optimization program can be used to conduct the sensitivity analysis, which illustrates the relative
significance of each component of the model based on its percentage contribution to overall variance.

The sensitivity analysis identifies the most crucial input variables by evaluating the main and
interaction effects of factors on responses. Factors are inputs that affect changes in responses, while
responses are outputs that are often dependent variables. Based on the sensitivity analysis results,
certain variables may be eliminated in future optimizations to reduce computational effort and gain
a deeper model understanding.

The key factors of the rotor structure that affect the average torque and torque ripple are the
length, width, and location of the flux barriers [113]. The insulation ratio and current angle play a
significant role in the average torque developed by the machine. Since the insulation ratio is kept
constant between the two designs and the current angle is adjusted for maximum torque, the average
torque is the same for both designs and no sensitivity analysis was conducted for this performance
metric.

Figure 3.10 shows the relative significance of different terms on the torque ripple, specifically,
the percentage of contribution of each term to the overall variance. The analysis focuses solely on the
torque ripple and how the position and opening of the flux barriers affect it. As shown in this figure,
the position of the flux barriers has the most significant influence on torque ripple in both designs.
The increased degree of freedom in the asymmetric model allows for a smaller contribution of the
position of each barrier to the overall variance than in the symmetric model. This results in a
significant reduction of torque ripple in an asymmetric design, as well as an improvement in other
performance indices such as average torque, power factor and CPSR.
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Figure 3.10. Percentage of contribution of each term to the global variance. Influence of barriers position
(arn and @) and opening (,, and [;;,) on torque ripple for both designs.
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3.3. Summary

The proposed asymmetrical rotor topology for a SynRM demonstrates improved performance,
specifically a 35% reduction in torque ripple at a specific operating point without a decrease in
average torque compared to the symmetrical design. The asymmetric design also presents a lower
torque ripple throughout the entire MTPA trajectory. FEM analysis confirms that the improvement
is given by the asymmetrical positioning of the rotor flux barriers, which enhances the saliency ratio
of the machine and reduces space harmonics in the air-gap. Additionally, the IPF increases by 10%
in the asymmetric design in comparison to the symmetric design. The efficiency values for both
designs are similar, but the asymmetric design can achieve the rated torque up to the rated speed,
resulting in a higher CPSR than the symmetric model. These performance improvements indicate
that incorporating asymmetry in the rotor's g-axis is a promising technique for reducing torque
ripple and increasing power factor, which are significant drawbacks in this electric machine
configuration.
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Chapter IV: A method to determine the torque ripple harmonic reduction in skewed

Synchronous Reluctance Machines

This section presents a general analytical expression for multi-step discrete skewing in SynRM,
which considers the impact on all torque harmonic components and offers a way to visualize the
reduction of specific undesired harmonic content. To evaluate the expression's accuracy, two SynRM
designs are analyzed through both two-dimensional (2D) and three-dimensional (3D) finite element
analysis (FEA). The results show that 2D FEA is effective in predicting the optimal step skewing and
the proposed expression is validated by the comparison between the 2D and 3D analysis. The
proposed equations are applied to 2-step, 3-step, and 4-step skewing and yield promising results,
demonstrating the ability to mitigate selected undesired harmonics and reduce other harmonic
content as a side effect.

4.1. Selected machines

With the aim of giving insight of the procedures required to use the proposed N-step skewing
analytical expressions, two SynRM machines are considered as a case study and assessed in this
work, as presented in Figure 4.1(a) and Figure 4.1(b), respectively. Single-layer distributed windings
are considered for both machines.

(b)

Figure 4.1. 3D sketches of (a) four-pole synchronous reluctance motor with two barriers per pole; (b) six-

pole synchronous reluctance motor with two barriers per pole. Three-phase stator windings are highlighted in
red, green, and blue, corresponding to each phase. Rotor in both machines is shown as an exploded view.

Several geometrical parameters of the rotor structure of SynRM can affect to different levels
the performance of a SynRM. There are a number of design guidelines established in the literature
to choose the number of flux barriers and poles. The number of parameters increase exponentially
as the number of flux barriers per pole and pole pairs increase. SynRM is designed to maximize d-
axis inductance and minimize g-axis inductance as this ensures that the machine's saliency ratio is
large enough for the machines to achieve the required torque performance. On the one hand, to
obtain a good saliency ratio, a small number of pole pairs is preferred, and the literature recommends
to adopting two or three pole pairs [45]. On the other hand, the optimum number of flux barriers is
defined according to the number of stator slots. For the case of a 36-slot machine, some authors do
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not encourage to adopt more than three flux barriers. A greater number of barriers could jeopardize
the mechanical integrity of the rotor or make the design process more complex [3], [106].

Therefore, in this paper two machines with two and three pole pairs are considered, and each
pole features two barriers. The common data for all machines are presented in Table 4.1.

Table 4.1. Main data of the selected machines.

Parameter Symbol Value Unit
Stator outer diameter Dg, 245 mm
Stator inner diameter Dg; 161.4 mm
Rotor outer diameter Dy, 160.4 mm
Rotor inner diameter Dy 70 mm

Tooth height hy 22.8 mm
Tooth width b, 9 mm
Air-gap length g 0.5 mm
Stack length Lt 120 mm
Turns per slot N; 20 -
Number of slots Qs 36 -
Speed n 3000 rpm
Current Density J 10 A/mm?
Current angle af 60 °

4.2. Analytical method derivation for discrete skewing

The main period of torque ripple of three-phase winding machines is 60 electrical degrees [102],
which therefore dictates the period of the harmonic of the torque ripple of order v, given in electrical
degrees by:
360°

o

@.1)

velec =

The aim of the discrete skewing to consider N machine slices, rotated with respect to each other
by a specific angle, so that each slice contributes to different torque harmonics, that will ultimately
modulate the torque waveform. This superposition has to be adjusted with the aim of mitigating
undesired harmonic components of the resulting torque waveform. The v-th harmonic of the torque
ripple can be expressed as a term of the Fourier series expansion of the electromagnetic torque as:

/A

Tripple,v(gr,e) = A, " cos (@ Qr,ev + ¢v): (4.2)

where 4, is the amplitude of the v-th harmonic of the torque ripple, 8, , is the rotor position in
electrical degrees, ¢, is the phase shift of the torque waveform, and v = 1,2,3, ...

In this sense, and following the concept of balanced multiphase systems, if the w-th harmonic
of the torque ripple wants to be mitigated, then the electrical angle between each one of the rotor
sectors (N) of the machine is proposed as:

360°

w,elec = Nw 4.3)
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For example, if a two-step skew is adopted, then the machine rotor will be comprised of two
sectors (two halves), each one contributing with torque waveforms that are shifted one with respect
to the other. If the electrical shift is 8., ¢}, then the positive semi-cycles of the w-th harmonic of the
torque ripple of one half of the rotor will compensate the negative semi-cycles of the other half, hence
mitigating the undesired component.

The electrical angle between the N slices of the machine is translated into the skew angle
(fskew), which corresponds to the mechanical angle in which two consecutive rotor slices are rotated
one with respect to the other so as to mitigate the w-th harmonic of the torque ripple.

