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Abstract

The design of electric machines constitutes a complex optimization prob-
lem subject to target application and performance requirements. State-of-the-art
design routines generally start with adaption of a certain geometry followed by an
optimization process. An optimization process has its own challenges as it shows
sensitive behaviour to objectives and constraints. When the optimization problem is
an electric machine design, challenge only becomes more sophisticated. Existence
of non-linearity due to magnetic materials and performance requirements which
more than often contradicts, requires proper handling of the optimization process.
This is particularly a problem for more complex machine topologies such as syn-
chronous reluctance (SynRel) and internal permanent magnet (IPM) machines.

Besides reaching the optimum geometry, optimality of the selected ge-
ometry itself is another uncertainty. This is particularly puzzling especially at the
early design stages when a lot of machine parameters are still not selected (such as
number of slots and poles). Assessment of the machine parameters along with the
geometry then becomes a tangled and time consuming process if a fast analysis tool
1S missing.

This thesis puts these concerns to its center and orbits around them sep-
arately. In the beginning, focus is spent on geometric parametrization of the Syn-
Rel machine. Once this is achieved, the effecs of the objectives selection during
an optimization are investigated. This is later followed by an improved geometric
parametrization with the aim of increasing the degrees of freedom. Optimizations
are performed to compare existing and newly proposed geometry to contribute to-
wards a more optimal geometry. One of the designs achieved with the optimizations
is manufactured and experimentally validated.

After that, geometric parametrization is put aside and topology optimiza-
tion (TO) is used to widen SynRel design space. Since the only parameters with
the TO are optimization settings themselves, their effect on the results are deeply
examined. Viability of using TO as a design refinement tool is also analyzed by
selecting an already optimized design space.

In the final part, computational burden of the design processes are ad-

dressed through building a highly accurate and fast magnetic equivalent circuit



(MEC). The description and principles of this fast analysis technique is presented
and it is used to analyze three different machines, namely a SynRel machine, a
surface permanent magnet (SPM) machine and a permanent magnet assisted syn-
chronous reluctance machine (PMaSynRel). Through comparisons against finite
element analysis (FEA), accuracy of the MEC is proved. As a last remark, an off-
the-shelf SynRel machine is tested to obtain its electromagnetic properties and they

are used to asses performance of the MEC.
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Chapter 1

Introduction

In this introductory part, general information about the work done during
several phases of the PhD is given. Motivation and objectives are identified and

organization of the thesis is explained.

1.1 Motivation and Objectives

This thesis focus on general design and modelling improvements for elec-
tric machines with a specific focus on SynRel machines. As this kind of machine
is dominantly determined by its rotor shape, throughout this work rotor design is
investigated. This is done by starting from a state-of-the-art geometry parametriza-
tion to build flux barriers. With the developed template, a number of optimization
studies are conducted to reveal the effect and good practices of objective functions.

Having a geometric template and trying to reach an optimal solution via
optimizations then lead to the question: what if the selected geometry is not actually
the optimal one? To approach this question there are mainly three ways. First one
is to identify and apply a number of different geometries and compare them based
on the performances. This is actually a good way to review a range of structures
and identify their advantages and drawbacks. Second way is to create a guideline to
increase geometric degrees of freedom thereby enlarging the design space. Lastly,
the third approach is to use another design method, TO, which directly focus on the
topology itself without the limitations of geometric shapes. In this thesis second
and third approaches are used to investigate design possibilities.

Final focus of the thesis is to explore an alternative analysis technique.

1



Chapter 1. Organization of the Thesis 2

Traditionally finite element method is the one primarily used for design processes
for electromagnetic devices. It is well established, mature and accurate. However it
can require high computation time if it is used in all designs stages. With the mod-
ern applications requiring specific performance at more than one operating point
computational burden can be further increased. On the other hand, MECs can be
fast and accurate but they were mostly employed for fixed structures with a lot of
limitations. Can they be made more generic while not losing their computational

advantage? The last part of this work aims to say ”yes” to this question.

1.2 Organization of the Thesis

Thesis is written in three main technical chapters each focusing on a dif-

ferent objective as mentioned above. Brief summary of these are as follows:

* Chapter 2: ”Synchronous Reluctance Machines Design and Parametrization

of Machine Geometry”

The first technical chapter starts with an overview focusing on evolution of
SynRel machines. In the beginning, one of the commonly used flux bar-
rier structures is selected and its geometric parametrization is accomplished.
This is then followed by a number of multi-objective optimization studies to
evaluate the effect of optimization settings on the rotor design of SynRel ma-
chines. Various key parameters effecting the optimization performance are

investigated.

In order to extend the limits of classical parametrization methods, a novel flux
barrier structure is proposed to expand the limits of the previously used barrier
structure. Two barrier profiles are compared through optimizations,focusing
on their electromagnetic and mechanical performances. Introducing magnets
to the new and existing barrier structure, PMaSynRel machine is studied. Two
barrier structures are again assessed by conducting an optimization. After-
wards, one the designs is selected for manufacturing and experimental results

are given.

* Chapter 3: “Topology Optimization for Synchronous Reluctance Machine

Design”
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The second technical chapter investigates the SynRel design using TO. This
is done through examining the optimization settings of the density method
(DM) based TO. Effect of design space discretizaton, initial design space
and material interpolation are first studied with the aim of increasing average
torque. After that torque ripple minimization is added as an extra objective
and results are evaluated with respect to previous optimization results. Lastly,
an already optimized SynRel rotor is used as initial solution to explore if TO

can be used as a design refinement tool.

» Chapter 4: "Magnetic Equivalent Circuit Modelling”

In the final technical chapter, a highly detailed, computationally efficient and
accurate MEC is introduced which is capable of considering non-linearity and
analyzing different machine topologies without changing the underlying for-
mulations. Principles of the equivalent circuits are presented in detail showing
how geometry description and excitations are defined. Later MEC is used to
analyze a SynRel, SPM and a PMaSynRel machine in a wide operation range.
These results are compared against FEA in terms of performance and com-
putation time. Finally an off-the-shelf SynRel motor is tested to validate the

MEC.



Chapter 2

Synchronous Reluctance Machines
Design and Parametrization of

Machine Geometry

This chapter focuses on SynRel machine design and optimization. After
the introduction part, the barrier shape parametrization is described. After that,
optimization with different objective functions are investigated and their effect on
the final geometry is discussed. Finally a design study will be conducted using a

novel barrier shape.

2.1 Introduction

SynRel machines date back to 1920s where one of the first examples of
a specific reluctance rotor resembling today’s rotors was presented in [1]. In this
work, a segmented, barrier-like structure is realized in order to enhance reluctance
torque of the classical salient-pole rotor.

Although conceptually it was possible to move forward with this kind of
machine, the lack of an electric drive to operate the machine limited its development
until 1990s. In one of the works presented between these years, some general con-
ditions are derived for building anisotropic rotors using permeance ratio between
direct (d) and quadrature (g) axes [2]. Slitted rotor structure and its guidelines
are also discussed. After that, an interesting attempt has been made towards better

utilizing the rotor using specifically shaped axial laminations [3]. In such configura-

4



Chapter 2. Introduction 5

Figure 2.1: Proposed reluctance rotor as presented in [1]

tion, increasing the permeance ratio between d and ¢g axis is easier compared to the
traditional transversally laminated rotor as the iron segments are isolated magneti-
cally. Another study [4] investigates the specific calculation of d and g-axis fluxes
and inductances for a SynRel having a cut-off structure and a single barrier in the
rotor.

After 1990, SynRel machines are continued to be investigated more around
the design aspect. One of the initial works [5] extensively designs and compares
SynRel machines with different number of flux barriers. It is shown that the sin-
gle barrier SynRel machine suffers from poor saliency ratio and as a consequence
low power factor, low torque and low field-weakening range. With the multi-barrier
design study it is revealed that increasing the number of barriers after a certain num-
ber (in this case was 10) provides only a small increment in the performance. It is
also discussed that it is possible to operate on a higher power factor by not operat-
ing at maximum torque per ampere (MTPA) condition if the torque degradation is
overlooked.

A general design guideline for the design of SynRel motors is provided
in [6]. For a segmented barrier structure, rotor design is discussed considering the
thickness of iron and air segments. As a final remark, tangential mechanical ribs
are considered for structural integrity and decrease in torque due to the existense
of tangential ribs is calculated. Similarly, design considerations to improve torque
and power factor are investigated in [7] based on the insulation ratio ( = ratio of
inductances i—d).

q
A chronic operational issue, the torque ripple, is deeply examined in [8].

The causes of torque ripple is given by the relation between stator and rotor gener-
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ated harmonics. It is shown that the interaction of lower order harmonics originating
from stator and rotor can actually be prevented by selecting an appropriate number
of rotor segments and stator slots for a certain pole number. Moreover, thickness
of barrier segments are calculated based on the d and g-axis magnetomotive forces
(MMFs) which basically provides how flux barriers are shaped and positioned at
the rotor surface. This is particularly important from design point of view as it ex-
plains the effect of rotor geometry to the torque and torque ripple. It is important
to note that design equations mostly rely on the linearity of the magnetic circuit.
Although they create a very strong basis for the design, local saturation effects and
cross-coupling effects are not taken into account.

Considering the complexity of the design problem associated with SynRel
motors and although it is possible to obtain somewhat good performing designs,
clearly there is a need to conduct a wide-range analysis study especially using a high
fidelity model such as finite element method (FEM). In the literature, one of the first
reported works considering a specific algorithm to iteratively analyse and obtain a
SynRel motor is reported in [9]. Powell’s method and Quasi-Newton algorithms are
used to optimize SynRel motors where a number of parameters define geometry of
the stator and rotor such as stator tooth and yoke thickness as well as diameter, rotor
barrier thicknesses and also current phase angle.

By the 2000s, the emerging permanent magnet (PM) technology found it-
self a considerable place in SynRel machines. For example in [10], permanent mag-
net assisted synchronous reluctance (PMaSynRel) motor is investigated by means
of FEM. PMaSynRel is formed by introducing PMs of low remanent flux density
(ferride PMS) to rotor flux barriers. Inductances of d and g-axis are evaluated as
well discussing the effect of rotor ribs saturation. Final results suggest that torque
density and power factor can be increased compared to PM free SynRel machine.

In an another study [11], PMaSynRel structure with different PM con-
figurations and PM volume are investigated. It is experimentally shown that high
efficiency and power over a wide speed range ( 1 to 5) is achievable by proper uti-
lization of PMs. In a different paper [12], both SynRel and PMaSynRel machines
are looked into. Starting from a SynRel machine, effect of the barrier width and
location (for a single barrier) are examined and their effect on torque and torque

ripple are discussed. A rotor with 3 barriers are also investigated based on the insu-
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lation ratio. Electromagnetic performance degradation due to radial and tangential
ribs are analyzed by a simple sensitivity analysis.

Bianchi et al. [13] presented a hybrid rotor configuration where a pole pair
is composed of two differently shaped barrier structures as known as "Machaon”
configuration. The aim of using such structure is to purposely eliminate harmonics
arising from different flux barriers. Authors first analytically describe the torque
generation based on flux barriers then merge two structures to accomplish this.

Focusing on the SynRel machine design in [14], it is shown that multi-
barrier rotor design of a SynRel machine can be achieved by using only a limited
number of parameters. As shown in the previous works, air and iron distributions
in the rotor and the barriers’ end-point on the rotor surface plays a key role in the
outcome performance. In this work, using some different number of flux barriers in
the rotor, torque is directly associated with the insulation ratio and torque ripple is
related to the end-point position. By introducing a cut-off structure with a parameter
it is further possible to change barriers’ end-point position therefore tuning torque
ripple. On top of that, a new barrier shape (hereafter will be referred as ”fluid”) is
proposed based on natural flux distribution in a solid rotor. This structure, by not
disturbing the flow of flux lines as it would have normally flow, claimed to have
higher performance than other barrier shapes.

Different barrier shapes and their parametrization by using increased num-
ber of parameters are studied in [15]. Effect of introducing more degrees of freedom
to flux barrier rotor design for SynRel machine, for example end-point angle and
thickness of each barrier, are investigated by means of optimization procedures. In
a similar but extended work [16], circular flux barriers are used to conduct opti-
mization with three stochastic algorithms, genetic algorithm, differential evolution
and simulated annealing. Optimization results, quality of the Pareto front and time
required for each algorithm are discussed. Additionally, the effect of optimization
at one operating point is discussed and it is recommended to conduct optimization
at higher currents then rated current. Another work focusing on optimized design
[17], targets electric vehicle applications and considers different operation condi-
tions inside the driving cycles. Robustness of the results with respect to objective
functions are also considered on the Pareto designs and sensitivity of objectives are

discussed.
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Particular attention has been drawn to end-barrier shape and its effect on
torque performances as well as mechanical robustness in [18]. Two different barrier
shapes, round and sharp end barriers are optimized and investigated with further
sensitivity analysis and it is concluded that sharp end barrier shape produces higher
mechanical stress at the ribs part whereas when similar stress levels are considered
round shaped end barriers produce higher average torque ( 5%).

In view of these previous works, it is obvious that design of SynRel and
PMaSynRel machines constitutes a difficult design problem which often requires
sophisticated approaches. Firstly, geometry of these type of machines, specifically
rotor, is complex and there are a lot of geometric variables to account for. Secondly,
the necessity of structural parts that need to be included in turn degrades the electro-
magnetic performance. Thirdly, design targets such as increasing the average torque
and decreasing the torque ripple while maintaining a good efficiency are generally
inversely related to each other; therefore even after an optimization there are some
certain trade-offs that needs to be identified.

In the following sections, design of reluctance machines will be shown
focusing mainly on the rotor design. Rotor designs with different parametrizations
and different number of variables for the same parametrization will be undertaken.
Effect of using different objective functions are also of interest as the convergence
of any optimization is heavily dependent on the targets. In addition, a rotor barrier
shape with increased degrees of freedom will be identified and PM assistance will

be discussed.

2.2 Barrier’s Shape Parametrization Based on Natural Flux Lines

As previously discussed, rotor design of electric machines utilizing re-
luctance torque plays a crucial role in the machine’s performance. Average torque,
torque ripple, iron losses, cross-coupling (also referred as cross-saturation) are some
of the most important aspects primarily affected by the rotor design. Additionally,
rotor structural integrity also has to be considered through rotor design especially
in the high-speed applications. This puts forward the importance of rotor design
which is mostly achieved through parametrization based on a specific barrier struc-

ture followed by a detailed optimization process.
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Among the different barrier shapes, circular barriers [19], straight-segment
barriers [20] [21] and fluid shaped barriers [ 14] comes forward. These are compared
in terms of torque and torque ripple in [14] and [22] where it is revealed that fluid
barriers perform slightly better. For this reason fluid barriers are adapted and used
in this work.

Fluid barrier shape originated from the natural distribution of flux lines in
a solid rotor. Idea is to use the naturally occurring flux lines to shape flux barriers so
that flux lines in the iron segments are not distorted leading to unnatural flux paths.