360°

N (4.4)

skew —

In Figure 4.2, the proposed methodology is schematized, comprising the decomposition of the
electromagnetic torque waveform in harmonic components, the selection of a high-magnitude
undesired component, and the calculation of 8 to mitigate that undesired harmonic depending on
the adopted number of slides N.
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Figure 4.2. Schematics of the proposed methodology to calculate the skew angle Oy, to mitigate a
selected harmonic of order w. 2 step and 3-step discrete skew are presented, although the method can be used
for any number of slides.
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Considering the proposed skew angle, (4.2) can be expressed in terms of a sum of the
contributions of the N slices of the machine as

A, T 2nv
Trs'v(er'e) = Z W Ccos ﬁ GT_ev - W (l - 1) . (45)

The resulting reduction on each component of the torque ripple, considering idealized
conditions and electromagnetic independency between adjacent slices can be obtained by means of
the phasor representation and consequent analysis of (4.5). Then:

iRe{TrS ,,(Or e)} Z — Cos <— idid (i— 1)) (4.6)

ST (6r0)} = Z v sin (— g 1)) 4.7)

In consequence, the magnitude of the v-th harmonic of the torque ripple after applying discrete
skewing following the design guidelines of (4.3) and (4.4) can be expressed as

2 2
|Tesw(6r0)] = % \/ <cos <—%(i - 1))) + <sin (_?viv: (i — 1))) _ (4.8)

Finally, a skew mitigation factor (ks,,) can be devised by obtaining the ratio between (4.2) and

1 2 2 2 2
krsw =5 \/ (cos <—NLV1V](1' - 1))) + <sin <—NL‘:(i - 1))) . (4.9)

This factor is meant to be used after the calculation of the skew angle as per (4.4), and it allows
to estimate the resulting amplitude of each torque ripple component (of order v) after applying the
skew. Simplified equations for N = 2, 3 and 4 are provided in the following section, which are further
verified and analyzed by means of 2D and 3D finite element analysis.

(4.8), given by:

4.3. Finite Element validation: results and discussion

This section shows the results obtained by applying the analytical method described in section
4.2 for both 4-pole and 6-pole SynRMs. In order to provide the results in a clear fashion, this section
is divided into four subsections. The first presents the evaluations of the machines without
considering any type of skew, hereby called skewless machines; and the following three sections
address machines with different slide number (N = 2, N = 3 and N = 4). All the results are obtained
by means of 2D and 3D FEA simulations carried out in the commercial package ANSYS Electronic
Desktop. The simulation time was chosen to evaluate a whole period of the machine's torque ripple.
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4.3.1. FEA evaluation original designs (skewless machines)

Figure 4.3 presents the electromagnetic torque waveform and spatial harmonic spectrum of
both the 4-pole and the 6-pole SynRMs. Both 2D and 3D results are shown for comparison. From the
results, it can be seen that the evaluation of the 2D and 3D models provide similar values, showing
expected small differences, in accordance with the findings of [114]. The harmonic components of
the electromagnetic torque for each machine are detailed in Figure 4.3(b) and Figure 4.3(d) for the 4-
pole and 6-pole machine respectively. As expected, the largest harmonic component in both designs
corresponds to the one generated by the stator slotting effect. Specifically, the highest-magnitude
harmonic of the 4-pole machine corresponds to v = 3, and that of the 6-pole machine corresponds to
v = 2. Therefore, and according to the methodology proposed in Section 3, w = 3 for the 4-pole
SynRM and w = 2 for the 6-pole machine. Table 4.2 shows the skew angle that should be considered
to discrete skew the machine according to (4.4), depending on the desired step number and aiming
to mitigate the highest-magnitude harmonic component. The following sections evaluate the impact
of the proposed skew methodology on mitigating torque ripple for N =2, N =3 and N = 4.
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Figure 4.3. Electromagnetic torque waveform and spectrum of skewless reference machine; (a) torque

waveform of 4-pole machine with two barriers per pole; (b) torque spatial harmonic content of 4-pole machine
with two barriers per pole; (c) torque waveform of 6-pole machine with two barriers per pole; (d) torque spatial
harmonic content of 6-pole machine with two barriers per pole. Additionally, 2D and 3D simulation results are
compared.

Table 4.2. Skew angle to reduce a specific electromagnetic torque harmonic order by discrete skew.

Harmonic Mechanical angle Mechanical angle Mechanical angle
order for 2-step skew for 3-step skew for 4-step skew
2p2b 18t 5° 3.33° 2.5°
3p2b 12nd 5° 3.33° 2.5°
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4.3.2. Evaluation of torque ripple reduction by means of two-step discrete skew

The comparison of the electromagnetic torque for the 4-pole and 6-pole machine is shown in
Figure 4.4 when two-step skewing is applied. It can be observed that there is a significant reduction
in the harmonic torque component to be mitigated, to around 10% of its original value.

80 . . . : - 80
£ 7 o0}
Z z -—
Pt o 40
3 3
(@ & (o0 ¢
S 20} S 20t
0 1 | | | 1 0 L L
0 5 10 15 20 25 30 0 5 10 15 20
0, (mech. degree) 6 (mech. degree)
20 T T T 20 T T T
52.2 51.2 56.1 53.2
E 15 49.9 ] 215 51.8
= z
E < 10
b Z d 2
° 3
£ E s
0 6 12 18 24 30 36 42 48 54 60 0

0 6 12 18 24 30 36 42 48 54 60
Harmonic order

- 2D skewless 3D skewless . 2D 2-step skew - 3D 2-step skew
Figure 4.4. Comparison of electromagnetic torque waveform and harmonic content of skewless machine
vs 2-step skewed machine; (a) torque waveform of 4-pole machine with two barriers per pole; (b) torque spatial

Harmonic order

harmonic content of 4-pole machine with two barriers per pole; (c) torque waveform of 6-pole machine with
two barriers per pole; (d) torque spatial harmonic content of 6-pole machine with two barriers per pole. 2D and
3D simulation results are compared.

This agrees with the estimations obtained from the reduction factor proposed in (4.9), which
can be simplified when evaluating N = 2 to:

V2 v
— 4.1
krsy > 1+ cos (n w)' (4.10)

According to (4.10), the reduction of the main component of the electromagnetic torque (which
has order w = 18) should be maximum (ks,, = 0). The difference lies in the fact that (9) considers
magnetically independent rotor slices, neglecting their interaction. Regardless of this, a significant
reduction was observed in other harmonic components. In addition, for the 4-pole machine it was
found the torque ripple harmonic component with v = 12 was also reduced to ~45% of its original
value, whilst other relevant harmonics of order v = 6 and v = 36 were not significantly affected. This
agrees with the estimated reduction factor proposed in (4.10), since ks = 0.87, k51, = 0.5 and
krszg = 1. In turn, for the 6-pole machine it was observed the relevant torque ripple harmonic
component with v = 24 is slightly reduced (to 87% of the original value), and that other relevant
harmonics of order v =6 and v = 36 are reduced to 77% and 14% of their original magnitude,
respectively. This agrees with the estimated reduction factor proposed in (4.10), since k.g¢ = 0.7,
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krs24 = 1 and kyg36 = 0. In addition, the trend of other less-relevant harmonic components of both
machines matches closely with the estimations of (4.10). These findings are summarized in Table 4.3.

Table 4.3. Torque ripple harmonic component reduction as a result of 2-step skewing. 3D results are
considered, and relevant harmonic components are analyzed.

Harmonic order

4-pole SynRM

6-pole SynRM

ks, (analytical) ks, (FEA) ks, (analytical) ks, (FEA)
v==6 0.87 0.95 0.71 0.77
v=12 0.50 0.45 0.00 0.06
v =18 0.00 0.10 - -
v =24 - - 1.00 0.87
v =30 - - - -
v =36 1.00 1.02 0.00 0.14

As a consequence of the discrete two-step skewing, the peak-to-peak value of the torque ripple
was reduced. Table 4.4 summarizes the torque ripple as a percentage of the mean torque for the 2D
and 3D simulations results, respectively. The torque ripple reduction is greater than 70% for the 4-
pole machine and up to 55% for the 6-pole design, and an expected slight reduction of the average
torque was also obtained.

Table 4.4. Average torque and torque ripple comparison when applying 2-step skewing, by means of
2D and 3D FEA simulations.

Skewless 2D Skewless 3D 2-step skew 2D 2-step skew 3D
T 51.0 Nm 50.2 Nm 50.0 Nm 48.7 Nm
4-pol R Ve
pole SynRM Top 73.9 % 72.1% 20.2 % 22.6 %
Tovg 54.7 Nm 53.8 Nm 51.9 Nm 50.5 Nm
6-pole SynRM . 49.2 % 45.9 % 21.4% 19.2 %

In this specific case, it can be observed that the 3D evaluation shows worse results than the 2D
assessment, since in the 3D the ripple reduction is lower, and the mean torque reduction is increased,
with respect to the 2D simulations. This can be ascribed to the fact that 2D simulations on ANSYS
consider each slice of the machine as independent machines, when discrete skewing is applied, and
the interface between slices is not taken into account, resulting in an idealization of the problem. On
the other hand, the 3D simulation evaluates the rotor as a whole unit comprised of physically rotated
slices, hence considering effects within the adjacent slices interface. This is further addressed in
section 4.5.

4.3.3. Evaluation of torque ripple reduction by means of three-step discrete skew

The comparison of the electromagnetic torque for the 4-pole and 6-pole machine is shown in
Figure 4.5 when adopting a three-step discrete skew strategy.
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Figure 4.5. Comparison of electromagnetic torque waveform and harmonic content of skewless machine
vs 3-step skewed machine; (a) torque waveform of 4-pole machine with two barriers per pole; (b) torque spatial
harmonic content of 4-pole machine with two barriers per pole; (c) torque waveform of 6-pole machine with
two barriers per pole; (d) torque spatial harmonic content of 6-pole machine with two barriers per pole. 2D and
3D simulation results are compared.

As in the case of the two-step skewing, there is a significant reduction of the highest-magnitude
harmonic component of the torque ripple, of up to 93%. This is concordance with the reduction factor
derived in (4.9), expression that can be further simplified for cases with N = 3 as per:

1 21w
by = 31+ 2005 (50| @11)

According to (4.11), the reduction of the highest-magnitude component of the electromagnetic
torque, when v = w, is maximum (k,g,, = 0). Additionally, for the 4-pole machine it was found the
torque ripple harmonic components with v = 12 and v = 36 were reduced to ~45% and ~6% of their
original value, respectively, whilst the other relevant harmonic of order v = 6 is not significantly
affected. This agrees with the reduction factor proposed in (11) for N = 3, since kg6 = 0.84, k51, =
0.45 and kg3 = 0. On the other hand, for the 6-pole machine it was observed the harmonic
components with v =6 and v = 24 were reduced to ~70% and ~12% of their original value,
respectively, whilst the harmonic of order v = 36 is not visibly reduced. This agrees with the values
provided by (4.11), since kyg¢ = 0.67, kys4 = 0 and kg3 = 1. Although they are not relevant
contributors, the trend of other harmonic components of both machines are in good agreement with
the expression presented in (4.11). These findings are summarized in Table 4.5.
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Table 4.5. Torque ripple harmonic component reduction as a result of 3-step skewing. 3D results are
considered and relevant harmonic components are analyzed.

Harmonic order 4-pole SynRM 6-pole SynRM
ks, (analytical) ks, (FEA) ks, (analytical) ks, (FEA)
V=26 0.84 0.95 0.67 0.70
v=12 0.45 0.45 0.00 0.06
v =18 0.00 0.09 - -
v =24 - - 0.00 0.12
v =30 - - - -
v =36 0.00 0.06 1.00 0.90

As a result of the discrete three-step skewing, the peak-to-peak value of the torque ripple was
considerably reduced. Table 4.6 presents the obtained mean torque and torque ripple (as a
percentage of the mean torque) for the 2D and 3D simulations respectively. It may be noted that the
torque ripple reduction is greater than 75% in both designs analyzed and there is an expected slight
reduction of the average torque.

Similar to the case of two-step skewing, it can be appreciated that the 3D evaluation shows a
worse outcome than the 2D assessment, since a lower ripple reduction and a higher mean torque
reduction are achieved.

Table 4.6. Average torque and torque ripple comparison when applying 3-step skewing, by means of
2D and 3D FEA simulations.

Skewless 2D Skewless 3D 2-step skew 2D 2-step skew 3D

Tovg 51.0 Nm 50.2 Nm 49.9 Nm 48.7 Nm
4-pole SynRM = 73.9 % 72.1 % 15.6 % 183 %
T 54.7 Nm 53.8 Nm 51.5Nm 51.0 Nm
-pole SynR ave
6-pole SynRM Top 49.2 % 45.9 % 11.8 % 12.7 %

4.4.4. Evaluation of torque ripple reduction by means of four-step discrete skew

The comparison of the electromagnetic torque for the 4-pole and 6-pole machine is shown in
Figure 4.6 when four-step skewing is applied. It can be observed that there is a significant reduction
in the harmonic torque component to be mitigated, to around 10% of its original magnitude, in a
similar extent to the 2-step and 3-step skewing.

The information in Figure 4.8 agrees with the estimations obtained from the reduction factor
proposed in (4.9), which, for the specific case of N = 4 can be simplified to:

ke, = gcos (%) 1+ cos (%) (4.12)
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Figure 4.6. Comparison of electromagnetic torque waveform and harmonic content of skewless machine
vs 4-step skewed machine; (a) torque waveform of 4-pole machine with two barriers per pole; (b) torque spatial
harmonic content of 4-pole machine with two barriers per pole; (c) torque waveform of 6-pole machine with
two barriers per pole; (d) torque spatial harmonic content of 6-pole machine with two barriers per pole. 2D and
3D simulation results are compared.

Based on (4.12), the reduction of the highest-magnitude component of the electromagnetic
torque, when v = w, is maximum (k,g,, = 0). Additionally, for the 4-pole machine it was found the
torque ripple harmonic components with v = 12 and v = 36 were reduced to ~35% and ~5% of their
original value, respectively, whilst the other relevant harmonic of order v = 6 is not affected. This
agrees with the reduction factor proposed in (4.12) for N = 3, since kg6 = 0.84, k51, = 0.43 and
kis36 = 0. On the other hand, for the 6-pole machine it was observed the harmonic components with
v =6, v =24 and v = 36 were reduced to ~74%, ~12% and ~6% of their original value, respectively.
This agrees with the values provided by (4.12), since kg¢ = 0.65, ky524 = 0 and k535 = 0. Although
they are not relevant contributors, the trend of other harmonic components of both machines are in
good agreement with the expression presented in (4.12). The summary of these results is presented
in Table 4.7.