The first step for parametrization is to find the flux line and the coordi-
nates of the flux line. Each flux line can be find by using Equation (2.1). C(r,0)
corresponds to a flux line passing through a point (7, 0) in polar coordinates where

r is the radius, 6 is the angle and p is the number of pole pairs.

sin(p8) (=) — 1]

C(r,0)=

2.1

(R )"

Observing the Equation (2.1), it can be seen, there are infinite number of
(r,0) corresponding to a specific flux line C(r, 0). As acommon practice, it is useful
to first define C based on a point on the rotor surface to have the initial set of polar

coordinates. If this angle is denoted as 0; and selected in the range [% %], then

since the flux lines are symmetrical due to middle line of a single pole, symmetrical

360
2p

between [0;...6,] and inserting them into Equation (2.2), r values corresponding

angle can be written as 6, = — 0. After that, by creating a range of angles

to angles can be found with the C. Additionally, if tangential ribs are used, exact

coordinates passing through the rib radius can be found by using Equation (2.3).

C+ /C?+4-sin*(p6
l"(e) :Rshaft ’ p\/ \/2Sll’l(pzl;l (p ) (22)
C- (=)
0(r)= 1 -sin”! (}R;hzag)) (2.3)
p (m) - 1

Usage of equations to build the flux line and associated points are visu-
alized in Figure 2.2. In the figure red line with circles show the flux line initially
found by selecting (r, 0) = (R,or0r, 55°?) and calculating C with Equation (2.1). Then,

6, is calculated and coordinates of the flux line are found. Finally using Equa-
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Figure 2.2: Description of the fluid barrier concept.

tion (2.3) exact coordinates of the flux line passing through the rib radius are calcu-

lated (shown with blue squares).

2.2.1 Formation of Fluid Shaped Barriers

In order to form the flux barriers, it is vital to use newly described equa-
tions. However, a systematic approach is required in order to describe each barriers
end-point angle and thickness in a way that they do not overlap.

As an example, a 4 pole rotor with 3 barriers are considered as shown in
Figure 2.3. Following the practical approach of defining barriers with the end-point
angle, span of each barrier from start to end is denoted as a, where the end-points
are shown with filled red circles in Figure 2.3. The span angles « initially act as a
reference to find the flux lines (shown with dashed lines) passing through the end-
points. In order to prevent overlap, it is better to select a based on some rules.
To begin with, the reference angle for the first barrier (outermost barrier) can be
selected in the range of (0 %). Apparently a selection near to the 32—61? strongly
limits the other barriers hence it would be more convenient to select it somewhere
towards the %. Also, to make it more convenient a coefficient can be defined ka(l)

in the range of (0 1) to represent a(1) with a(1) = % +kq(,,- Once the value of a(1)
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Figure 2.3: Description of the fluid barrier shape.

is found, the other barriers angles, when the total number of barriers are (>2) can
be similarly defined using:

n
forn=2to ny, a(n) =a(l)+ (g —a(l)) . Z Ka(n)
n=2

(2.4)
In the Equation (2.4), n is the calculated barrier number and #; is the total
number of barriers. The limits of k,, for the barrier number 2 and higher than 2 is

found by (0 n[+1). Now, since the reference flux lines are calculated it is possible to
move towards finding the barrier thicknesses.

Barrier thicknesses are depending on the distance between the reference

flux lines and between reference flux lines to rotor and shaft radiuses. Consequently

there is a maximum thickness available (mra) for each barrier in terms of available

space on top and bottom side of the reference flux lines. These limits are shown
with continuous blue lines for each barrier in the Figure 2.3.

forn=2ton; — 1, mta;_;(n) =

_ rmid(n) _rmid(n+ 1)
2

(2.5)
To calculate the available space between the reference lines Equation (2.5)

can be used. In Equation (2.5) r,,;4(n) corresponds to n' barrier’s middle point

which lies on the g-axis. This quantitiy can be calculated using Equation (2.2)
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while setting 6 = %0. Similarly other thicknesses can be calculated considering
shaft radius and rotor radius. Additional safety margins can be defined in terms of
extra thicknesses. This is important because the distance between reference flux
lines becomes minimum towards the end-points. After this procedure is followed,
two thicknesses would be calculated for each barrier, one being on the upper side of
the reference flux line and the other being on the lower side. These can be denoted

as mta, and mta,.

ty(n) = ky(n) -mtay(n) (2.6)
tu(n) =k (n) -mta,(n) (2.7)
t(n) =t;(n) +t,(n) (2.8)

Barrier thicknesses can be controlled using some control coefficients to properly set
a barrier’s thickness. These are k;; and k;,, in Equation (2.6). Total barrier thickness
can be obtained by summing these thickness values. To create fewer variables defin-
ing barrier thickness, k;; and k;,, can be made equal to each other and represented by
k:. Additionally, if the thickness coefficients of each barrier are made equal to each
other, air to total rotor thickness ratio (insulation ratio) becomes equal to k;. This
case is applied to the barriers in Figure 2.3 where k;=0.5 for each barrier and shown
with continuous black lines.

These possibilities to express barrier thicknesses are an important choice
as they determine the number of parameters describing the barriers, thus the degrees

of freedom. Some of the options for increasing number of variables are as follows:

1. Total number of parameters is 2; k, is equal for each barrier and is a variable.

k; is equal for each barrier and is a variable.

2. Total number of parameters is 2; k, is equal for each barrier and is a constant.
A shift angle on the rotor surface is introduced to change end-point of the

barriers, k; is equal for each barrier and is a variable.

3. Total number of parameter is 3; k, is equal for each barrier and is a variable.
A shift angle on the rotor surface is introduced to change end-point of the

barriers. k; is equal for each barrier and is a variable.
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4. Total number of parameters is n; +1; k, is different for each barrier. k; is

equal for each variable and is a variable.

5. Total number of parameters is 2 - n;; k, and k; are different for each variable.

Each barrier is described by 2 parameters.

6. Total number of parameters is 2 - n;; k, and k; are different for each variable.
Additionally, for each barrier another end-point angle can be defined with in

the limits of the barrier to provide more freedom for end-point.

From design point of view, although it seems that higher degrees of free-
dom for geometry description is favorable, it also complicates the design problem.
Considering the convergence behaviour during the optimization, total number of
analysis should be increased with respect to increasing number of optimization vari-
ables. Eventually there happens to be a trade-off between the increased degrees of
freedom and time required to reach the convergence.

Regarding the barrier’s end-shapes a circular form is adapted. When the
end-point for a barrier is known, two arc segments can be calculated tangent to the
end point and to the upper and lower flux lines forming a barrier. After that two arcs

segments and the flux lines are all joined together to form the final barrier structure.

2.2.2 Optimization Considering Different Objective Functions

With the aim of investigating different objective functions, i.e torque,
torque ripple and iron losses, 3 different optimizations are performed on a Syn-
Rel machine. Specifications of the SynRel machine are reported in Table 2.1 aimed
for a light traction application. Stator of the machine incorporates single-layer dis-
tributed winding with a current density of 10 A /mm?. It is desired to investigate the
effect of different optimizations to the rotor design; so the whole stator is held con-
stant throughout the optimization. Similarly, shaft and rotor radius is constant and
only variables to be optimized are related to the rotor flux barrier design. Number
of flux barriers are selected to be 3 for this case and they will be identified by using
a total of 4 variables. Out of these 4 variables, 3 of them belong to the end-point
angle of the barriers (a as in Figure 2.3) and the remaining one is k; which deter-

mines the thickness for all barriers. As previously discussed, it can also be named
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Table 2.1: Dimensions of the SynRel machine to be optimized.

General Dimensions
Parameter Value Unit
Statour outer radius 123 mm
Rotor outer radius 80 mm
Air-gap length 0.7 mm
Shaft radius 35 mm
Stack length 120 mm
Rated current 82 Apeak
Current density 10 Agms/mm?
Cooling flow Rate 10 L/min
Lamination material || M250-35A
Rated Speed 2500 RPM
Maximum Speed 10000 RPM

as insulation ratio since all barriers are represented by the same variable. Ranges
of the variables are given in Table 2.2. For the optimization studies, exact angular
spans are preferred in order to better understand the effect of the positions to the
objective functions.

Three different optimizations, namely O1, O2 and O3 are performed. Tar-
gets of these optimizations are given in Table 2.2. Starting from the simplest case
Ol1, the objectives are the maximization of average torque and minimization of
torque ripple. The latter is further supported by a constraint pushing towards de-

signs having less than 10% torque ripple.

Table 2.2: Optimization variables and objective functions.

Flux Barrier’s Variables
Parameter Value Unit
a(l) [ 14.8137.60 ] | mech deg. ¢
a(2) [ 40.00 50.70 ] | mech deg. °
a(3) [ 52.30 58.90 ] | mech deg. °
ky [0.20 0.80] -
O1

Sfi1imax Ty
fo i min Tripplm <10 %
02

S1imax Tyye
S2 imin Tyippre, < 10 %
S2 min Py

03
S imax Tyye, > 95 Nm
fr i min Tripple, <10 %
S2 :min Py

Second optimization O2 has the exact same targets and constraints of O1
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but an additional objective function to minimize iron losses. The aim here is to
distinguish between final geometries and results when core loss minimization is
included. Lastly, O3 has all of the objectives of O2 but it has an additional constraint
on average torque. The inclusion of constraint on average torque is mainly due to
compensate the possibility of obtaining lower average torque designs caused by the

minimization of iron losses.

2.2.2.1 Optimization Routine

Multi-objective genetic algorithm (MOGA) is selected for the optimiza-
tion algorithm as it has a stochastic nature and performs well for multi-objective
scenarios [23] [24]. A total of 4000 designs are considered for each optimization
where the initial design of experiments are generated using Sobol sequences. There
are other strategies to generate initial design of experiments such as using latin hy-
percube sampling or randomized generation however for this amount of variables
Sobol sequences perform well to create a uniformly distributed designs inside vari-
able limits.

For the FEM analysis, a 2D periodic model is used corresponding to one
sixth of the whole motor model. Simulation time for each FEA corresponds to 1 slot
pitch in order to capture torque ripple harmonics [19] with 10 equally spaced points.
Current phase angle is used constant at 60 ° to ensure an operation point fairly close
to maximum torque per ampere (MTPA) condition. Even though it might not be the
exact MTPA condition, being close to it will indirectly optimize the performance at
the MTPA operation.

Optimization is performed in an automated fashion where the FEA soft-
ware Ansys Maxwell is called using a MATLAB script. Using the script, Ansys
Maxwell is controlled to perform pre-processing including drawing the geometry,
setting up the boundary conditions and excitations with other analysis settings. Af-
ter the pre-processing, analysis phase begins and results are imported back into
MATLAB. Another software dedicated to perform optimizations with a range of al-
gorithms, ModeFrontier, is used to control the optimization procedure coupled with

the MATLAB script. Overall optimization flow is illustrated in Figure 2.4.
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Figure 2.4: Optimization flowchart.

2.2.2.2 Comparison of Optimization Results

2.2.2.2.1 Optimization-1 (01)

Results of O1 have been presented in Figure 2.5. Only the designs satis-
fying the torque ripple constraint are shown in terms of average torque and torque
ripple (Tgippie). Designs are shown with a color scale proportional to k;, a(1), a(2)
and a(3). In the first plot there is a very uniform distribution of designs with respect
to the insulation ratio. As expected, increasing values of the insulation ratio gives
higher average torque values. In terms of barriers’ span angles, it is noticeable that
they are in very small ranges. In these small ranges, for different k; values there is
a combination of span angles which maximises the average torque. This is more
evident when the designs are expressed in terms of a(2) and a(3), in which when
the average torque and k; increases span angles change. The average torque moves
from 92.5 Nm to 96.5 Nm and general trends for a(2) and a(3) are to move towards
its higher and lower limits, respectively. For the span angle of the first barrier, it is
seen that in the higher torque area between 95 to 96.5Nm it is barely changing, in-

ferring that first barrier’s angle is less sensitive than the others. Moreover, it is seen
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Figure 2.5: Results of O1 with respect to k;, a(1), a(2) and a(3).

that it is possible to obtain a certain level of torque ripple with different average

torques and in this case a(2) and a(3) has slightly different values.

2.2.2.2.2 Optimization-2 (02)

Results of O2 have been presented in Figure 2.6. Again, only the designs
with torque ripple less than 10 % are shown. At a first glance, the most distinguish-
able difference between two optimizations O1 and O2 is the reduced average torque
values from 92.5-96.5 Nm range to 90.5-92.5 Nm range. When compared to the
results of O1 another interesting difference is the increased span angles of the barri-
ers. This increased angle spans actually corresponds to fluid barriers being pushed
towards the shaft. When the barriers move towards the shaft, the length of the flux
paths increase due to the increased iron path lengths which in turn decreases the

useful flux causing to a decrease in saturation. Lower saturation values lead to de-
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Figure 2.6: Results of O2 with respect to k;, iron Losses, a(1), a(2) and a(3).

creased iron loss but also degraded average torque. Additionally, k; values decrease
from O1 to O2, indicating that thickness of iron segments are increased which is
another pathway towards lower saturation. In this case, again the end-point angle
span of the outermost barrier seems to be almost insensitive as it mostly stays at
37.5¢ for varying average torque and torque ripple. For a certain average torque, for
example around 91Nm, it is clear that for decreasing torque ripple a(2) stays more
or less the same whereas a(3) tends to decrease. This indicates that a(3) is more

dominantly affecting torque ripple than a(2) and a(1). Finally, considering the iron
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Figure 2.7: Results of O3 with respect to k;, iron Losses, a(1), a(2) and a(3).

losses, there is approximately 10 % difference between highest and lowest iron loss.
Apart from the fact that iron losses tend to increase with increasing average torque
(also k;), interestingly for a certain average torque and decreasing torque ripple iron

losses increase.

2.2.2.2.3 Optimization-3 (0O3)
Based on the results obtained with Ol and O2 and considering the de-

creased torque levels in O2, a constraint is added on torque maximization objective
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in O3 with the value of 95Nm. Results of O3 have been presented in Figure 2.7. In
this case optimization actually couldn’t be successful probably due to the conflict-
ing objectives made it even more difficult with the newly added objective. As the
number of designs having torque ripple lower than 10 % is low, although disobeying
the torque ripple constraints designs are shown up to 12 %.

Obtained results show that torque values are increased compared to O2
and settled nearly to the values obtained with O1. To satisfy the torque conditions
k; values are also increased, becoming even higher than O1 results. Angle spans of
the barriers are this time close to those obtained with O1. Individual effects of the
angle span of the barriers are more straightforward than O1 and O2. With increasing
average torque, decreasing, increasing and decreasing trends are obtained for a(1),
a(2) and a(3) respectively. Previously in O1 and O2 it has been observed that a(1)
had minor impact on average torque and torque ripple however it is not the case with
03, most probably due to different convergence behaviour with the newly added
constraint pushing towards higher average torque values. Comparing the results of
O1 and O3, it is seen that span angles are quite close to each other but at higher
values of k;. This suggests higher flux is flowing through the iron segments and
probably another reason of first barrier’s increased impact. Another important thing
to notice with reference to Figure 2.7, although a general increase in the iron losses
are seen compared to O2, it is possible to obtain low iron losses by fine-tuning the

barrier angles.

2.2.2.2.4 Further Discussion on Optimization Results

In order to further examine the optimization results, two designs are se-
lected for each optimization in the Pareto front solutions, one with the minimum
torque ripple and other having the highest torque. For the O3, 95 Nm torque con-
straint is neglected during Pareto calculation. Summary of these designs are given
in Table 2.3 in which rotor geometries, k;, average torque, torque ripple and core
losses are presented. Most noticeable difference, as previously mentioned, is the ro-
tor designs obtained with O2. In this case barriers are thinner then and much more
closer to the shaft. Another remark is the higher core losses with O1 designs due to
lacking objective to reduce them.