Table 4.7. Torque ripple harmonic component reduction as a result of 3-step skewing. 3D results are
considered and relevant harmonic components are analyzed.

Harmonic order 4-pole SynRM 6-pole SynRM
ks, (analytical) ks, (FEA) ks, (analytical) ks, (FEA)
v==6 0.84 1.01 0.65 0.74
v=12 0.43 0.35 0.00 0.06
v=18 0.00 0.08 - -
v =24 - - 0.00 0.12
v =30 - - - -

v =36 0.00 0.05 0.00 0.06
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Four-step skewing resulted into a severe torque ripple reduction, as summarized in Table 4.8,
which presents the results obtained by means of the 2D and 3D evaluations, respectively. The torque
ripple reduction is greater than 75% in both designs analyzed and there is an expected slight
reduction of the average torque.

Table 4.8. Average torque and torque ripple comparison when applying 4-step skewing, by means of
2D and 3D FEA simulations.

Skewless 2D Skewless 3D 2-step skew 2D 2-step skew 3D

4-pole SynRM Ty 51.0 Nm 50.2 Nm 49.8 Nm 48.7 Nm
Tip 73.9 % 72.1 % 15.0 % 18.3 %

6-pole SynRM Tovg 54.7 Nm 53.8 Nm 51.4 Nm 51.0 Nm
Tp 49.2 % 45.9 % 11.2 % 12.7 %

Close to the case of two-step and three-step skewing, it may be appreciated that the 3D
evaluation shows a worse outcome than the 2D assessment, since a lower ripple reduction and a
higher mean torque reduction are achieved.

4.4. Comparison, analysis, and recommendations

The flux density distribution for the 6-pole SynRM is show in Figure 4.7 for the skewless rotor,
and for the 2, 3 and 4-steps skew models. It can be observed that the tangential bridges of the barriers
are well saturated. From the 3D plots of the flux density distribution the number of steps used for
the skewing is clearly highlighted. The step used for the skew of each case becomes smaller as the
number of steps increases. SynRMs are affected by the leakage flux and the cross-coupling effect
between the dg-axes. The cross-coupling between the different modules causes a leakage between
each slice, which is only taken into account by 3D simulations. All the above-mentioned phenomena
are affected by the skew angle: a smaller skew angle causes have less influence on this effect, and
thus on the performance of the machine.

When comparing the results of the 2D with those of 3D FEA simulations, a slight difference
can be observed. First, the average torque reduction due to skew in 3D simulation is greater than the
2D simulation, which occurs because the step-step leakage contributes to the reduction of the average
torque. Nevertheless, the torque ripple reduction in both cases is quite similar. As a result, it can be
said that during the preliminary design stage 2D simulations can be used to save time and
understand the effects of discrete skew method on torque performance.
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Figure 4.7. Flux density distribution in a 6-pole machine with two barriers per pole for / = 10 A/mm?
and 6, , = 0. (a) skewless machine; (b) 2-step skew machine; (c) 3-step skew machine; (d) 4-step skew machine.

It is possible to observe that, when N=2 and N=3 is compared, there is a considerable
improvement in the reduction of the torque ripple, and the behavior is different for N=3 and N=4,
where the reduction is the same. For all cases, N=2, N=3 and N=4, the average torque remains
relatively constant. Therefore, when assessing close-to-purely-sinusoidal electromagnetic torque
waveforms in a SynRM, then 2-step skew may be sufficient as a single ripple component must be
mitigated. Conversely, if there are several preponderant harmonic components, then it is worth
taking a multi-step skewing approach, to mitigate multiple harmonics at once. In consequence, it is
necessary to correctly analyze the harmonic distribution of the electromagnetic torque to properly
choose N, as increasing the number of steps does not always guarantee a significant reduction in
torque ripple and could lead to other different manufacturing costs.
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4.5. Summary

A study on the discrete-skew methodology was conducted and a method was proposed to
better understand the impact of skewing angle and its determination during the design phase of
SynRM. After reviewing relevant literature, a reduction factor for each harmonic component was
introduced and derived in general form to estimate the torque ripple component amplitudes as a
function of skew. This allowed for the calculation of the overall torque ripple waveform. The
proposed method was validated by evaluating two SynRMs and achieving a torque ripple reduction
of up to 70%. Results from the analysis and FEA evaluation showed good agreement. The results
suggest that 2D FEA is preferred over computationally intensive 3D simulations to assess the
performance of discrete skew. The harmonic distribution of torque ripple can be used to select the
best skewing strategy: a 2-step skewing is recommended for mostly-purely-sinusoidal waveforms,
while a multi-step skewing is advised for machines with multiple high-magnitude harmonic
components.
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Chapter V: Proposed design of a Synchronous Reluctance Machine

This chapter utilizes the techniques outlined in previous chapters to design a SynRM prototype
through an optimization process based on genetic algorithms and FEM simulations. The
optimization yields two designs, one symmetrical and one asymmetrical, which are evaluated for
average torque, torque ripple, saliency ratio, and power factor. The optimal designs are further
scrutinized mechanically to ensure they meet established standards for rotor integrity.

5.1. Set-up of the optimization process

Figure 5.1 presents the rotor parameterization for one pole of a SynRM with three flux barriers
per pole. The optimization process was carried out using ANSYS commercial software package
(Electronic Desktop for electromagnetic analysis, DesignModeler for geometry parameterization,
and Workbench for optimization), combining MOGA and FEM simulations. The optimization
considered two machine configurations: a 4-pole and a 6-pole. Only rotor geometry was optimized
in both cases because torque ripple is more sensitive to rotor structure variations [115] as showed in
sensitivity analysis on Chapter 3. The number of poles was chosen because average torque is

inversely proportional to the number of poles [45], [116], making machines with a low number of
poles preferable.

AN Whel23 ;

Tots”

Figure 5.1. Sketch of the rotor of a SynRM with three flux barriers per pole. The parameters subject to
optimization are properly defined on both sides of the g-axis of the rotor.

The optimization process involves two steps. First, a symmetrical design is found where the
rotor parameters on both sides of the g-axis are identical. The second step involves optimization for
an asymmetrical design with complete freedom for the rotor parameters on either side of the g-axis.
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Radial bridges are excluded from the electromagnetic optimization because they would significantly
prolong the optimization phase. Each step of the optimization follows the workflow outlined in
Figure 3.2 of Chapter III. The optimization starts with defining the geometry, then it is analyzed
through FEM simulation to obtain the desired performance indices.

The main data of the machine is presented in table 5.1. During optimization, the machine was
supplied with 20 A/mm?, which corresponds to approximately 3 times the rated current listed in
Table 5.1. Selecting a current between 2 and 3 times the rated current improves the torque ripple's
insensitivity to load variations [110], [111].

Table 5.1. Main data of the machine subject to optimization.

Parameter Symbol Value
Stator outer diameter Dg, 246 mm
Stator inner diameter Dg; 161.4 mm
Rotor outer diameter Dy 160.4 mm
Rotor inner diameter Dy 70 mm

Tooth height hy 22.8 mm

Toot width b, 9 mm

Air-gap length g 0.5 mm
Stack length Lse 120 mm
Number of slots Qs 36
Number of turns N 6
Number of pole pairs p 2-3
Synchronous speed n 5000 rpm
Rated current density Jn 7.5 A/mm?
Stacking factor ks 0.95
Lamination thickness e 0.35 mm

The objective functions are set to minimize the torque ripple, maximize the power factor, and
maintain the average torque above a specific value (100 Nm), as shown in Table 5.2. The primary
constraint during optimization was to maintain the machine's insulation ratio within the limits
defined in literature [117], between 0.35 and 0.45. Geometric constraints were established to ensure
that feasible rotor geometries are obtained and to prevent errors or unrealistic solutions during the
optimization process. The upper and lower limits for the rotor's geometrical parameters (objective
variables) are properly defined and displayed in Table 5.3.