In addition to those, although O3 underperformed to reach the objectives
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Table 2.3: Sample designs and their performance from optimization results.

Optimization Design k; Tovg INm] | T, [%] | Piron [W]
O1 ‘ 0.26 92.87 8.98 552
O1 ‘ 0.28 93.81 10.6 555
02 ‘ 0.2 91.15 8.69 534
02 ‘ 0.22 92.45 9.76 540
03 ‘ 0.25 92.49 8.78 559
03 ‘ 0.3 94.54 9.98 538

it is seen that the highest torque design belonging to O3 is the general best solution
with the best compromise among the target functions. Obviously it is not fair to

directly compare the optimizations because eventually the additional torque con-
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straint imposed to O3 made possible due to O1, however it enlightens in such a way

that including specific constraints to an optimization can lead to better results.

2.3 Novel Barrier Shape with Increased Degrees of Freedom

In the previous section fluid barrier shape is described and used for rotor
design of a SynRel machine. This barrier shape, as defined by the Equations (2.1)
(2.2) (2.3) is symmetrical with respect to both d and g-axis (see Figure 2.2 and
Figure 2.3) and creating a more flexible shape, either directly in the sense of barrier
shape or asymmetric structure requires modifications. This is not only the case for
this type of barriers but also others, causing a limitation of shape.

Talking particularly about asymmetric barriers, unless the barriers for dif-
ferent poles are designed separately as in [13] and [25], a total change of defining
equations would be required to define the barrier shape. Asymmetrical barriers are
investigated in [26] by using polynomials to define barrier shape. In this study a
large number of variables (29 to 37) are used to optimize flux barriers for a SynRel
machine where the two sides of a flux barrier does not have identical end-point an-
gles. By doing so authors managed to obtain low levels of torque ripple. Another
study [27] also considers asymmetrical flux barriers with different end-point angles
and widths at two ends of the rotor. It is again found that with this approach lower
torque ripple values can be obtained compared to conventional fully symmetric flux
barrier shapes.

Increasing degrees of freedom for barrier profile, straight, circular and
hybrid barriers composed of both straight and circular barrier shapes are investi-
gated in [28] for PMaSynRel machines. Based on the comparison between three
different structures it is found that circular and hybrid barriers can perform slightly
better than straight barriers. In particular, for PMaSynRel applications hybrid barri-
ers might be preferable considering the ease of manufacturing for rectangular type
magnets.

As summarized above, using more flexible shapes for flux barriers other
than being limited to standardized parametrizations can prove useful. Two main
philosophies can be adopted to enrich design possibilities of the SynRel flux barrier

profiles. First approach is to increase degrees of freedom of a barrier shape which
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can be parametrized to fully control the shape of the whole barrier. Other approach
is to adopt a topology optimization where the flux barrier profile is not defined by a
closed form equation. In this section, first approach will be followed, proposing an
enriched parametrization providing additional degrees of freedom in order to inves-
tigate the effect of flux barrier’s shape on the machine performance. The proposed
parametrization makes use of cubic splines and defines barrier profile with a number
of control points. Explicitly, using splines to connect control points is advantageous
as the resulting shape is always unique, naturally smooth and with high degrees of
freedom over the whole barrier. Both SynRel and PMaSynRel machines will be
designed with the proposed barrier profile and trade-off between performances and
geometric complexities are investigated from electromagnetic and mechanical point

of view.

2.3.1 Parametrization of the Novel Barrier Profile

Proposed barrier shape is built on the fluid barrier shape. All the parametriza-
tion to form the fluid barriers as described in the previous section are valid and re-
quired. To form the new barrier shape ( will be referred as spline parametrization
and the fluid barrier shape will be referred as classical parametrization from now
on), m number of control points are defined on each classical barrier shape. After
the control point coordinates are known, they are connected together using natural
cubic splines. Splines are selected due their smooth resultant curve and easy control
within limits as they always pass through the control points.

The first step towards the spline parametrization is to have a complete
classical parametrization. In the previous section, the classical parametrization has
been described in detail and some choices regarding the number of parameters are
discussed. Number of total variables for flux barriers will be composed of param-
eters describing the classical parametrization plus spline parametrization thus will
lead to an increased number of variables. To limit this overgrow of number of vari-
ables, each barrier is first described by 2 -n; number of parameters, a and k; for each
barrier. The following steps describe the spline parametrization for a single barrier,

which remains the same regardless the number of barriers:

1. In Figure 2.8 a) flux barrier profiles following the classical parametrization
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a) b)

Figure 2.8: Description of spline parametrization.

steps are shown. With the defined value of k;, barriers are shown with black
lines and the blue lines show the maximum thickness limits of the barrier.
Similarly P2 corresponds to the end-point calculated with a. Red line between

the black lines shows the reference flux line.

2. The control points are shown with red dots in Figure 2.8 a). For each barrier
two sets of control points exist, first set of points are located in the upper half
region and the second set of points are located in the lower half region to form

two splines making up a barrier.

3. In order to maintain convex nature of the flux barriers, the position of the
control points is determined by the intersection of straight lines draw from P1
(middle point of the rotor point with an angle %). These straight lines are
shown with magenta colored dashed lines, and they aim to intersect reference
flux line shown with red. This way to extreme points for intersection becomes

end-point and P2 and the P3 in the middle.

4. For each drawn line, two control points are identified, on lower and upper
black colored flux lines which are representing the barrier lines found with
classical fluid parametrization. This creates 7 pairs of control points that lay

on the same straight line drawn from P1 where m is always an even number.

5. The control points shown with red dots have the flexibility to move between
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adjacent blue dots that are on the blue lines (barrier limits obtained with clas-

sical parametrization).

6. / P2P1P3 is known since it is related to the end-point angle,a, of the reference
line and it can be written as 90° - . To form m control points, % number of

straight lines have to be defined starting from P1 making an angle of:

_/P2P1P3 907 ¢
- m/2  m/2

(2.9

with each other. Straight lines can be expressed in the form of Equation (2.10)
with the slope as in Equation (2.11) and its constants Equation (2.12). For the

constant of the line ¢;, P1(,) and P1y) are x and y coordinates of the P1.

yi(x) =m;-x+c; (2.10)
mi:tan(l;g—ec-(i—l)) (2.11)
Ci:PI(y)—mi-Pl(x) (212)

7. It was previously shown that to form a flux line Equations (2.1) (2.3) (2.2)
have to be used. In order to find the intersection of a flux line and a straight
line Equation (2.13) has to be solved. However there is no analytical solu-
tion to this equation, because a flux line defined by C exhibits trigonometric
and exponential behaviour. To overcome this Equation (2.13) is solved using

numerical methods in an iterative way.

C(x,y) =mi-x+c; (2.13)

8. Control points shown with red dots have the freedom to move between ad-
jacent blue dots creating a straigh path on the lines characterized by Equa-
tion (2.10). The movement of the control points is parametrized based on
the path they can move in between. Each control point can have a value in
the range [-1 1] which decides their position on the line. Three important
positions of a control point happens at the value of -1, 0 and 1. When the

value is 0, it stays exactly on the black line meaning that it lays on the fluid
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barrier. Otherwise when the values are -1 or 1, it becomes on the lower and
upper blue dots respectively. In general, control points move towards lower

and upper blue dots based on its positive or negative value.

9. After the position of control points are identified, next step is to generate
piecewise cubic splines. For m control points there are (%3 + 1) points for
upper and lower part of the flux barrier and the additional ”+1” stands for
the end-point. By using these points, two sets of piecewise cubic splines
are realized for upper and lower parts of the flux barrier and they are joined

together. Each set of splines have 7 number of piecewise cubic polynomials.

An example showing the final barrier shape using a total of 10 control
points are shown in Figure 2.8. Values of the control points are randomly selected
for in the range [-1 1] for demonstration purposes.

With the intention of discussing the impact of different number of con-
trol points, various spline barrier profiles are generated with 6,10,20, and 30 control
points per barrier. This is shown in Figure 2.9 with increasing number of con-
trol points. Barriers obtained with the classical parametrization are also shown for
comparison. The values of the control points are again randomly generated and end-
points of barriers are the same. It is important to notice as the number of control
points increases as the complexity of the barrier profiles increase. Another point
of consideration is that, increased number of control points does not have the same
effect on each barrier’s profile because simply high number of control points lead
to somewhat disturbed shapes when the control points are located too close to each
other. Therefore, it would be beneficial in terms of controlling the complexity of
the barrier shapes to select the number of control points separately for each barrier.
A different impact would be from the design point of view. Using increased num-
ber of variables would require an undesired effect of longer optimization time. For
example although with any number of control points, spline barriers can converge

to fluid barriers, the time it would take to do so would increase.

2.3.1.1 Optimization of SynRel Rotor

In this section two optimizations will be performed to design the rotor of

a SynRel machine using two parametrizations, classical and spline parametrization.
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Figure 2.9: Spline barrier profiles formed with different number of control points per bar-
rier: a) m=6, b) m=10, ¢) m=20 and d) m=30.

Afterwards results will be compared and selected designs will be further analyzed.

General dimensions and properties of the machine have been previously
shown in Table 2.1 and they will be used in these optimization studies as well. Sim-
ilarly, stator will be kept constant. Optimizations will focus on rotor design with
specific targets on the torque and torque ripple. Optimization settings are summa-
rized in Table 2.4.

For the optimization of classical fluid barrier shape, 2 variables per barrier
a and k; are used making the total number of variables 6. Compared to 4 variables
used in the previous optimization ( Table 2.2), using separate k; values would effect
more flexibility and possibly enhance the final results. Considering this a constraint
on the average torque objective is added with a value of 98Nm.

Spline barrier’s parametrization is performed with a total number of 24
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Table 2.4: Optimization variables and objective functions.

Flux Barrier’s Variables

Parameter Classical Parametrization | Spline Parametrization
ka(1) [0.30.8] [0.30.8]
ka(2) and ky(3) [0.10.5] [0.10.5]
ke(1), k(2), k:(3) [0.10.9] [0.10.9]
Control points - [-0.9 0.9]
Total number of parameters 6 24 (6 + 18)
4, 6, 8 parameters
for control points

Objective Functions

Sf1imax Tyye, > 98 Nm
f2 Tmin Tripple7 <20 %
S2 imin Py

varibles. Six of the variables are directly coming from the classical parametrization,
a and k; for per barrier and the rest of them are the control points. Starting from
the outermost barrier 4, 6 and 8 control points are used. The number of control
points is selected such that shape of the proposed barrier profile does not get over
complicated to cause any problems in the mesh or lead to local optima during the
optimization, given the high search space dimension.

Objective functions for both optimizations are the same as presented in
Table 2.4. One of the targets is the maximization of average torque and the other
one is minimization of torque ripple. Additionally, constraints are put to search
towards designs having a torque value of greater than 98Nm and a torque ripple
value of less than 20 %.

A 2D FEA analysis is conducted for each design during the optimization.
Each of these analysis is run for one sixth of the electric period with 1° mechanical
steps. Current phase angle is kept constant for all designs at 60°. Optimization
routine is the same as previously described in Figure 2.4.

MOGA algorithm is selected for the optimization algorithm and total
number of designs for optimizations are selected based on the number of param-
eters to be optimized. For the classical parametrization, a total of 3600 designs
are considered through 60 generations having 60 designs each. Higher number of
variables for the spline barriers requires higher runs to converge hence a total of
21875 designs are evaluated with 175 designs in 125 generations. Initial population

for both parametrizations is generated via Sobol sequences to uniformly distribute
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variables in their limits.

2.3.1.1.1 Optimization Results

The results of the optimizations are shown in Figure 2.10 in terms of
Pareto designs. It is seen that two sets of results are comparable to each other
in terms of average torque and torque ripple. It can be inferred that the spline
parametrization can provide higher average torque meanwhile classical parametriza-
tion can provide lower torque ripple. Two designs are selected from each Pareto
front and are shown in Figure 2.10 with star marks. Designs are selected to have
almost the same value of torque ripple 9.8 % but with different average torques
to better investigate the difference between them. Average torque of the classical
design is 100.5 Nm and the spline design has 101.2 Nm.

Geometries belonging to two designs are depicted in Figure 2.11 drawn on
top of each other. Noticeably, the spline design has more air than classical design.
This is the main reason that spline parametrization offers better average torque as
it has the capability to increase the saliency ratio, enhancing the reluctance along
the g-axis, but without obstructing the d-axis iron path, as it would happen with the
classical parametrization.

The end-points for both parametrizations remain very close to each other
with some slight differences. Even they are minorly distant from each other, these

sets of end-points give the same torque ripple. This is reasonable and justified by

¢ Classical Parametrization | Spline Parametrization
* Selected Classical Design * Selected Spline Design
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g 10 * 7
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Figure 2.10: Pareto fronts of the optimizations
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Figure 2.11: Selected designs on the Pareto front

the fact that both fluid and sharp end profiles are saturating, confirming also with

[18].

2.3.1.1.2 Analysis of the Optimal Machines

Two designs shown in Figure 2.11 are further analyzed in terms of electro-
magnetic and mechanical performances. Electromagnetic analysis is re-performed
with a finer mesh with a wider range of current amplitudes. Currents increasing
from 10 to 160 A ¢4 18 analyzed with 10A steps. Exact MTPA condition is searched
for each current amplitude by sweeping current phase angle between 45° to 75 in
30 equally spaced points and the maximum torque points are calculated. For ex-
ample at the rated current conditions MTPA is found to be at 57.4 °. At this point
average torque values are 101.1 Nm and 101.6 Nm and torque ripple values are 10.5
% and 10.8 % for classical and spline designs, respectively.

Regarding the other electromagnetic characteristics of the selected de-
signs, average torque, torque ripple, flux linkages, inductacnces, iron losses and
power factor are shown in Figure 2.12. Each point in the curves corresponds to the
performance at the exact MTPA condition for the consecutive current.

Average torque for spline barrier design is around 0.4% higher than clas-
sical barrier design at around rated current conditions. Although this is the case for
nominal conditions, due to different saturation characteristics this value increases
to about 1.5% at higher currents. A similar effect is also spotted for torque ripple.

After the rated current towards higher current amplitudes torque ripple of the clas-
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sical barrier design becomes higher than spline design. In terms of flux linkages
and inductances in d and ¢ axes, classical design exhibits higher values. Since the
g axis flux is also higher, spline design is able to provide higher torque. This can be

explained by the well known torque Equation 2.14.

3
T:E-p-[zd-iq—zq-id] (2.14)

Another important point of consideration is the iron losses as given in Figure 2.12
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Figure 2.12: Selected designs on the Pareto front
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with increasing current amplitudes. Except for low current values, classical design
have higher iron losses than spline design starting from 60 A .. As a last remark,
power factor values are shown and compared. Power factor of the spline design is
marginally higher than classical design at all values of the currents.

Flux density distributions of two machines are shown in Figure 2.13.
There are differences between two flux distributions particularly in the rotor due to
the geometrical differences. Additionally effect of rotor geometries also reflected to
the stator as expected. Dissimilarities between two distributions are mainly caused
by two factors, first one is the shape and thickness of the iron segments and the
second is the different form of the end barriers region. Former has a more general
effect on the overall flux distribution and performances as the cross-section area of
rotor iron segments are primarily effecting the flux. Latter has a more local effect on
saturation focused on the tangential ribs. To be more specific it is effecting the value
of the maximum flux densities in this area. Due to sharp ends spline design have
higher maximum flux density with a difference of 0.2T. Comparing the average flux
densities region by region, in the rotor it is 0.97T for the classical design and 1.21T
for the spline design. Such difference happens because in general rotor of the spline
design has higher flux passing through its iron segments as simple there is less iron
compared to the rotor of the classical design. In contrast, average flux densities in
the stator are only slightly different with the values of 1.07T and 1.11T for classical
and spline design respectively. To comment on the saturation levels along with the
iron losses from Figure 2.12, it is seen that saturation levels of the spline design is
slightly higher than classical design nevertheless resulting iron loss is lower for the
spline design. One of the possible reason for this phenomena is the amount of total
iron with the classical design being higher and the other one is the less sinusoidal

flux density occuring in the iron segments.

2.3.1.1.3 Mechanical Considerations

As previously stated in Table 2.1 maximum speed of the application re-
quires reaching 10000 RPM. The aim of the optimization was to investigate the
torque characteristics of the new barrier shape so any high-speed operation is not
considered. However besides from the electromagnetic performance, which changes

with respect to speed, mechanical properties of the machine has to be there in order
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Figure 2.13: Magnetic field distributions of selected classical and spline machines.

to be operational at the maximum speed. To this extent mechanical performance of
the two selected rotor designs are investigated.

During the optimization only a 0.5mm tangential rib thickness is con-
sidered but this is not adequate for staying under the material stress limits at the
maximum speed of 10000RPM. Therefore additional structural ribs acting as sup-
port structures are added to the selected designs. Thicknesses of the radial ribs are
initially determined as discussed in [29]. From the outermost to innermost barrier,
1, 1 and 2mm thickness of bridge structures are added to the barriers of both rotors
on the g-axis. These are shown in Figure 2.14.

Validating the ribbed structure, 2D structral analysis have been carried out
by means of FEA at the maximum speed. Results are shown in terms of Von Mises
stress as given in Figure 2.14. Classical design has a maximum of 342 MPa stress
whereas the spline design has 620MPa. Considering the 460 MPa yield stress of the
laminated steel material, classical geometry satisfies this treshold with 1.33 safety

factor. In constrast, spline design can not achieve the desired level with a safety
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Figure 2.14: Mechanical analysis results: Von Mises stress distribution.
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factor of 0.74. The difference between the maximum stress levels mainly happens
because of the sharp and round end-barrier shapes which critically effects the nodal
stress values. Similar conclusions were also obtained for two end-barrier shapes
presented in [18].

In the end-region of the fluid barrier profile, forces acting to the end-parts
are uniformly distributed due to the rounded end-shapes. The same is not valid for
the spline barrier profile as almost the same forces act in a much smaller area, giving
rise to the maximum stress. On the other hand, when other parts are examined such
as the radial iron bridges, stress values are mainly the same. This is particularly
important because although there is less iron in spline profile design, similar stress
levels are obtained other than the end-regions.

In conclusion, the mechanical analysis tells that unless the end-shape is
changed, a higher amount of total supporting areas are required. The end-barrier
shape is not directly related to the other parts of the barrier such as the insulation
ratio which is directly related to the torque production therefore it can be modified.
However, in the case the rib thicknesses are increased, torque production capabil-
ity will be decreased and spline barriers will loose its advantage over the classical

barriers.

2.3.2 Parametrization for PM Assistance

The paremetrization explained in section 2.2 describes the general proce-
dure for building the flux barriers. However, it is often required to add PMs in the
sense of “assistance” to the pure reluctance machine to increase performance [10]
[11][12].

The simplest way to accomplish this is to fill the existing flux barriers with
PM material. By doing so, a SynRel rotor can be easily converted to a PMaSyn-
Rel rotor without any further modifications. On the other hand from practical point
of view, curved magnet shapes are often not preferred due to their manufacturing
process. For the classical and spline parametrizations these concerns do especially
exist. That being said, straight-segmented barriers are much more suitable for in-
troduction of PMs [30]. In this type of barriers any desired part of the barriers can

be filled with PMs, although generally, middle part is used.
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Another approach, also adopted in this work, is to remove a part of the
curved flux barrier and replace it with a rectangular shape so that PMs can be added.
The modification is shown in Figure 2.15. Initially the modification has been ap-
plied and shown for classical fluid barrier structure as eventually spline modification
is built on it.

In Figure 2.15 a) black continuous lines show the flux lines that actually
form the barrier and the blue continuous lines show the maximum possible thick-
ness limits of the barrier. To begin with, first the g-axis line which passes through
the middle of the barriers are realized. After that, another line parallel to the g-axis
is drawn. The perpendicular distance between two lines are determined by the pa-
rameter kpys which is typically in the range of [0 1] and is shown with dashed lines
with magenta color. This is then followed by the intersection of the newly drawn
line and the two lines forming the barrier. Two intersection points thus becomes the
two corners of the rectangular magnet. Since this structure is symmetrical about g-

axis, the opposite corners are also known. The only remaining process is to remove

‘
‘% ‘d .

Figure 2.15: Modification of classical parametrization for PM addition.
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barrier parts between two symmetrical intersection points for a flux line. With this
definition, length of the magnet along the g-axis becomes equal to the barrier at the
intersection points. It is further possible to adjust the thickness with an additional
parameter to bring more degrees of freedom.

Additionally, if radial ribs are to be considered, initially dedicated rectan-
gular PM area can be shrinked towards the g-axis. In that case, the thickness of the
magnet would become slightly smaller than the initial thickness.

Another point of remark is the determination of the maximum value of
the kpy=1. End-points of the upper flux line forming the barrier can be selected
as a reference, however it would be more practical to select points slightly moved
towards the g-axis on the rotor surface (shown with red circles) to ensure some safe
space for the flux barriers.

The final PMaSynRel structure is shown with Figure 2.15 ¢). Until here
the methodology is described for the fluid shape parametrization however it can
be extended for the spline parametrization. Based on the procedure explained in
section 2.3.1, control points can be defined on the remaining part of the flux barriers
and spline parametrization can be achieved. To this end, a limited number of control
points would be more suitable as the flux barrier area is now considerably smaller.
An example PMaSynRel structure is shown in Figure 2.15 d) where the blue dots
show the control points. Different from the initial spline parametrization, end-shape
of the barriers are made flat by considering a fixed length at the end-point region.
Additional PMaSynRel rotor examples created by using random valued parameters
are further provided in Figure 2.16 as an insight to show how utilizing splines can

lead to increased degrees of freedom for the formation of flux guides.

2.3.2.1 Optimization of the PMaSynRel Rotor

As done in the section 2.3.1.1, in this section as well two optimizations
are conducted to optimize the rotor for a PMaSynRel machine. Two optimiza-
tions utilizing the classical and spline parametrizations are carried out with mag-
nets to analyse and understand the effect of modifying the barrier shapes in case
of a PMaSynRel machine. A low grade, ferrite PM of Y30 is used as PM mate-
rial. Specifications of the machine has been previously presented in Table 2.1 and

the other analysis settings are also the same as the previous one. Same radial and
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Figure 2.16: PMaSynRel rotors generated using splines and randomly valued parameters.

tangential rib thicknesses previously discussed in section 2.3.1.1.3 are used as pre-
defined values.

Optimization settings are also mostly preserved compared to the previous
one presented in Table 2.4. With the addition of PMs each barrier has now one
additional parameter kpy, therefore total parameters for the classical parametrization

is 9. For the spline parametrization number of control points are selected to be 2,

Table 2.5: Optimization variables and objective functions.

PMaSynRel Flux Barrier’s and PM’s Variables

Parameter Classical Parametrization | Spline Parametrization
ka(1) [030.8] [030.8]

ka(2) and kg 3) [0.10.5] [0.10.5]

ke(1), k(2), k:(3) [0.109] [0.10.9]
kpm(1yskpm(2)-kpm(3) [0.20.6] [020.6]
Control points - [-0.9 0.9]

Total number of parameters 9 21 (9+12)

2,4, 6 parameters
for control points

Objective Functions

f1imax Tyye, <98 Nm
S imin Tyippe, < 20 %
fo i min Py,
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4 and 6 respectively for outermost, middle and innermost barriers. Based on the
number of variables to be optimized, total number of designs are 9000 and 18000
for classical and spline parametrizations. Objectives of the optimizations are to
maximize average torque and minimize torque ripple. A summary of the parameters

and objectives are further provided in Table 2.5.

2.3.2.1.1 Optimization Results

Optimization results are presented in Figure 2.17 a) in terms of pareto
desings. Average torque and torque ripple values of these are depicted in the figure.
Designs with spline barrier shapes achieve higher average torque than fluid barrier
shape by a margin of 4%. In addition there is a marginal improvement in torque
ripple when the lowest torque ripple designs are compared however in general sim-
ilar torque ripple levels are achieved. One of the spline designs is selected on the
pareto front on the having a good compromise between average torque and torque

ripple and shown in Figure 2.17 b). Comparing the results with the previous opti-
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Figure 2.17: Optimization results of the PMaSynRel with classical and spline parametriza-
tion: a) Pareto front, b) selected design.

mization for SynRel rotor design ( Figure 2.10) it is easily noticeable that increment
in terms of average torque is in the range of 4 to 7%. The first apparent reason for
that is the lack of radial ribs in the previous optimization which would in its pres-

ence cause an increase in the g-axis flux and cross-saturation leading to decreased
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torque. The other reason for that is the utilization of low grade ferride PMs which
is mostly contributing to increased performance in the field weakening region. In
order to elaborate on this three machines are further analyzed. The first one is the
selected PMaSynRel design optained with spline parametrization from Figure 2.17,
second one is the same one as the first but without magnets and the last machine is
the selected SynRel design obtained from Figure 2.10. Machines are first analyzed
in the dg current plane and their MTPA and maximum torque per voltage (MTPV)
operations are calculated. Three performance indexes, i.e torque, power and power

factor (PF) versus speed characteristics are shown in Figure 2.18. Although a direct
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Figure 2.18: Comparison of machine characteristics with and without PMs

comparison would not be fair as the SynRel machine is without the ribs, average

torque comparison yields similar values for PMaSynRel and SynRel machines. In
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particular, up to around 5500 rpm PMaSynRel and SynRel machines have very sim-
ilar values in terms of output power and PF as well. It can be deducted that up to
this speed, PMs mostly compensate for the performance decrement arising from
structral ribs. On the other hand, after this threshold speed PMaSynRel machine
overperforms. When current versus speed graph is investigated this threshold speed
is actually the limit after which the MTPV starts and current amplitude starts to
decrease. PF of two machines also show some similar trends and at the maximum
speed of 10000 rpm the difference reaches its maximum.

When the magnets are removed from the PMaSynRel machine, not only
torque but also output power and power factor is greatly reduced due to the presence
of ribs. It is also seen that MTPV starts at much lower speed compared to the other

machines.

2.4 Experimental Assesment

In this section experimental validation is carried out for the previously
selected PMaSynRel machine design from section 2.3.2.1 as shown in Figure 2.17.
Description of the test setup and the test procedure is first explained and then the
results are shared. Test results are compared to those obtained by means of FEA

and the discrepancies are discussed.

2.4.1 Skewing of the Rotor

The selected PMaSynRel machine has 106Nm of average torque and 17%
of torque ripple. With the aim of further reducing the torque ripple skewing is
applied to the rotor. The key here is to reduce torque ripple as much as possible
while trying to minimize reduction in average torque. Skewing is well known and
widely applied to electric machines of different types mostly to obtain a smooth
torque waveform. In [31] skewing is analytically investigated for SynRel machines
and it is discussed that a skewing angle equal to a slot pitch is the most beneficial
one. Of course this is based on neglecting the nonlinear behaviour of the machine
and can change when it is considered through numerical analysis. This aspect has
been investigated in [32] [33].

Another important point of consideration is the number of segments when
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applying discrete (step) skewing. A high number of rotor segments increase man-
ufacturing difficulty but additionally it gives rise to 3D affects caused by axial flux
flow. This effect has been discussed in [34] through comparison of 2D multi-slice
and 3D FEA. With these considerations number of skew steps are selected to be 3.

Choice of the skew angle is studied through a simple parametric optimi-
sation where skew angle is varied up to 1.6 times the slot pitch (10 ° mechanical
angle). The results of this study is shown in Figure 2.19. The skew angle which
gives the minimum torque ripple is found to be around 8 degrees and selected for

the application. At this amount of skewing, average torque decreases to 97.2 Nm.

110 T T T T T T T ] 15
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= | =
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Figure 2.19: Torque and torque ripple with respect to increasing skew angle.

2.4.2 Prototype Machine

Due to supply chain availability and time constraints to obtaining the Y30
grade ferrite magnets, it has been decided to assemble and test the prototype ma-
chine without permanent magnets. Due to the time limitations we had been facing,
despite the difficulties, it is decided to proceed with a motor without magnets.

Rotor of the prototype machine is shown in Figure 2.20 in the final as-
sembly process before being inserted into the stator. Three rotor stacks have been

put together obeying the skewing angle.

2.4.3 Test Procedure and Setup

A picture of the test setup is shown in Figure 2.21 where the load motor,

prototype motor and the torquemeter are labelled. Two inverters are used during the
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Shaft

Barriers

Figure 2.20: Rotor of the prototype motor.

tests, where each controls one of the motors. Load motor is used in speed mode
to adjust the desired speed and the prototype motor is used in torque mode. uCube
control platform which is developed and implemented within the research group at
the University of Nottingham is used to control the motors [35].

The primary aim of the experimental work is to obtain torque versus cur-
rent characteristics of the machine. For this purpose, dg current plane is divided
into a regular grid. With a number points defined for both current pairs (id, iq) with
8A steps a maximum of 80 A .4 is reached through a total of 100 grid points. The
test is performed at low speed, at almost one third of the rated current to be able to

neglect the effect of iron losses.

e — 1 51 W

|

Figure 2.21: Bench setup for the prototype machine.
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2.4.4 Results

Test results are given in terms of torque contours in Figure 2.22 in com-
parison with the results obtained by FEA. Additionally, current circles are shown
corresponding to current vectors. Constant torque curves are shown until 110Nm
and the machine produces about 90Nm when the supplied current amplitude is 80A.

It is observed that especially towards higher current levels, analysis results
overpredict the performance of the prototype machine. The discrepancy between
test and analysis results are lower at the more useful operating region where g-axis
current is higher than d-axis current but tends to increase mostly in the low g-axis
current area with high d-axis current. These differences can be explained mainly by
two factors, if measurement errors are neglected. One of them is the difference in
the geometry occuring due to manufacturing which alters the all performance and
the other being the different material characteristics of the lamination material.

However, in overall results stay in the acceptable margins. Particularly at
the rated condition of 82 A ., where MTPA for both machines are very close to

60, there is a 5.2% difference between the results.