Table 5.2. Objective function for the optimization process.

Parameter Symbol  Operator Value Objective Unit
Torque Ripple Trp - - min -

Average Torque Tavg > 100 Nm
Maximum Internal Power Factor IPF ax - - max -

The optimization process was adjusted by defining a minimum quality mesh that would yield
proper torque waveform values, enabling effective extraction of average torque and torque ripple.
Iron losses were not analyzed in this stage for faster optimization. Only one torque ripple period was
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simulated, equivalent to 60 electrical degrees in three-phase machines [102], and the sample number
was selected based on the Nyquist criteria for accurate FFT calculation.

5.2. Results from the optimization process

The optimization results are presented in Figures 5.2 and 5.3 for the 4-pole and 6-pole
machines, respectively. It can be concluded from the results that the 6-pole machine delivers a higher
average torque and a lower torque ripple compared to the 4-pole machine. The optimal design is
selected based on a trade-off between average torque and torque ripple as it is not possible to achieve
the lowest torque ripple and highest average torque simultaneously.

Table 5.3. Input variables range for the optimization process for 4-pole and 6-pole SynRM.

4-pole 6-pole
Symbol Lower Upper Lower Upper Unit
Apr 1 35 1 25 mech. degree
ap) 1 35 1 25 mech. degree
lbr1 3 10 2.5 10 mech. degree
lorz 3 10 2.5 10 mech. degree
lors 3 20 2.5 20 mech. degree
lon 3 10 2.5 10 mech. degree
lb1z 3 10 2.5 10 mech. degree
lpiz 3 10 2.5 10 mech. degree
Wher,, 2 10 2 10 mech. degree
Whel,, 2 10 2 10 mech. degree
Wher,q 2 10 2 10 mech. degree
Whel, 2 10 2 10 mech. degree
th1 5 15 5 15 mm
th2 5 15 5 15 mm
thz 5 15 5 15 mm
Whe,, 2 10 2 10 mm
Whe,s 2 10 2 10 mm
Wb 0.5 2 0.5 2 mm
T 40 50 40 50 mm
af 50 70 50 70 elect. degree
_ 100 _ 100 0.9
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e e
0 ‘ ‘ . ‘ 0 : : : 0.4
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Figure 5.2. Designs obtained from the optimization process for a 4-pole machine with three flux barriers
per pole. The current was fixed to ~20 A/mm? and the current angle was defined in the optimization algorithm
for MTPA. (a) symmetric design; (b) asymmetric design. The selected designs are highlighted on the figure.
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Figure 5.3. Designs obtained from the optimization process for a 6-pole machine with three flux barriers
per pole. The current was fixed to ~20 A/mm? and the current angle was defined in the optimization algorithm
for MTPA. (a) symmetric design; (b) asymmetric design. The selected designs are highlighted on the figure.

The optimized design incorporates ducts in the first rotor island to decrease the island mass
and centrifugal force. Figures 5.4 and 5.5 depict the impact of duct radius and current density on
average torque and torque ripple with a fixed current angle of 60 electrical degree. The ducts have
minimum effect on average torque, but a slight effect on torque ripple. Thus, ducts were included in
the final design to reduce island mass and the width of radial bridges, leading to quicker saturation
and fewer flux lines crossing the flux barriers. The mechanical analysis of these optimal designs will
be conducted in the next subchapter.
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Figure 5.4. Behavior of the average torque and torque ripple in the symmetrical design for different radii
of the duct located in the first rotor island when af = 60° elect. degree. (a) average torque; (b) torque ripple.
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Figure 5.5. Behavior of the average torque and torque ripple in the symmetrical design for different radii
of the duct located in the first rotor island when af = 60° elect. degree. (a) average torque; (b) torque ripple.
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5.3. Structural analysis

To validate the rotor's mechanical robustness, 2D structural analysis was conducted using
ANSYS Mechanical at a maximum speed of 10,000 rpm. Radial iron bridges were added to the rotor
structure and their thicknesses were determined based on the rotor island mass, as described in [118].
Figure 6.6 shows the considered rib distribution, with innermost, middle, and outermost barriers
having thicknesses of 1.8mm, 1.5mm, and 1.4mm, respectively, for both symmetrical and
asymmetrical designs. Both designs have a tangential rib thickness of ~1.3 mm. The effects of
temperature were neglected in this analysis. The symmetrical design has a safety factor of 1.78, and
the asymmetrical design has a safety factor of 1.64, based on the 465 MPa yield stress of M250-35A
laminated steel. Figure 5.6 shows some areas of the rotor structure that are subject to high von-Mises
stress in both designs.

Figure 5.7 displays the ANSYS Mechanical results for 10,000 rpm M250-35A steel rotor show a
deformation of ~0.013 mm (~3% of the air-gap length) in the air-gap zona. This deformation falls
within the acceptable range for many applications, indicating that the rotor is likely to perform
reliably and efficiently under these operating conditions. However, it's important to keep in mind
that this deformation could be an indicator of excessive loading or wear on the rotor and require
further evaluation to ensure its continuity and safety in operation.
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Figure 5.6. Von Mises stress distribution for the optimal designs at 10,000 rpm. (a) symmetric design; (b)
asymmetric design. Graphical results are magnified x10 for easy viewing.
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Figure 5.7. Total deformation distribution for the optimal designs at 10,000 rpm. (a) symmetric design;
(b) asymmetric design. Graphical results are magnified x10 for easy viewing.

5.4. Optimal design adjustment

The optimal designs were analyzed for their saliency ratio, power factor, average torque, and
torque ripple across various operating points. These analyses were conducted for both clockwise and
counter-clockwise rotations. Figures 5.8, 5.9, 5.10 and 5.11 display the contour maps for the saliency
ratio, internal power factor, ripple torque, and average torque, respectively.
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Figure 5.8. Saliency ratio for the symmetric and asymmetric design. (a) symmetric design counter-
clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric design clockwise rotation;
(b) asymmetric design clockwise rotation.
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Figure 5.9. Internal power factor for the symmetric and asymmetric design. (a) symmetric design
counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric design clockwise
rotation; (b) asymmetric design clockwise rotation.

—_
o

Current density (A/mm2)

Current density (A/mmZ)
>

10
(@) (b)
5 5
y
30 40 50 60 70 80 30 40 50 60 70 80
o, (elect. degree) a (elect. degree)
NA N/-\
g g
£ £
< <
oy iy
& =
5 g
© = d =
£ E
<] [}
g g
=] =]
@) O
30 40 50 60 70 80 30 40 50 60 70 80
o, (elect. degree) o (elect. degree)

Figure 5.10. Torque ripple for the symmetric and asymmetric design. (a) symmetric design counter-
clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric design clockwise rotation;
(b) asymmetric design clockwise rotation.
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Figure 5.11. Mean torque for the symmetric and asymmetric design. (a) symmetric design counter-
clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric design clockwise rotation;
(b) asymmetric design clockwise rotation.