‘@Analysis S50 Test =D Current Circle‘ Analysis = = = Test

80

100

N N (=) -
(el (] (=] (=]

W
S
Torque [Nm]

Q-Axis Current [A]

[\
(=]

—
(=]

(=]

0 20 40 60 80
D-Axis Current [A] Current Phase Angle [elec. degree]
a) b)

Figure 2.22: Test and analysis results: a) torque contours and b) torque versus current phase
angle.
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2.5 Conclusion

First chapter of the thesis focused on the design and optimization of Syn-
Rel motors with a particular interest in rotor design. Various optimizations are per-
formed with different objectives to comprehend their effect on the final geometry
and moreover a novel flux barrier structure is proposed to enhance characteristics
compared to conventional type of of geometry.

Starting with the previous work, a good summary of the literature is ob-
tained and state-of-the-art design techniques as well as common practices are dis-
cussed. Detailed explanation of geometry parametrization utilizing fluid shaped
barriers are given and the number of variables describing the geometry are exam-
ined. It is shown that it is possible to increase or decrease degrees of freedom by
connecting variables together or making them independent. With a medium num-
ber of variables (4) to describe flux barrier geometry, three different optimizations
are performed with different target functions and constraints. This study showed
that optimizations are quite dependent on the objective functions and considerably
affects the results. Distinctly, the effect of selecting minimization of iron loss as a
target function is revealed, showing that it can transform the results. On the other
hand, it is found out that considering the iron losses without a constraint on average
torque does not necessarily yields best results as in this case torque is decreased.
Instead, increase of average torque has to be further directed towards a limit mean-
while trying to minimize the iron losses.

After studying the fluid shaped barrier structures, a novel flux barrier
shape is proposed. The aim of this new structure is simple: to increase the geometric
degrees of freedom which can not be achieved by using classical parametrizations.
To achieve this a number of control points are introduced to classical parametriza-
tion and the new barrier shape is obtained through merging these control points by
using splines. An optimization study is conducted using both classical and spline
parametrization and with the expense of higher computational time, some minor
improvements are achieved through better utilization of design space thanks to the
spline parametrization.

Addition of permanent magnets to both parametrizations are then ex-

plained and spline parametrization with PM slots are used to optimize a PMaSynRel
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geometry with ferride magnets. For this study, using spline barriers was more ad-
vantageous and consequently one of the designs are selected for manufacturing.
During the manufacturing phase, some supply problems prevented to progress
as planned and the prototype machine has been built without PMs. Experimental
verification of the protoype machine is achieved and compared to the results ob-

tained through FEA. Results show that in overall a good match is obtained.

2.5.1 Possible Future Work and Improvements

For the extension of the conducted work, following points can be fol-

lowed:

1. Parametrizations can be further enhanced considering the manufacturing tol-

erances to obtain more robust designs.

2. Optimization of the SynRel machine can be done including the stator and
mechanical considerations for a more wholesome design approach. As an ad-
ditional point, multiple operation conditions and their effect on the geometry

can be investigaed.



Chapter 3

Topology Optimization for
Synchronous Reluctance Machine

Design

In this chapter, topology optimization (TO) is investigated for SynRel ma-
chines for a possible design and or refinement tool. After providing previous work
in the field, various optimizations are performed on a benchmark machine to evalu-
ate the effect of different topology related parameters. Results are thereby discussed
in terms of performance, feasibility and computation time. As a final remark, TO is

performed on an existing design to discuss its usage as a design refinement tool.

3.1 Introduction

Throughout the years, different design procedures have been applied to
design SynRel machines. These mostly focused on the rotor design as the torque
generation and other related performances such as power factor and efficiency is
dominantly effected by its anisotrophic geometry. Early studies mainly revolve
around analytical approaches to form flux barriers in order to maximize the saliency,
thus increasing the electromagnetic torque. Along with that, minimization of torque
ripple which is generally linked to noise and vibration is studied [8] [36] [37]. These
works provided a strong basis for future research where the FEM is adapted and
used with computation algorithms to effectively optimize the flux barrier shape.

Traditionally, optimization of a SynRel rotor aims to find optimum geometric pa-

46
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rameters describing a specific shape. As discussed in the previous chapter, different
flux barrier topologies exist however circular [16], fluid-shaped [38] and straight-
segmented barrier structures [20] [21] are most commonly stuied in the literature. In
[15], these different flux barriers are compared in terms of performance and time re-
quired to converge for an optimal solution and it is shown that each of them presents
advantages and disadvantages.

The optimization undertaken with specific geometric parameters for a cer-
tain shape is proven to be a very effective design approach for reaching the objec-
tives in a limited time frame. On the other hand, the parameters being related to a
single structure naturally limit the exploration space. Even in the best condition that
global optimum is achieved with a parametric optimization, it is not necessarily the
best solution among other geometric structures. For this intriguing problem, using
TO can be a key as it is not limited by any pre-defined shapes. It aims to find the
optimal structure based on the distribution of materials rather than template-based
geometries.

TO is originated from mechanical design prospects. Among the initial
works, a practical application based on the homogenization method (HM) is pre-
sented [39]. A modified version of this method is proposed in [40] and thus TO
is introduced to electromagnetic devices. Since then, an increasing interest has oc-
curred and many methodologies have been developed while some are combined to-
gether to design electrical machines. Among the different methods, On/Off method,
density method (DM) and level set method are the most popular ones. The idea be-
hind the On/Off method, as the names suggests, is to simply turn on and off the
materials for a given discretized design space. This is shown with a basic example
in Figure 3.1 a), where a design space is represented with a 5x5 rectangular grid.
Assuming that only two materials are considered, blocks shown with black color
(=1) represents iron and the ones shown with white (=0) represents air. The number
of materials can be increased for more complex problems. For the discretization
of the design space, since the common practice is to use FEM in electromagnetic
analysis, a practical approach is to directly use finite elements. It is important to
underline that discretization has a tremendous effect in the On/Off method. Reso-
lution of the design space can be increased or decreased by changing the number

of elements. As a result, one can assume a better solution can be obtained but this
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a ) On/Off method b) DM

Figure 3.1: Description of design spaces usuing On/Off method and DM.

brings computational complexity to the design problem. Total number of possible
material distributions exponentially increase and can be shown with the formula
m¢" where m,, stands for number of materials and e, is the number of elements. For

225 varieties

m,=2 and n,=25 as in the shown example of Figure 3.1 a), there are
of the final design space with different distribution of materials and in that number
it is possible to find global and local optimums. Using On/Off method, PM poles
of a surface permanent magnet (SPM) machine is studied in [41]. An area is dis-
cretized into 100 quadrilateral elements and two materials, PM and air are switched
on or off to find the optimal distribution. A heuristic algorithm is used for the op-
timization, relying on a simple updating scheme. Two different optimizations are
performed with these settings, one starting from a full PM design space and remov-
ing PM materials and the other starting from a design space composed of air and
adding PM materials to it. Expectedly, these two optimizations produce different
sub-optimal results, with the optimization starting from full PM design space per-
forming better. Obviously between these two cases initial solution composed of PM
is much closer to the target functions ( maximising induced voltage and reducing
reluctance torque) and produces much more feasible results. Later another set of
optimizations are undertaken with an additional iron material. In these ones, much
complicated structures are obtained which would only be possible to manufacture

using composite materials.

A SynRel machine is optimized in [42] using a stochastic algorithm, i.e
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genetic algorithm. Starting from a simple structure resembling three layers of flux
barriers, TO was applied to optimize a full rotor. Because the design space was
discretized into quadrilateral elements, a smoothing process is introduced to the
final design to smooth sharp corners.

A variant of the classical On/Off method is used in [43] by employing nor-
malized Gaussian network. In this method, rather than controlling material of each
cell individually, a number of Gaussian functions are used to determine the materi-
als therefore enough number of Gaussian functions need to be used to well-cover the
design space. Additionally by using two Gaussian networks, it is possible to obtain
four different materials. Authors use paralleled local search algorithm together with
genetic algorithm to accelerate optimization progress. Optimization focuses on an
IPM motor which can have two different magnet materials, iron and air. Optimiza-
tion settings related to number of Gaussian functions, their sizes and intersections
are studied by means of different optimizations considering both magnetic and me-
chanical objectives. According to the results higher number of Gaussians with good
amount of intersections tend to result in better distributions. Later this study is ex-
tended to also optimize a SynRel rotor [44] where an outcome of the optimization is

shown in Figure 3.2. Gaussian network based On/Off topology optimization is then

Figure 3.2: SynRel rotor structure obtained by TO process as presented in [44].

used in another study [45] for design of a line-start SynRel machine. Clear repre-
sentation of Gaussian functions and shape production are presented in this work as
shown in Figure 3.3. Authors use initial screening during optimization to identify
if the obtained shape is one-piece or not. Only those feasible are then admitted to
the second phase where a steady-state analysis takes place. After this stage, third
stage which is the transient analysis phase begins to make sure starting torque can be

reached for self-starting. Only the designs which are obeying the objective functions
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are subjected to the transient analysis due to high computational burden. Although
the number of variables are much more decreased (40 Gaussians) with the adaption
of Gaussian network, total optimization time is noted to be one and a half months.
As an extension of this work, a similar optimization approach is adapted to design

line-start, internal permanent magnet (IPM) machine in [46]. Amongst the other

Figure 3.3: Shape production based on Newton Gaussian Newtork as presented in [45].

methods, DM found itself a good place in the literature along with On/Off method.
One of the root works investigating this method has been presented in [40]. In the
study it is referred as “optimized material distribution”, but ’density method” and
’solid isotrophic matrial with penalisation” (SIMP) are also used in the literature.
DM can be thought as a different implementation of the On/Off method. Instead of
elements that can have material properties varying between two extreme points such
as 0 and 1 they can attain also the values in between. This is shown in Figure 3.1 b)
where some cells are colored in tones of gray with values between 0 and 1. These
are called intermediate materials and are basically neither air nor iron but somewhat
in the middle with respect to their value.

The number of variables to be optimized using DM is high due to to the
fact that it represents the material properties of the cells that make up the design
space. Nevertheless as opposed to On/Off method variables are continuous. This is
particularly important as derivative based optimization algorithms can be effectively
used. In fact, most of the recent studies utilizing this method relies on the gradient-
based optimization algorithms due their fast convergent nature. With this being
said, a certain direction needs to be found with gradient-based algorithms, thus
sensitivities are required to be known. To find the derivative for each variable with

numerical methods such as finite difference methods require running the analysis
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for each variable creating immense computational burden. For this reason, adjoin
variable method (AVM) is frequently implemented to calculate sensitivities. Using
AVM, it is possible to obtain sensitivities with a single evaluation of the objective,
greatly reducing the computational burden [47].

DM is applied to a simple C-core actuator system using multiple design
spaces with different materials in [48]. Sequential linear programming (SLP) is
used as the specific optimization algorithm. Air, iron, PM and coil distribution are
the design space materials for maximising the force.

Optimization study of a magnetic coupler is studied in [49]. In this study
element sensitivities are obtained using finite difference method. Different inter-
polation schemes between materials are considered by controlling the exponential
term named the penalization coefficient. Effect of changing this variable to the final
results are discussed.

Interpolation formula is shown with Equation (3.1), where p is the per-
meability of vacuum, p, is the relative permeability, p is the normalized density
between 0 and 1 and 7 is the penalization coefficient. In general this interpolation
scheme is known as polynomial scheme and degree of the polynomial can be con-
trolled with n. Other interpolation schemes are also used in various studies and are
summarized in [50]. For the sake of clarity, interpolation scheme with increasing
value of the penalization coefficient is shown in Figure 3.4 when mu,=1000. Use
of penalization coefficients higher than 1 is generally considered to minimize in-
termediate materials. Clearly, using an increased number of n pushes p to become

1.
ti = pol1+ (uy—1) pi"] (3.1)

In another study, an actuator and a PM model are optimized [51] . TO problems
are repeated using different initial values ( for example starting from p=0, p = 0.5,
etc...) and results show that this has a marginal effect on both objective value and
final geometry. Penalization coefficient is also analyzed in the aim of removing
the intermediate materials however this approach ended up to create convergence
problems.

A switched reluctance machine (SRM) is studied in [52]. In this study

instead of using AVM or finite difference method to obtain sensitivities, analytical
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Figure 3.4: Various interpolation schemes characterized by increasing values of the penal-
ization coefficient for permeability mappingn.

sensitivities are used. Both stator and rotor of the SRM are optimized considering
also the drive parameters as optimization variables. Compared to the initial model,
torque ripple is successfully reduced with some decrement in the average torque.

An IPM machine has been optimized by using method of moving asymp-
totes (MMA) as the primary algorithm. AVM is used for obtaining the sensitivites
with respect to average torque and torque ripple. Two different magnet placements
are initially chosen and kept constant through optimizations. Special consideration
is given to eliminate intermediate materials by using an additional filtering objec-
tive.

One of the extensive works revolving around SynRel machines is pre-
sented in [53]. With the aim of improving the sensitivity based nature of the DM
and to converge towards a smooth material distribution, authors start from a design
space with random hollow circles. A sensitivity filtering is further applied and dif-
ferent results with different filtering radii is shown. It was shown that by using a
larger filtering radius it is possible to obtain more manufacturing friendly structures.

Three dimensional (3D) TO is applied first to an electromagnet and the
pole head of a salient pole synchronous generator in [50]. Author here uses an addi-
tional objective function, called filtering function, to effectively reduce the amount
of intermediate materials.

A coupled magneto-structural TO is applied to wound field synchronous
machines to optimize its rotor, focusing on the winding and the core area in [54].

Results obtained using TO is compared to results obtained through a conventional
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parametric optimization and it is shown that better and feasible results are possible.
Later a similar method is applied to the design of SynRel machines [55] with and
without pre-formed rotor bridges.

In the light of previous work available, it is safe to say that TO is already
a popular topic not only in simple electromagnetic devices but also in complex ones
such as electric motors. While there are a number of works focusing on electric ma-
chines, there are still a few studies focusing on SynRel machines. When complex
anisotropy requirements of this specific machine type is considered, obtaining an
optimal solution using TO is even more challenging compared to parametric opti-
mization. On the other hand, TO can hold invaluable insight for SynRel machines
as it can remove the boundaries of classical parametric design routines.

In this part, through the analysis of various optimization settings, usage
of DM based TO is investigated for SynRel rotor design. As a distinguishing factor,
a number of optimizations are performed on a benchmark machine and effect of
critical parameters are addressed. Effect of mesh structure, initial density, penal-
ization coefficient and optimization objectives are deeply investigated compared to
a benchmark machine obtained with parametric optimization. Additional work is
also provided to elaborate on the usage of TO as a design refinement tool through

application on an already optimized design space.

3.2 Methodology

A commercial FEM software, JMAG Designer, is used throughout this
chapter. It is selected to be used due its implementation of DM and other electro-
magnetic analysis capabilities. To perform a DM based TO, it is required to have
internal control over FEM solution steps. Instead of going through complex and
time-consuming development of an in-house FEM package, it is found to be appro-
priate to proceed with an existing software. In JMAG, finite elements are directly
used as cells which can attain different material properties for DM. These are the
center of TO as they act as sole variables of the optimization. A modified version
of the interpolation formula previously shown with Equation 3.1 is used internally
and given by:

vi=vo [L+ (v —1) pi"] 3.2)
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In this interpolation function, reluctivity is used and interpolated instead of perme-

ability. In Figure 3.5, Equation (3.2) is shown with increasing number of 7.