The greatest differences are observed in the average torque and torque ripple. The
asymmetrical design presents a slightly larger zone of maximum power factor and saliency ratio,
compared to the symmetrical design. However, the symmetrical design has a lower torque ripple at
low current density levels. Despite both designs reaching a torque ripple of 20% in their respective
areas of lowest torque ripple, for electromobility applications a ripple of less than 5% is desired [15].
To choose a suitable skew angle for reducing the torque ripple to acceptable values, a FFT was
performed on the electromagnetic torque. The harmonic components of both designs under different
load conditions are shown in Figure 5.12 and Figure 5.13 for counter-clockwise and clockwise
rotation, respectively.
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Figure 5.12. Harmonic components of the electromagnetic torque for the optimum symmetric and
asymmetric design counter-clockwise rotation; (a) current density 5 A/mm?; (b) current density 7.5 A/mm?; (c)
current density 10 A/mm?; (d) current density 12.5 A/mm?; (e) current density 15 A/mm?.
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Figure 5.13. Harmonic components of the electromagnetic torque for the optimum symmetric and
asymmetric design clockwise rotation; (a) current density 5 A/mm?; (b) current density 7.5 A/mm?; (c) current
density 10 A/mm?; (d) current density 12.5 A/mm?; (e) current density 15 A/mm?.

Both rotational directions show similar magnitudes of harmonic components. When the
current density is below 10 A/mm?, the 12-nd harmonic is the dominant one, which is caused by the
stator slotting. When the current density is above 10 A/mm?, the 18-th harmonic is dominant in the
symmetrical design and the 24-th harmonic in the asymmetrical design. Table 5.4 shows the skew
angle that can be used to mitigate specific harmonics component, which was calculated using
equation 4.4. This analysis considered the 6-th, 12-nd, and 18-th harmonics for mitigation using 2-
step, 3-step, 4-step, and 5-step skewing.

Table 5.4. Skew angle to reduce a specific harmonic component of the electromagnetic torque.

Harmonic order Mechanical angle Mechanical angle Mechanical angle Mechanical angle

for 2-step skew for 3-step skew for 4-step skew for 5-step skew
6th 10° 6.66° 5° 4°
12nd 5° 3.33° 2.5° 2°
18th 3.33° 2.22° 1.66° 1.33°

The harmonic distribution of the electromagnetic torque increases with increasing current
density, so it is desirable to apply skew to reduce these harmonics. The mitigation factor (defined in
Chapter IV by equation 4.9) can be used to determine the reduction of each harmonic component.
Tables 5.5, 5.6, and 5.7 report the mitigation factor when the skew is applied to the 6-th, 12-nd, and
18-th harmonics, respectively.
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Table 5.5. Value of the mitigation factor when the first harmonic component is selected to reduce

(w =6).
krs,v
Harmonic order Mechanical angle  Mechanical angle  Mechanical angle  Mechanical angle
for 2-step skew for 3-step skew for 4-step skew for 5-step skew
6th 0 0 0 0
12nd 1 0 0 0
18th 0 1 0 0
24 1 0 1 0

Table 6.6. Value of the mitigation factor when the second harmonic component is selected to reduce

(w=12).
krs,v
Harmonic order Mechanical angle Mechanical angle Mechanical angle Mechanical angle
for 2-step skew for 3-step skew for 4-step skew for 5-step skew
6th 0.7 0.6 0.6 0.6
12nd 0 0 0 0
18th 0.7 0.3 0.3 0.2
24" 1 0 0 0

Table 6.7. Value of the mitigation factor when the third harmonic component is selected to reduce
(w = 18).

krs,v
Harmonic order Mechanical angle Mechanical angle Mechanical angle Mechanical angle
for 2-step skew for 3-step skew for 4-step skew for 5-step skew
6th 0.8 0.8 0.8 0.8
12nd 0.5 0.4 0.4 0.4
18th 0 0 0 0
24 0.5 0.3 0.2 0.2

The analysis shows that the best option for applying skew is to mitigate the 6-th harmonic
using a 5-step skew. This eliminates the harmonic components theoretically, but in practice, the
reduction is not complete. Figures 5.14 and 5.15 show the harmonic components of the optimal

symmetrical and asymmetrical designs for counter-clockwise and clockwise rotation, respectively,

with a 5-step skew applied.
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Figure 5.14. Harmonic components of the electromagnetic torque for the optimum symmetric and
asymmetric design applying four step skew and counter-clockwise rotation; (a) current density 5 A/mm?; (b)
current density 7.5 A/mm?; (c) current density 10 A/mm?; (d) current density 12.5 A/mm?; (e) current density

15 A/mm?.
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Figure 5.15. Harmonic components of the electromagnetic torque for the optimum symmetric and
asymmetric design applying four step skew and clockwise rotation; (a) current density 5 A/mm?; (b) current
density 7.5 A/mm?; (c) current density 10 A/mm?; (d) current density 12.5 A/mm?; (e) current density 15 A/mm?.

In both rotational directions, the magnitude of the harmonic components is similar when a 5-
step skew is applied. When the current density is below 10 A/mm?, the predominant harmonic
component is the 12-nd, corresponding to the stator slotting. However, when the current density is
greater than 10 A/mm?, the predominant harmonic component remains the 12-nd, differing from the

behavior of the skewless model.

Although the mitigation factor suggests that the first to fourth harmonic components should
be reduced to zero, in practice this is not achieved. The reduction of the harmonic components is
approximately 50%, and the reduction is greater in the asymmetric design. The greater reduction in
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the harmonic component in the asymmetric design is due to the asymmetrical positioning of the flux
barriers, which provides additional contribution in mitigating the spatial harmonic components in
the electromagnetic torque.
Figures 5.16, 5.17, 5.18 and 5.19 show the contour maps for the optimal symmetric and
asymmetric designs, respectively, for counter-clockwise and clockwise rotation, with a 5-step skew

applied, for the main performance indexes.
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Figure 5.16. Saliency ratio for the symmetric and asymmetric design with four step skew is applied. (a)
symmetric design counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric
design clockwise rotation; (b) asymmetric design clockwise rotation.
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Figure 5.17. Internal power factor for the symmetric and asymmetric design with four step skew is
applied. (a) symmetric design counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation;
(c) symmetric design clockwise rotation; (b) asymmetric design clockwise rotation.
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Figure 5.18. Torque ripple for the symmetric and asymmetric design with four step skew is applied. (a)
symmetric design counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric
design clockwise rotation; (b) asymmetric design clockwise rotation.
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Figure 5.19. Mean torque for the symmetric and asymmetric design with four step skew is applied. (a)
symmetric design counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation; (c) symmetric
design clockwise rotation; (b) asymmetric design clockwise rotation.

The greatest differences are observed in the average torque and torque ripple. The asymmetric
design has a larger zone of maximum internal power factor and saliency ratio and can develop higher
mean torque than the symmetrical design with lower torque ripple. In both rotational directions, the
region with torque ripple less than 10% is larger in the asymmetric design, reaching less than 5%
when rotated counter-clockwise.
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Figure 5.20 depict the overlay of the contour curves of internal power factor, torque ripple, and
mean torque over a specific range of current density and current angle for counter-clockwise rotation
in symmetric and asymmetric designs, respectively. Two operating points in the MTPA trajectory
corresponding to 5 A/mm? for the inverted blue triangle and 10 A/mm? for the red triangle have been
highlighted in the figure. The performance indices for the defined operation points are listed in table
5.8. The internal power factor and efficiency values are comparable between the symmetric and
asymmetric designs. The main difference between the symmetric and asymmetric designs is found
in the average torque and torque ripple, where the asymmetric design yields a 25% reduction in
torque ripple and a 5% increase in average torque compared to the symmetric design.
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Figure 5.20. Superposition of the contour curves of the main performance indices over a certain range of
current density and current angle with counter-clockwise rotation. Two operating points were defined for
MTPA for 7.5 A/mm? and 10 A/mm?. (a) symmetric design; (b) asymmetric design.

Table 5.8. Performance indices for the operating points defined in Figure 5.20 for the symmetrical and
asymmetrical designs when the machine rotated counter-clockwise.

Symmetric Asymmetric
Operation IPF Tavg  Top P (Pout+Pe) 7 IPF Tave Top p (Pow+Pe) 7
point [Nm] [%] [kW]  [kW]  [%] [Nm] [%] [KW]  [kW]  [%]
v 049 287 67 150 1.7 883 051 302 49 158 1.8 88.4
A 051 436 75 228 2.3 89.4 0.51 459 54 240 2.4 89.6

Figure 5.21 show the overlap of contour curves for internal power factor, torque ripple, and
mean torque within a specified range of current density and current angle for the symmetric and
asymmetric design for clockwise rotation, respectively. Two operating points in the MTPA trajectory
corresponding to 5 A/mm? for the inverted blue triangle and 10 A/mm? for the red triangle have been
highlighted in the figure. The performance indices for the defined operation points are listed in table
5.9. Similar to counter-clockwise rotation, the power factor and efficiency values are nearly equal
between symmetrical and asymmetrical designs. The major distinction lies in the average torque and
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torque ripple, where the asymmetrical design offers a 20% reduction in torque ripple and a 5%
increase in average torque compared to the symmetrical design.
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Figure 5.21. Superposition of the contour curves of the main performance indices over a certain range of
current density and current angle with clockwise rotation. Two operating points were defined for MTPA for
7.5 A/mm? and 10 A/mm?. (a) symmetric design; (b) asymmetric design.

Table 5.9. Performance indices for the operating points defined in Figure 5.21 for the symmetrical and
asymmetrical designs when the machine rotated clockwise.

Symmetric Asymmetric
Opel’ation IPE Tavg Trp P (Pcu + Pfe) n IPF Tavg Trp P (Pcu + l:‘fe) n
point [Nm] [%] [kW] (kW] [%] [Nm] [%] [kW] (kW] [%]
\ 4 0.5 28.7 6.5 15.0 1.7 88.3 051 303 5.5 15.8 1.8 88.3
A 0.51 43.6 75 228 2.3 894 051 459 58 24 2.4 89.6

The electromagnetic torque waveform as a function of rotor position is shown in Figure 5.22
for both symmetrical and asymmetrical designs in counter-clockwise rotation. It is evident from the
figure that the asymmetric design produces a higher average torque than the symmetrical one. When
skew is not applied, the torque ripple in both designs is comparable. However, with the application
of skew, the asymmetric design developed lower torque ripple than the symmetrical one, but the
average torque is compromised in both designs.
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Figure 5.22. Symmetric and asymmetric design electromagnetic torque waveform for MTPA when the
current density is 7.5 A/mm? and 10 A/mm? and the machine rotated counter-clockwise. (a) skewless designs;
(b) 5-step skew designs.

The magnetic field distribution of the designs is shown in Figures 5.23 and 5.24 for 7.5 A/mm?
and 10 A/mm?, respectively. It is seen that the highest levels of saturation are found in the end-point
parts of the barriers and ducts what is expected in this topology of machines. In general, both
machines operate near the saturation knee of the B-H curve, taking advantage of the magnetic
properties of the material.
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Figure 5.23. Magnetic flux density distribution for the optimal designs for MTPA at 7.5 A/mm?. (a)
symmetric design counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation.
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Figure 5.24. Magnetic flux density distribution for the optimal design for MTPA at 10 A/mm?2. (a)
symmetric design counter-clockwise rotation; (b) asymmetric design counter-clockwise rotation.

5.5. Impact of rotor skewing on the performance of the machine

Figures 5.25 and 5.26 illustrate the impact of applying skew on different performance indices
of a SynRM, for both symmetric and asymmetric designs, as a function of the supply current density.
The results reveal that applying skew significantly reduces all machine indices in both scenarios. In
a SynRM, saliency ratio is a critical parameter that directly affects electromagnetic torque, power
factor, and efficiency. However, the saliency ratio decreases by more than 20% for all current values
when skew is applied to the rotor, leading to a decrease in IPF and mean torque of the machine, as
shown in Figures 5.25 and 5.26 (c) and (d), respectively. Furthermore, torque ripple is significantly
reduced for both designs, achieving a reduction of around 60% and 70% for the symmetric and
asymmetric designs, respectively, at 10 A/mm?. The asymmetric design offers a lower torque ripple
for all current density levels when skew is applied. The efficiency is also slightly affected by the
application of skew in both designs.
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Figure 5.25. Performance indices for the symmetric design for MTPA for different current density levels.
(a) current angle; (b) saliency ratio; (c) maximum internal power factor; (d) average torque; (e) torque ripple;
(f) efficiency.
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Figure 5.26. Performance indices for the asymmetric design for MTPA for different current density
levels. (a) current angle; (b) saliency ratio; (c) maximum internal power factor; (d) average torque; (e) torque

The development of SynRM with a higher saliency ratio is a critical factor for expanding the
motor's application in various fields, including electric vehicles, as it enables the development of a
larger CPSR. Typically, the CPSR is dependent on the saliency ratio, which underscores the
importance of designing a motor with an improved saliency ratio to broaden the application of
SynRM. Figure 5.27 confirms that a decrease in the saliency ratio leads to a decrease in the CPSR.
Furthermore, applying 5-step skew leads to a reduction in the machine's torque and power across all

speeds.
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Figure 5.27. CPSR performance for the symmetric and asymmetric design for maximum current density
of 10A/mm?2. (a) torque vs. speed for the symmetric design; (b) power vs. speed for the symmetric design; (c)
torque vs. speed for the asymmetric design; (d) power vs. speed for the asymmetric design.
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To assess the performance strength of the studied designs, an efficiency map for each design
was created using ANSYS Electronic Desktop's Machine-Toolkit. The machine was supplied with
DC bus voltage of 600 V and operated for MTPA at a maximum current density of 10 A/mm?. The
efficiency maps are presented in Figure 5.28 for the analyzed rotor structures for counter-clockwise
rotation.

Figure 5.28 shows that the efficiency is also reduced when skewing is applied. This occurs
because the machine produces less power at the shaft for a given input power, as a result of cross-
coupling between the various modules and leakage between each slice. Both designs exhibit a similar
behavior, reaching 96% efficiency for the skewless machine and 95% for the 5-step skew machine at
the rated speed.
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Figure 5.28. Efficiency map when the machine is operated a MTPA for a maximum current density of
10A/mm?2. (a) skewless symmetric design; (b) skewless asymmetric design; (c) 5-step skew symmetric design;
(d) 5-step skew asymmetric design.