]
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Figure 3.5: Various interpolation schemes characterized by increasing values of the penal-
ization coefficient for reluctivity mappingn.

Maximum value of reluctivity is taken as 1/1000 to be easily compared
with Figure 3.4. This value is reached when p becomes equal to 1. Distinctively in
reluctivity mapping (for n >1), for the low values of p, relative reluctivity becomes
close to air reluctivity. This basically creates a possibility to greedily push p to
become closer to 1. The effect of using reluctivity mapping instead of permeability
mapping is discussed on case problems in [56]. Based on the findings, authors de-
duce that using reluctivity mapping smoother sensitivities can be obtained leading
to less intermediate materials. All the optimizations that are conducted considers
the nonlinear behaviour of the materials. In contrast to Figure 3.5, which is created
for demonstration purposes, reluctivity is in fact a function of flux density changing
with respect to material properties. Additionally, symmetrical rotor poles are con-
sidered through mirroring the mesh thus variables between two sides of the middle
axis ( g-axis). It is possible to consider the full rotor with or without periodicity to
come up with asymmetrical pole structures however this aspect is not considered
as the aim is to investigate other properties of TO. The optimizations will be per-
formed based on gradient search meaning that after the sensitivities are computed
using AVM, material densities will be appropriately changed with respect to the

objectives.
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Figure 3.6: Benchmark SynRel machine obtianed with parametric optimization.

3.2.1 Benchmark Machine and Analysis Settings

Results obtained through execution of TO are intended to be compared
with a machine designed using a traditional, parametric optimization. For this pur-
pose, the selected machine design (classical parametrization) from Figure 2.10 is
used. General dimensions of this machine has already been given in Table 2.1 and
the resulting geometry is shown in Figure 3.6. For the optimizations that will be
presented onwards, one sixth of the electrical period is analyzed with 1° mechani-
cal steps. A current phase angle of 60° electrical degrees and a current amplitude
of 82A cqx 1s used. It is worth mentioning that, in these conditions benchmark ma-
chine produces 100.8Nm and 7.3 % torque ripple due to slight differences between

material property definitions in Ansys Maxwell and IMAG.

3.3 Optimizations Starting from an Empty Design Space

In this section, effect of mesh intensity, initial design space material prop-
erties, penalization coefficient and objective functions will be investigated. All the
examinations will be performed starting from an empty geometry. Only maximiza-
tion of average torque will be considered but after that another case study with
minimization of torque ripple will also be provided. Although a structural analysis
is not performed during TO, a bounding layer which is not included to design space
is included. This way it is guaranteed all results have the same tangential rib of

0.5mm, which is also the case with the benchmark machine.
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3.3.1 Effect of Discretization

Discretization, in this case finite element mesh, directly affects the perfor-
mance of any conducted analysis. Normally when there is a geometry, performance
of the mesh is measured as the ability to represent the geometry. Additionally,
mesh settings are often changed for different parts of the geometry with respect to
any foreseen sensitive parts. An example for this is the concentrated mesh in the
airgap region for electric machines. Moreover, there is a tradeoff between the num-
ber of elements and the performance in terms of computation time. After the mesh
is saturated enough, electromagnetic performance does barely change with respect
to increasing mesh but increases the computation time. In the case of TO, a simi-
lar trade-off does exist between the computation time and resolution of the design
space. The concern here would be to obtain a mesh fine enough so that TO will
not be restricted to produce satisfactory results within time limitations. To examine
this effect, four different mesh intensities are set and analyzed. Sides of the trian-

gular mesh are increased starting from a maximum length of 0.25mm to 2 mm with
0.25mm steps. Minimum and maximum cases are shown in Figure 3.7. Total mesh

size on the left is around 7000 elements and on the right it is around 88000. Using
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Figure 3.7: Maximum and minimum mesh densities used for optimization; maximum
length of: a) 0.25mm and b) 2mm.

four different mesh intensities, TO is performed with the objective of maximizing
average torque. Penalization coefficient in this case is 1 and initial density for the
design space is 0.9 (very close to iron). Number of iterations were limited to 300

for each model, even though the computation time was dominantly determined by
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Figure 3.8: Optimization results considering different mesh settings.

mesh density. Optimization results are shown in Figure 3.8 which depicts iteration
and computation time versus average torque. Models with a maximum mesh length
of 1 and 2mm reach their knee points (the point after which there is only incremen-
tal gain) at around 30" iteration where the others reach this treshold around 45",
This might be insignicant in terms of iteration number though it says that sensitiv-
ities of cells with respect to material are lower thus the speed which they evolve is
also lower. The best cases result in 97.5, 97.2, 94.7 and 93.2 Nm average torque
for decreasing mesh intensity. With the increased resolution of the design space,
it became possible to obtain better designs by compromising the computation time.
Quantitatively, there are 31 hours of difference in time and 4.5% difference in torque
between 0.25mm and 2mm mesh. Distribution of material and flux densities of the
best designs are given in Figure 3.9 to show the converged topologies that resem-
ble flux barriers. Even though a bounding outer frame is used, models with 0.5
and 2mm mesh do not have a feasible mechanical connection to the frame. This
points out the need to add further constraints to the optimization process related to
manufacturing feasibility or a refinement stage in order to make the optimal solu-
tion feasible. Nevertheless, among analyzing all the optimal solutions, it is evident
that there are negligible amounts of intermediate materials that do not represent any

major challenges for shape definition.
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Figure 3.9: Material and flux density distributions for optimization results with increasing
mesh intensity: a) 0.25mm mesh material distribution, b) 0.25mm mesh flux density dis-
tribution, ¢) 0.5mm mesh material distribution, d) 0.5mm mesh flux density distribution,
e) lmm mesh material distribution, f) Imm mesh flux density distribution, g) 2mm mesh
material distribution, h) 2mm mesh flux density distribution.
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3.3.2 Effect of Initial Density

Initial distribution of material properties in the design space is another
important factor in the TO. This parameter basically determines the initial solution
that the optimization will build on. To investigate its effect on the final perfor-
mance and material distribution, a design space using 1 mm mesh is used. The
reason for selecting this mesh intensity depends on the previous results where rea-
sonable computation time and a good overall performance is obtained compared to
others as shown in Figure 3.8. Three different optimizations are performed start-
ing with initial density values of 0.2, 0.5 and 0.9 where the penalization factor is
1 for all the cases. Results of these are shown in Figure 3.10. Marginally differ-
ent average torque values are obtained as 94.3, 95.2 and 94.7 Nm for increasing
initial densities. Although final torque values are similar, from convergence point
of view; starting from a design space whose material properties are closer to air
required higher iterations to reach the knee-point. This behaviour can be explained
by the low sensitivities obtained in the early stage of iterations encountered with
low densities. Distribution of material densities are shown in Figure 3.11, Upon
investigation, it is seen that best designs obtained with initial densities of 0.2 and
0.5 have more intermediate materials compared to the one starting from more iron
like material distribution. Moreover, in these two cases although some iron is ob-
tained towards the shaft, there is barely a proper connection between the parts other
than the bounding frame. In reality, flux is only flowing through first and second

segments because the iron path created with the aid of bounding layer is saturated.
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Figure 3.10: Optimization results considering different starting densities.
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It can be said that, the bounding layer is acting as a limiting aspect, but actually
the more general explanation is probably the lack of any objective pushing towards
low torque ripple. In this case of torque maximization objective, a two piece iron
segment was enough to generate torque and the whole optimization evolves corre-
spondingly. Apart from these observations, it is clear that the initial starting point
has only a little effect on the objective values. A similar conclusion was presented in
[51], though the target device in that work is a magnetic shield which has relatively
less complex geometric requirements. Combining all these results and considering
the material distribution is affected by the complexity and nature of the problem,
there seems to be not a major effect of initial density at least in the case a total
uniform initial distribution. However it would not be appropriate to generalize this

effect for different electromagnetic devices.
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Figure 3.11: Material distributions for optimization results with increasing initial densities:
a) p=0.2,b) p=0.5, c) p=0.9
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3.3.3 Effect of Penalization Coefficient

The exponential term in Equation (3.2) has the possibility to produce bet-
ter results by changing the gradient at which the material properties change. To
assess this dependency a number of optimizations are performed on the 1mm mesh

model starting from a design space of p=0.9. Starting from a penalization coeffi-

100 -

£ 80
Z,
)
g 60 —n=1, Torque=94.7 Nm
5 —n=2, Torque=86.9 Nm
T, 40 n=3, Torque=87.8 Nm
%D —n=4, Torque=87.9 Nm
§ 20 —n=5, Torque=88.1 Nm
< n=10, Torque= 89.3 Nm

0 —n=20, Torque=89 Nm

0 50 100 150 200 250 300
Iteration

Figure 3.12: Results of optimizations with different penalization coefficients.

cient n=1, a total of 7 cases are considered. The results of these optimizations are
shown in Figure 3.12. Clearly values of n=10 and n=20 are extreme situations as
shown previously in Figure 3.5. Actually, initializing the design space with p=0.9
for all values of n can be considered as an unfair practice due to the fact that p=0.9
for increasing n means that material properties become much more like air. Based
on Figure 3.12, it is possible to see this as a reflection because with the increasing
n the number of iterations required to reach the knee-point increases.

Material distributions for the best cases are given in Figure 3.13. Apart
from the case n=1 which is not in this figure but the same as the one shown in
Figure 3.11 c¢) and n=20, all distributions resemble each other. There seems to be
tendancy of increasing intermediate materials with increasing penalization factor.
However, from Figure 3.5 it is also known that with the increasing n, material prop-
erties become increasingly more like air. It might be possible to further increase the
number of iterations to obtain less intermediate materials but evidently, increasing
the penalization coefficient with the starting density of 0.9 worsens the objective
result. Based on the fact that initial density changes with respect to the penalization

coefficient, some additional optimizations are performed to examine the effect of
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creasing n: a) n= 2, b) n=3, ¢) n=4, d) n=5, e)n=10, f)n=20.
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both initial density and penalization factor. Initial densities of 0.2, 0.5, 0.7 and 0.95
are selected together with penalization coefficients of 2, 4 and 10. The results of
these optimizations are presented in Figure 3.14. With these cases, unlike the ones
obtained in Figure 3.12, it is seen that some higher torque values are obtained. It is
seen that for different values of n, increasing initial density leads to different solu-
tions due to their changed material characteristics. Material distributions belonging
to highest torque best cases are given in Figure 3.15. Material distributions actually
point out that all distributions are very similar from magnetic point of view as the
flux flow is only achieved through two segments. Besides, apart from the distri-
bution obtained with n=10 p=0.7 all distributions look alike. Additionally average
torque of these designs are extremely close to each other however when n increases
amount of intermediate materials increase. Combining with the results shown in
Figure 3.14 and Figure 3.11, it can be deduced that for this case of a SynRel rotor,

n=1 and n=2 yields best results.
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Figure 3.14: Results of optimizations with different penalization coefficients and initial
density.

3.3.4 Effect of Torque Ripple Minimization

The optimization of torque ripple is generally more challenging than opti-
mizing average torque alone, as a smooth torque waveform corresponds to a smooth
flux distribution in the air-gap for a number of positions. Moreover taking into ac-
count the evolution of average torque from previous optimization results, evaluation

of torque ripple is also different since the average torque will start from a very low
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value and increase over time.

For this reason, number of iterations for this study is increased to 1000. A
total of four optimizations are performed with 1 mm mesh model and one optimiza-
tion with 2 mm model. For the 1 mm mesh model, penalization coefficients of 1, 1,
2 and 2 are used with initial densities 0.5, 0.9, 0.2 and 0.5 respectivelty. As for the
2mm mesh model penalization coefficient is 1 and initial density is 0.9. The best of
both optimizations considered as the one with the highest average torque with the

lowest ripple, are shown in Table 3.1 and Figure 3.16. One of the most important

Table 3.1: Optimization results with torque ripple objective.

Mesh || n | p | Average Torque [Nm] | Torque Ripple
1 1105 90.08 7.25
1 1109 92.1 6.3
1 2102 84.4 6.3
1 2105 95.17 2.2
2 109 92.3 4.6

outcomes of adding minimization of torque ripple as an objective is seen as the for-
mation of additional air segments which were not existent in the previous results.
For the designs with 1mm mesh and n=1, reduction of torque ripple is achieved by
a cut-off like structure as shown in Figure 3.16 a) and b). Material distribution ob-
tained with n=2 and p=0.2 seems to be umcomplete with the lowest average torque
compared to others. However starting with n=2 and p=0.5, a clear two barrier struc-
ture with an additional cut-off like empty space is obtained and the highest torque
is obtained with these settings as 95.17 Nm. For the 2mm mesh model, flux flow is
distributed into the rotor from three different points. This is similar to a three flux
barrier SynRel design obtained through a parametric optimization. Evidently, the
most feasible design seems to be the one obtained with 2mm mesh model, though
the non-existence of a feasibility objective prevents to comment on this aspect as

the aim is not obtaining a robust structure.

3.4 Optimization Starting from a Non-Empty Design Space

In the previous section, various optimization settings are addressed start-
ing from an empty design space. The aim in this part, is to find answer to the

question: can a traditionally optimized geometry be refined through TO?
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For this purpose, the rotor of the benchmark machine is used with its three
flux barrier optimized geometry ( shown in Figure 3.6). An important point is that,
the flux barriers of the benchmark machine is fixed meaning that TO will directly
add onto it. A single objective of average torque maximization is considered and the
maximum number of iterations are limited to 300. A total of six optimizations are
performed with lower and higher meshes with different penalization factors and ini-
tial densities. These, along with results are presented in Table 3.2. As it was the case

Table 3.2: Optimization results starting from an already optimized design space.

Mesh || n | p | Average Torque [Nm] Torque Ripple
low || 105 101.62 11.84
low || 1]09 102.08 7.46
low || 2102 95.79 28.84
low || 2|05 99.02 20.00
high || 1 | 0.9 102.3 6.5
high || 2 | 0.5 91.7 30.00
Parametric optimization, Average Torque= 100.8Nm, Torque Ripple=7.3 %

with previous optimization studies once again it is seen that effect of optimization
settings are subject to the optimization problem. Specifically when n=2 results are
unsatisfactory. The reasons for such results can be identified by examination of ma-
terial distributions shown in Figure 3.17. With the designs with n=2 it is observed
that the shape of middle and innermost barriers are greatly changed. Additionally
the end-point area of outermost and middle barriers are also much thicker than the
original case which caused torque ripple to increase. Also in the case of using finer
mesh when n=2 and p=0.5 the innermost segment is completely eliminated.

On the contrary, in all the designs where n=1 an improvement in terms
of average torque is obtained. The most improvement is obtained when n=1 and
p=0.9. In this case average torque is increased by 1.5 % and torque ripple is re-
duced to 6.5 %. It can be clearly seen that the outermost and middle barriers have
only minor changes in the shape while the innermost barrier is enlarged towards the
shaft. This increase in the total ratio of air to iron thickness in the rotor is the reason
for the torque increase due to better exploitation of soft magnetic material. As a
result, a minor performance increment is obtained by applying TO as refinement
tool. The underlying significance of this change in the performance is the fact that
when using the parametric expression of the geometry, it is not possible to achieve

such a shape, unless certain modifications are made to increase the geometrical de-
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grees of freedom. Interestingly, this newly obtained shape somehow resembles the

optimization result obtained with spline parametrization as shown in Figure 2.11.
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Figure 3.17: Material distribution of optimization results starting from an already opti-
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3.5 Conclusion

After going into the details of geometric design and optimization through
parametrization of flux barriers in chapter 2, in this chapter design possibilities us-
ing a completely different approach is employed. Using one of the TO methods,
i.e DM, design possibilities are investigated. The work on TO starts with a detailed
literature view on TO and its evolution throughout the years. Focusing on On/Off
method and DM, the previous work applied to electromagnetic devices with a focus
on electric machines are reviewed. Due to the fast convergence nature of the DM, it
is selected to be used in this study considering also its availability as a tool. Using
DM, but also in the general TO approach, final results are shaped by the optimiza-
tion settings as they are actually the only variables to adjust. These settings, namely
discretization of design space, properties of material interpolation and objective
functions are studied on to understand their effect and possible benefits.

To start with, effect of mesh on the final material distribution are investi-
gated. It is found out that by increasing the design space resolution it is possible to
obtain better designs at the cost of increased computation time. Obviously this is
prone to change based on the target device and even better results can be obtained
with a finer mesh regarding a different machine or electromagnetic device. Other
optimization variables, initial density and penalization factor are then looked into
as they are two major internal settings of the DM based TO. Since there is a strong
dependency of initial density to penalization coefficient, they have to be evaluated
together. Results show that high values of penalization coefficients are harder to
control due to their exponentially increasing steepness and moreover they tend to
increase intermediate materials. Best cases are obtained with values up to 4 or 5.
For the initial material properties of the design space, though varies with the penal-
ization coefficient, it seems that around 0.5 is a good choice. Particularly for higher
penalization coefficients, starting with a high value of initial density (close to 1)
leads to poor results which is a cause of material properties being too close to iron.

A major change in the results are obtained when minimization of torque
ripple is added as an objective function. Compared with the cases when it was not
considered, inclusion of this objective lead to structures resembling multiple flux

barriers.
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It is an important realization that, none of the optimizations starting from
an empty design space resulted better than a parametrically optimized geometry.
However, formation of barrier-like structures starting from an empty design space
is quite valuable.

As a last remark, design possibilities starting from an already optimized
design space is investigated. This is achieved by using a parametrically optimized
geometry which was previously obtained in chapter 2. The outcome of this exami-
nation is quite positive, as some minor improvements are obtained compared to the
initial design.

Finally, it has to be underlined that, almost all optimizations starting with
an empty design space produced unfeasible structures. The aim of the optimizations
were to investigate individual effects of optimization settings and to possibly obtain
non-conventional shapes which were not possible by means of geometric shape
design, however it is an important point to realize that mechanical aspects have to

be considered when TO is used.

3.5.1 Possible Future Work and Improvements

Some possible future work are summarized as below:

1. A more sophisticated optimization algorithm can be employed to handle dif-

ficulties encountered during TO.

2. Results obtained by TO can be enhanced and more feasible structures can be

obtained by taking mechanical aspects into account.

3. A design space starting from a randomly distributed initial density might be a
good idea to investigate. By doing so there is a good chance that more of the

design space is utilized effectively.

4. Although only rotor of a SynRel motor is considered in this work, design of
an IPM or PMaSynRel structure could be interesting. Flux guides that are

normally geometrically parametrized can be formed through DM.



Chapter 4

Magnetic Equivalent Circuit

Modelling

This chapter focuses on analysis of electric machines by means of MEC.
Starting with the literature view, an overview of the current state of art and motiva-
tion is explained. After that, the modelling principles of a network type MEC will
be given. Comparative study will then be presented between results obtained by

FEM and MEC to show capabilities of the MEC.

4.1 Introduction

Design and analysis of electromagnetic devices, in particular electric ma-
chines, constitutes a complex and nonlinear problem where FEM is primarily used
as an analysis tool. Typically, an analysis using FEM is composed of pre-prossessing,
solving and post-processing. During these processes, first of all definition of geom-
etry, materials and excitations are done and then solution takes place. Later in the
post-processing stage all required quantities are calculated thus an analysis can be
said, completed. However, in order to complete an electric machine design, a num-
ber of analyses need to be conducted with the aim of finding the most suitable design
with respect to target application. The number of required analyses depend on the
application and its complexity. For example, traction applications are rather tan-
gled due to their performance requirements for more than one operating condition.
Therefore, it is required to have more than one analysis for each motor design to

compute its performance. As a consequence, time spent on each design candidate
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becomes a critical parameter. Computation time of FEM based design processes
can become prohibitive when such demanding applications are of interest. For this
reason, designers and researchers conducted considerable amount of studies to seek
for alternate methods throughout the years. One of the outcomes of these work is
the equivalent circuit approach where magnetic quantities are represented with their
electric counterparts in an electric circuit. A very simple representation is shown
in Figure 4.1 where resistance, current and voltage are replaced by reluctance, flux

and MMF.

Resistance R = % p=resistivity, [ =length
A= cross-section area

[ =length
—
Voltage
Voltage Current = 7g
Current Resistance
Z
~

vl -
Reluctance R = ” v=reluctivity, [ =length

A= cross-section area
A= cross-section area

MMF
MMF Flux = ————
Flux Reluctance
<

Figure 4.1: Magnetic to electric circuit anology.

Historic development of MEC modelling of electromagnetic systems date
back to late 1960s where the main principles were presented [57] [58]. In these work
the usage of already applied electric circuit analogy is extended for more complex
magnetic structures such as multi-excited systems having magnetic linking to each
other. One of the first academic works using MEC to model electric machines is
known to be [59]. In this work, equivalent circuit representations for transformer,
IM and a salient-pole synchronous machine are presented where non-linearity and
rotation are taken into account while analyzing the circuits. In [60] an IM machine is
analyzed both in terms of transient and steady-state performances. Later, the same
author presented a simplified and faster version in [61]. The MEC as presented
in [60] is given in Figure 4.2. It is seen that, reluctances accounting for different
parts of the geometry is used, meaning that the MEC can also be utilized for design
purposes. In 1990, another work for MEC is presented for analysis of synchronous
machines which is also capable of including saturation [62].

A simple MEC, also called lumped parameter model, has been presented

[63] to model hybrid stepper motors where both coil and PM excitations are used.



Chapter 4. Introduction 73

Figure 4.2: MEC of an induction machine as presented in [60] - shaded reluctances indicate
saturable elements.

The proposed model is also experimentally verified in this study. Although gener-
ally built in 2D there are also some early studies considering 3D MEC structures.
One of such work is presented in [64]. A relatively detailed equivalent circuit struc-
ture is used to model a permanent magnet linear synchronous motor (PMLSM).
Geometry is divided into a number of hexahedron elements connected to each other
by their centroiods. Authors do not mention the number of elements used in the
study however from Figure 4.3 it is almost clear that for each hexahedron element
6 reluctances are used which should lead to high number of equations to be solved
for. The results are later compared with those obtained with experiments and good

match in terms of forces is obtained.

Figure 4.3: 3D MEC structure of a PMLSM as presented in [64].
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Another paper published at late 1990s, uses MEC to model an SPM motor
[65]. Different types of elements enabling uni-directional and bi-directional flux
flow are used in the MEC structure as shown in Figure 4.4. The importance of using
bi-directional elements can not be overstated enough as the direction of flux flow
is unknown before solving the system. Whereas in case of uni-directional elements
flux paths are strictly pre-defined and causes accuracy of such models to decrease

or limit their usages.

Stator yoke Tooth Magnet

g

. o AIIGAP. SECLIOD

Figure 4.4: MEC used to model SPM motor as presented in [65].

In the aim of applying MEC technique with a direct saturation model, a
switched reluctance motor (SRM) is analyzed in [66]. Authors make use of field dis-
tributions obtained with FEM to create two different equivalent circuits for aligned
and un-aligned positions of SRM. Gauss-Sidel method is adopted to iteratively cal-
culate saturation. Comparison between MEC analysis, FEA and experimental re-
sults yields small discrepancy when characteristic waveforms and values are con-
sidered.

In [67] authors create a very simple MEC structure to model an IPM ma-
chine. Although simplistic approaches do not generally favour accuracy, in this case
direct prediction of d and q axis flux paths thus inductances, lead to good match be-
tween FEA and MEC analysis.

An SPM type brushless direct current (BLDC) motor is analyzed in [68]
using a 3D MEC. The purpose of this study is to investigate symmetrical and asym-
metrical rotor overhang effect which can only be done by means of 3D analysis.
Despite the fact that nonlinear saturation is not mentioned throughout the study ex-
perimental comparison confirms results obtained by 3D MEC. Same authors later
used genetic algorithm (GA) coupled with 3D MEC to conduct an optimization

aiming to reduce cogging torque and increase average torque [69]. Experimental
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Figure 4.5: MEC used to model an IPM machine specifically focusing on local saturation
as presented in [70].

results for initial and optimized designs are compared with results obtained by 3D
MEC and only a small mismatch is found.

An IPM machine with inset magnets have been analyzed with a MEC
structure in [70]. Authors use concentrated reluctances around PMs and stator tooth
tips to capture the effect of local saturations. Effect of saturation is indeed important
through all parts of the machine however specifically for [IPM machines, non-linear
behaviour in these regions affect the main flux paths hence determines the perfor-
mance. The overall structure of the MEC is shown in Figure 4.5. Computation time
for MEC model and FEM model is also compared and MEC analysis is approxi-
mately 24 times faster than FEA as given by authors. Later the MEC model is used
for design purposes via GA, aiming to reduce motor volume. Same authors later in
2005 [71], applied a similar MEC with stator tip regions described by saturable re-
luctances, this time to an SPM machine. They use an exponential iteration scheme
to update permeability.

A flux-switching machine is analzyed using a MEC [72], considering 6
different MEC structures to account for different positions of the rotor. These 6
MECs are obtained based on the rotation and change of flux distributions in the
machine. Saturation is also taken into account iteratively, though exact method
remains to be unknown.

A PMLSM is analyzed in [73] taking into account of saturation. Authors

use a rather simple equivalent circuit structure in the study and they enhance it
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by making use of an airgap distribution function based on position of PMs and
stator tooth tips. Using such a function helps to obtain more accurate flux density
distribution in the airgap as the MEC model is able to only compute flux density at
certain points depending on the discretization of reluctance elements.

It is known that IMs have been one of the main focus of alternative mod-
elling techniques, mainly due to its high computational burden required to simulate
the transient behaviour. In this regard, authors in [74] present one of the most com-
plete methodologies for MEC modelling of IMs. Description of stator windings,
different parts of the stator, rotor and rotor currents are well identified considering
the saturation with Gauss-Siedel method. Lastly, experimental measurements are
compared and discussed.

Another 3D MEC presented in [75] analyzes axial flux PM machine. As
similar in other MEC structures, reluctance elements accounting for leakage parts
are separately placed and their values are separately calculated. Results are com-
pared with 3D FEA and good accuracy is obtained with much less computation
time.

Another research focusing on MECs, models IPM machines with mov-
ing airgap and cross-coupling effects [76]. The MEC structure seems to be built
mostly focusing on the rotor to obtain the performance which is highly dependent
on saturation. The rotor reluctances are shaped according to the [IPM motor topol-
ogy as shown in Figure 4.6. Stator reluctances are quite uniform as each tooth and
each yoke part between teeth are modeled by one reluctance each. MMF sources
are placed and their values are calculated based on the current and winding matrix
made of Os and 1s for each slot per phase.

Until now, MEC models that are specifically focusing on certain motor
topologies are reviewed. Based on these previous works and others which have
not been included, it can be said that a general MEC model is yet to be built. The
importance of this is that, in order to analyze different motor topologies different
MEC structures have to be built. Additionally, flux paths are mostly predefined,
reducing the accuracy of the models. Other aspects include the ambiguity of the
non-linear material saturation and rotation due to the lack of clear explanations.

Lately, more systematic and detailed MEC structures were presented in

the literature. One of the first examples, uses uniform network of reluctances (with
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bi-directional elements similar to those in [65]) in a similar fashion to mesh el-
ements used in FEM [77]. Although this structure has been only applied to a
PMLSM, it is possible to talk about a generic model as reluctances have been uni-
formly generated to fill the design space.

In a similar structure, an axial flux SPM type machine has been modelled
by using a number of 2D MEC structures and using them as radial slices [78]. Loop
current method (also referred as mesh current method) is used to solve circuits. For
the non-linear saturation, Newton-Raphson method is used and matching results are
obtained when 3D FEA results are compared. Besides, computation time is greatly
reduced (from 15 hours with 3D FEA to 3 seconds with MEC).

Node voltage method is used to solve for the circuit structure presented
in [79] to analyze a flux switching machine. Non-linear material characteristics are
accounted for by using fixed-point iteration and Newton-Raphson method together.

A SRM is modelled by using a uniform reluctance network structure in
[80] also utilizing Newton-Raphson method. Authors later apply the same tech-
nique to build a dynamic machine model to obtain radial forces [81].

Lastly, in [82] three different machine types (IM, SynRel machine and
IPM machines) are analyzed by making use of a similar structure. Authors use a

simple iteration scheme similar to interval halving method (bisection method) to

Figure 4.6: MEC model of an IPM machine as presented in [76].
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account for non-linear saturation.

Even though these recent works on MEC provide a more general ap-
proach, the full capability of such equivalent circuit structures are not explored yet.
For example, least periodicity conditions incorporating single pole symmetry (odd
symmetry) is not presented in the literature. This is significantly important as it
would be possible to increase the accuracy or reduce the computation time com-
pared to the case where pole pair symmetry ( even symmetry) is used. Other than
that, the adaption of rotation ( or linear motion) can be further eased without using a
different method such as interpolation on the moving boundary as in [79] and airgap
permeance function in [82].

In the MEC that will be described onwards, it is intended to provide a
comprehensive approach about the general-purpose application of a highly accurate
MEC. The aim is to build the basis for an alternative or supporting modelling tech-
nique to FEM in terms of accuracy with reduced computation time also addressing

the previously mentioned shortcomings.

4.2 Description of the MEC

On a fundamental level, MEC as used in this work is a network composed
of reluctances and MMF sources. The main building block of this network is a cell
element (CE) and it describes a small part of the geometry. Typically it consists of
two horizontal and two vertical reluctances. The reason for using four reluctances
for a CE is to provide bi-directional flux flow and consequently increase the accu-
racy. A typical CE is shown in Figure 4.7 enclosed with dashed, red lines. Since
it is a matter of preferred coordinate system, the words "horizontal” and “vertical”
do correspond to “tangential” and “radial”. Based on the fact that rotating elec-
tric machines are of interest in this work, cylindrical coordinate expressions will be
primarily used.

Apart from the standard CEs, there are boundary cell elements in the
MEC. These CEs are only used on the boundaries, such as upper and lowermost
parts to describe a rotating electric machine to impose a Dirichlet like boundary
condition similar to FEM. In the MEC, the flux flow towards the outer edges of

the magnetic structure is prevented by removing 1 of the radial reluctances. These
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elements are shown with enclosed blue dashed lines in Figure 4.7. In the case of
other type of magnetic systems similar approach can be used to tailor standard CEs

to get boundary CEs.
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Figure 4.7: General structure of the MEC and different CEs.