5.6. Manufactured prototype

Figure 5.29 presents a view of the motor's components. The stator and rotor cores are
constructed from 0.35 mm non-oriented silicon steel M350-35A laminations and feature 36 slots
housing a three-phase single-layer distributed winding. The winding is configured with 6 turns, with
each turn consisting of 10 parallel wires, resulting in a fill factor of ~0.45.

To maintain safe operating temperatures for the motor, the housing incorporates a spiral water
jacket, ensuring efficient heat dissipation. The housing itself is constructed from aluminum, which
not only enhances heat transfer capabilities but also reduces the overall weight of the motor. This
combination of materials and design elements contributes to the motor's optimal performance and
life-time.
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(b)

(d)

Figure 5.29. Exploded view of the motor assembly. (a) asymmetric rotor; (b) asymmetric rotor; (c) stator
lamination and winding assembled in the housing (jacket water); (d) shatft.

5.7. Summary

This chapter described the design tools used to create symmetrical and asymmetrical rotor
models for a SynRM using the same stator. An optimization was performed using MOGA and FEM
simulations to obtain the designs, and discrete skew was applied in 5-steps to reduce torque ripple.
The contour maps of the main performance indices for both designs show that the asymmetric design
is superior in terms of average torque and torque ripple for specific operating points. The optimal
designs were evaluated mechanically to ensure the rotor's mechanical integrity and conform to
standards for a maximum speed of 10,000 rpm. The magnetic flux density was illustrated in both
designs and showed that saturation levels occur in the end-point parts of the barriers and ducts. The
influence of applying skew on the performance of symmetric and asymmetric models was analyzed.



79

It is possible to observe that most of the performance indexes decrease when skew is applied on the
rotor structure, but also a reduction of more than 50% in the torque ripple is achieved. Both machines
had similar efficiency, but the asymmetric design generated more torque under the torque-speed
curve. Finally, a first view of the prototype is presented, highlighting its different parts and materials.
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6. Conclusions and future work

6.1. Conclusion

The main aim of this thesis is to offer a comprehensive understanding of Synchronous
Reluctance Machines (SynRMs), addressing both the fundamental principles of operation and the
development of various design techniques. The research conducted in this thesis has successfully
contributed to the enhancement of SynRMs' performance by developing design techniques and
guidelines that primarily focus on increasing rotor anisotropy. Through the optimization of rotor
design, the potential for significant improvements in machine efficiency and overall performance
was demonstrated.

The incorporation of an analytical model in the electric machine design process is an effective
means to simplifying the design and save valuable time. A significant achievement of this study is
the development and validation of a precise analytical model for SynRMs. This model combines two
approaches: the calculation of air-gap flux density and average torque employs the magnetic
potential of both the rotor and stator, while torque ripple is determined by assessing the energy
stored in the air-gap. This model is also adaptable for machines featuring multiple flux barriers.

Comparisons with Finite Element Analysis (FEA) have produced promising results,
particularly in terms of air-gap flux density and electromagnetic torque. However, a harmonic
analysis has revealed that the analytical model tends to overestimate air-gap flux density and torque
due to certain underlying assumptions made during its development. Nevertheless, the model offers
valuable functionalities, including the capacity to extract machine parameters within the d-q
reference frame, facilitating preliminary control strategy analysis. This model equips designers and
researchers with a valuable tool for predicting the machine's performance under various operational
conditions, thereby speeding up the design and analysis process.

The findings of this work demonstrate that an asymmetrical rotor structure in a SynRM
provides better performance than a symmetrical rotor structure. The advantage of the asymmetric
rotor structure with respect to machine behavior varies depending on the design technique
employed. By selecting different machine parameters during the optimization phase, it is possible to
enhance various performance indices. The position and opening of the flux barrier in the air-gap
govern torque ripple, while the thickness of the flux barriers along the g-axis regulates mean torque.
Combining all these parameters with the current angle improves the power factor when the
maximum torque is achieved at a larger current angle. This analysis was conducted in the context of
two different SynRM topologies. The first one featured a 48-slot, 2-pole pairs configuration with 2
flux barriers per pole, and the other was a 36-slot, 3-pole pairs configuration with 3 flux barriers per
pole.

In both cases, the asymmetric design managed torque ripple more effectively due to its ability
to cancel air-gap harmonics, while the mean torque remained relatively stable. However, in the 48-
slot topology, there was only a slight improvement in the power factor since it was selected as the
objective function during the optimization stage. By quantifying the impact of these asymmetries in
each topology, a deeper understanding of the machine's behavior was gained, enabling more precise
design decisions to be made.

The imperative of achieving less than 15% torque ripple in electromobility applications
necessitated the implementation of skew in the design of the two rotor prototypes. To address this
challenge, a study on the discrete-skew methodology was conducted, and a method was proposed
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to gain a deeper understanding of the impact of skewing angle and its determination during the
SynRM design phase. This method takes into account the influence on all torque harmonic
components and offers a means to visualize the reduction of specific undesired harmonic content. A
skew reduction factor was introduced, which theoretically inform the potential of the method to
completely eliminate a desired harmonic component. However, in practical application, complete
elimination is not feasible, and the reduction of the selected harmonic component is usually around
80%.

By applying this technique during the design phase of the prototypes, it becomes possible to
ensure that torque ripple remains below 15% for nearly all the operation points analyzed.
Nevertheless, a significant reduction in mean torque is observed when skewing is applied. The
reduction is not limited to the desired harmonic component; rather, it extends to the other remaining
components. Furthermore, the cross-coupling effect between the g-axis and d-axis is amplified, and
a new phenomenon of cross-coupling effect emerges between the different sections into which the
rotor is divided for skew application. For both rotor structures, the application of skewing techniques
results in an approximate 20% reduction in mean torque compared to the skewless machine. The
saliency ratio and the power factor are also reduced by applying skew, but the efficiency doesn’t
show a remarkable change. An important fact in applying this technique is that it is not necessary to
use 3D FEA simulation for its application, 2D FEA is effective in predicting the optimal step skewing
which allows a considerable time-saving in the design stage.

6.2. Future work

A critical aspect of this thesis involved analyzing and comparing the performance of SynRM
with enhanced rotor anisotropy, incorporating asymmetries, against traditional designs across
various operating conditions. Our findings have clearly demonstrated the superior performance of
the optimized designs, highlighting the advantages of rotor asymmetries in enhancing machine
efficiency.

The practical feasibility of the optimized SynRM designs, including rotor asymmetries, was
rigorously validated through FEA and the next step is the experimental testing of the prototypes.
Two rotor structures sharing a common stator were built for the experimental tests. This validation
will confirm that the proposed design techniques are not only theoretically sound but also real-world
applicable, thus offering engineers and designers reliable solutions for improving machine
performance.

To validate the analytical model, a unique rotor prototype without bridges at the flux barriers
was fabricated and installed on an induction machine stator. The absence of the required tools for
measuring torque ripple has delayed the validation of the model through experimental testing.
However, I anticipate being able to conduct this experiment in the near future. Another essential
feature that is needed for improved results, particularly in the context of SynRMs, is the
incorporation of saturation into the analytical model.

The incorporation of modulation techniques to eliminate combinations of harmonic
components and reduce torque ripple without impacting the mean torque can be integrated as an
additional feature into the skew method developed in the thesis.
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