A very simple MEC network with 3 radial and 3 tangential CEs is de-
picted in Figure 4.7. Indexing of the CEs are shown with subscripts (i, j) where i
refers to the vertical position and j refers to the horizontal position. Indexing of the
reluctances are done exactly in the same manner, separately for radial and tangential
reluctances.

In terms of solution technique there are two alternatives: node voltage
method and loop current method (mesh current method). Ideally both of them yield
the same results however the formulations are different. If node voltage method is

used, node potentials would be the unknown and if the loop method is used, loop
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fluxes would be the unknown. Since they are not interchangable the solution tech-
nique of the circuit structure needs to be defined at an early stage. In [83] both
methods are compared in linear and non-linear conditions and it is found out that
in the linear conditions they perform the same. When non-linear convergence is
analyzed using the Newton-Raphson method, loop method overperforms. The rea-
son for different performances is due to numerical differences arising in Newton-
Raphson iterations. Clearly, this is a comparison for a specific system considering
only one iteration scheme and might not be generalized when other iteration algo-
rithms are used. Anyway, since Newton-Raphson method is intended to use, loop
method will be used in this work.

Using the loop method, loop fluxes needs to be solved for so that flux
densities of reluctances can be obtained, therefore in each closed section formed
between reluctances there is a flux loop. Additionally, in this study, MMF sources
will also be defined in terms of loops. These are also shown in Figure 4.7. Flux
loops (®;) and MMF loops (MM Fp) are indexed in the same manner as CEs.

Total number of loops and reluctances can be calculated based on the
number of radial CEs (ng) and tangential CEs (n7) as follows, ny stands for number

of total loops and ngg stands for total number of reluctance elements:

ny = (nR — 1)117‘ (41)

NRg = (ZHR — 2)nT +2nrng “4.2)

It is to be noted that that here calculation n; and n7 are not generalized and de-
pends on the structure of the MEC itself. For different magnetic systems, different

boundary CEs would be used and these descriptions would not be valid.

4.2.1 Boundary Conditions

Similar to FEM, boundary conditions should be considered in the MEC
to obtain correct solutions and fully benefit from magnetic periodicities.

Usually when analyzing a radial flux electric machine with the 2D FEM,
upper and lower boundary lines are defined as Dirichlet boundary and zero flux

condition is applied on those so that flux flow is not perpendicular to them and field
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solution is confined in the target geometry. As previously mentioned, in the case
of MEC this is handled by making a change to a standart CE with 2 radial and
2 tangential reluctances. According to the magnetic system, one of the radial or
tangential reluctances can be removed in order to restrict flux flow further in that
direction. In this case, this is achieved by removing a radial reluctance as shown in
Figure 4.7.

The other type of boundary that needs to be applied is to simply utilize
periodicity where it is possible. In integer slot machines, number of slots is an
integer multiple of number of poles, which makes it possible to analyze only a
fraction of the whole structure and then multiply it with the integer multiple. Of
course excitations do also need to be periodic (recurring) if this is desired to be
used.

Periodic boundary condition is further divided into even and odd-periodic
conditions. In the even-periodic condition, the geometry needs to be complete in
terms of excitations and geometry. An example of this condition would be a geom-
etry analyzed with a pole pair. In the odd-periodicity case, a single pole is sufficient
beacuse the unmodelled pole is reflected back to the model at the joining bound-
aries. The differences in periodic boundaries are shown in Figure 4.8, showing the
model varieties of a full model, even-periodic model and odd-periodic model. By
using the odd-periodicity it is therefore possible to analyze only a portion of the ge-
ometry reducing the computation time or using the same number of mesh elements,
increase the accuracy.

When analyzing rotating machines (circular structure), in order to use one
of the mentioned periodic conditions, the CEs on one side (thus reluctances) need to
be connected to the CEs on the other side to ensure continuation of flux flow. With
this condition, a full model or an even-periodic model can be analyzed without any
need for modification. To be able to use odd-periodic model, this connection is also
required but the unmodelled part’s flux needs to be reflected by virtual connections

which will later be explained in detail.
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Figure 4.8: General structure of the MEC and different CEs.

4.2.2 Discretization and Definition of Machine Geometry

As defined and explained previously, MEC is made up of tangential and
radial CEs. The number of these CEs define the discretization and so the ability to
reprent a geometry and its model complexity. This is practically similar to use of
mesh in FEM. The higher the number of total CEs, higher the accuracy but increased
computation time.

A very simple geometry and its description is first shown for clarity and
then an actual motor geometry will be shown. If the simple geometry of Figure 4.9

is examined, the geometry definition can be completed with the following steps:

1. The number of CEs defining the MEC needs to be defined previously. In

this case for demonstration purposes a simple 4x4 (4 vertical vs 4 horizontal)
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MEC structure is selected.

2. Each CE’s centroid is checked if it is or if it is not in the shapes.

3. This check gives either 1 or O for each CE and these values are stored in a
matrice called Material Matrix (will be denoted as M) and total number of M

is the same as total number of different materials.

To move on with a more complex geometry, a SynRel machine and its
discretization is given in Figure 4.10. Even with a course mesh of 28x36, a good
desciption of the geometry is achieved. Nonetheless, due to the shape of CEs being
arc segments, a full match can not exist. A better approximation can be achieved by
increasing the number of cells with the expense of increased computation time. The
fact that there are no exact solutions for this issue suggest number of CEs should be
determined with respect to the geometry. One of the easy approaches is to separately
determined the number of elements to ensure the critical thicknesses are perfectly
achieved. For example, in the example of Figure 4.10, the number of radial CEs in
the rotor tangential ribs, stator tooth tip and in the airgap regions are made to match

the exact thicknesses.

Simple Geometry 4v4 MEC structure

Material 1- Material Matrix Material 2- Material Matrix

0 1 0 0 0 0 0 0
1 1 1 0 0 0 0 0
0 1 0 0 0 0 1 1
0 0 0 0 0 0 1 0

Figure 4.9: Simple example of geometry description.
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Figure 4.10: Geometry description of a SynRel machine on a 28v36 MEC.

4.2.3 Handling the Rotation

Rotation in the MECs are rather problematic as they can easily overcom-
plicate the whole procedure. Here a simplistic approach is followed to handle the
rotating parts which can also be applied to any type of movement. The key here is
to avoid any possible re-meshing or indexing that would cause an additional com-
putation.

The method adopted here is to simply shift the material matrix in the
preferred way of rotation. To visually exemplify, the example from Figure 4.9 is
used and rotated in Figure 4.11. This way, at each rotation step only the material
matrix is updated without the need for any additional change.

An important point that arises with this rotation method is the limitation
of the rotor position. Since the number of columns in the material matrices are equal
to the number of tangential CEs, with each shift minimum number of rotation angle

is limited to the mechanical degree of the model to be analyzed divided to nr.
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Figure 4.11: Simple example of rotation.

4.2.4 Calculation of the Reluctance Values

A general formula for the calculation of the reluctance assuming identical

Cross section is given as:

R=—v(B) (4.3)

where [ is the length of the assumed flux tube, A is the cross section area and v(B)
is the reluctivity as a function of the flux density. Since the assumed flux tube shape
is circular, length and cross-section areas for radial and tangential elements has to
be separately defined.

A simple illustration of the circular CE is given in Figure 4.12. In the
figure, r; and r, stands for lower and upper arc radii. Thickness of an element in the
radial direction is denoted as ¢ and axial length (stack length) is given as /,,;,;. The
angular span of a CE is described by 6.

The length and area of radial reluctances then can be defined using the

following equations:

r

length of radial reluctances, [, = 3 “4.4)
. 2pi t
area of lower radial reluctances, A;, = 360 (ri+ 4_1) 0 lial 4.5)
2pi 3t

area of upper radial reluctances, A,, = (r+ Z) 0 Luxial (4.6)

360
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Figure 4.12: CE shape and reluctance dimensions.

Similarly for the tangential reluctances, length and area can be written as below:

2pi t

length of tangential reluctances, [; = o a4 (rr+-)6 4.7
360 4

area of tangential reluctances, A; =1 l i 4.8)

The quantities 7 and 6 are directly depending on the discretization, namely
ng and nr respectively. In this MEC structure, tangential CEs are distributed uni-
formly meaning that 0 is the same for all CEs, however it can also be made non-
uniform and in that case for different tangential positions CEs would have different
0 values. For the thicknesses of CEs, a non-uniform distribution is used and this
leads to different CEs having different thicknesses, thus varying r, for different ra-
dial positions. The reason behind using non-uniform radial thicknesses is to define
some parts separately to perfectly fit their lengths. This is particularly beneficial for

high saturation areas such as rotor tangential ribs and stator tooth tips.

4.2.5 MMF Definitions

MMF sources in electromagnetic systems exist due to current carrying
conductors and permanent magnets. In the equivalent circuit modelling, both of

these sources can be modelled by inserting voltage sources in the appropriate parts
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of the circuit. In this work a slightly different approach is adapted by directly repre-
senting the MMFs as loop MMFs. This is advantageous due to two reasons. Firstly,
placing the voltage sources can be problematic, leading to confusion, and second
in the case where voltage source elements are used, eventually total MMF in every
loop has be calculated and used in the loop matrix form for solution of the system

in the loop method formulation.

4.2.5.1 MMF due to Windings

MMF of a winding (MM Fy ) with N number of turns and current / can be
expressed as:

%Hdl =N.I=MMF 4.9)

For the MEC, when a CE is a winding, its total MMF is divided equally between
its shared loops. An exemplification is provided in Figure 4.13 with one and two
CEs being windings where all CEs have the same surface area. In the Figure 4.13
(a) a single CE in a 3v3 MEC structure has a total MMF equal to MMF, and the
surrounding loops do share this value equally, divided into 4. The other example, as
depicted in Figure 4.13 (b), portrays two sets of windings that collectively generate
a total MMF equivalent to MMF. Consequently, each individual winding yields an
MMF value of % In this scenario, the MMF of each coil in the set is initially
distributed equally among the neighboring loops, resulting in an allocation of %
per loop. Moreover, if a particular loop accommodates multiple MMF contributions
from distinct sources, these individual contributions are added together.

For a more realistic case, such us a slot area having multiple number of
CEs holding certain number of turns and current flowing inside, each CE’s MMF
contribution has to be calculated with respect to their surface areas. This can be
calculated by using Equation (4.10). Here MM F¢ is the contribution of a CE in
the winding region, MM Fyy is the total winding MMF and SAcg is the individual

surface area belonging to a CE in the winding region.

-SAcE (4.10)
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Figure 4.13: Example of a winding MMF

4.2.5.2 MMF due to PMs

MMFs belonging to PMs are defined in a similar way to those of wind-
ings. If a CE is of a PM material, MMF is again reflected, shared between the
neighbouring loops. In the particular case of PMs, this distribution of MMEF is not
equal among the loops due to the magnetization direction of the PMs.

As discussed in [84], the MMF of a PM in linear operating conditions can
be written as in Equation (4.11) where H. is the coercivity of the magnet and Ipyy is

the length of the magnet in the magnetization direction.

MMFpy = H, lpy 4.11)
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A single CE of PM is shown in Figure 4.14 in a 3x3 MEC structure. Neighbouring

loops around the PM CE is numbered from MMFpy1.; to MMFpy4. Collective

MMEF in each of these loops can be written as:

1

MMFpy—1 = §[+Hcltcos(oc) + H L sin(o)]
1

MMFpy—» = §[+Hcltc0s(oc) — H.l,sin(o)]
1

MMFpy—3 = E[—Hcltcos(a) — H_l,sin(a)]

1
MMPFpy_4 = E[—Hcltcos(a) +H_lsin(a)]

(4.12)
(4.13)
(4.14)

(4.15)

In Equation (4.12), the aim is to distribute MMF of the PM in the loops both in terms

of radial and tangential flux contributions depending on the magnetization direction

a. It is important to note that o here is not the global magnetization direction and

has to be calculated for each PM CE. For example, setting o = 90° creates a radial

magnetization as the lengths are calculated in cylindrical coordinates.

Other CE

Figure 4.14: Example of a winding MMF
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4.3 Solution Technique

As previously mentioned, loop method is the main formulation of the
MEC and hence loop fluxes ¢, are the unknowns. In order to solve for the flux,

normally the following equation is used:

_ MMF

*="%

(4.16)

However with this equation only a single reluctance or an equivalent smaller circuit
structure can be solved. For complicated circuits having a number of loops, a system
of equations have to be formed and solved using matrix operations in the form of
Equation (4.17).

R, MMF, = ¢y (4.17)

The Equation (4.17) comes from the loop current solution approach. When the
equations for all of the loops are written, reluctances and fluxes are seperated and
then written in the matrix form to solve the system of linear equations.

Evidently, Ry, ¢r and MMF_, are the loop quantities. Although previously
shown with two indexes (i, j), ¢ and MMF, are used as single column vectors of
size [ ny x 1] due to matrix operations. Conversion of matrix sizes are done column

wise and will be underlined through the thesis when needed.

4.3.1 Building the Loop Reluctance Matrix R;,

Forming the matrices ¢; and MMF,, are straightforward using the defini-
tions in the previous chapter. On the other hand, forming the matrix R;, requires a
different approach. Basically, Ry is the matrix containing the reluctance values of
different loops and its size is [n7, X ny]. Diagonal elements of Ry can be found by
the summation of all reluctances in a loop. This is universal for any kind of MEC
structure and independent of any other property. The other elements of R; shows
the reluctance values shared by other loops. These elements, unlike the diagonal
ones, are unique to the structure of the CEs and MEC.

Considering a 3x3 simple MEC structure as shown in Figure 4.15, Ry will
be formed as an example. In the figure all loops are numbered in two ways, both in

linear and matrix indexes. If it is assumed that all of the reluctances do have a value
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of 1, Ry can be written as:

Loops —

8 -2 -2 -2 0 O
-2 8 -2 0 -2 0
-2 -2 8 =2 0 =2
-2 0 0 8 -2 =2

0O -2 0 -2 8 -2

o 0 -2 -2 -2 8

R; = Loops |

All diagonal elements (i, j) where i = j of matrix Ry are the sum of all
reluctances in the loop. Since there are a total 4 radial and 4 tangential reluctances
in each loop, each diagonal entry is equal to 8. Then, other elements need to be
filled. For the first loop (L; 1 = L), the other loops in connection are (L1, = L),
(L13 = L3) and (Lp; = L4) meaning that in R;’s first row and first column, ond
, 3" and 4" elements are nonzero. Since the first loop shares 2 radial elements
with the second loop, and since the relative direction of the second loop to the first
loop is opposite, these elements attain a value of -2. Similarly, (Lj> = L) has
connections on its left, right and down sides with elements (L1 1 = L), (L1 3 = L3)
and (L, » = Ls). If any two loops are not connected then their position in the matrix
becomes 0 (for example (Ly; = L1) and (L, 3 = L¢)).

Same procedure can be followed to calculate the other elements of Ry. In
general, all the irregularities of connections arise due to the existence of boundary
CEs, first and last column of CEs. Other than that loops in the middle parts all have
4 connections between the upper, left, right and bottom loops.

Of course, when the number of CEs are high there needs to be an auto-
matic procedure to form Ry;. One way to do it in coding environment is to use ~for
loops” with different conditions. Another way is to approach the problem in a dif-
ferent way and build Ry, by using a seperate connection matrix. This “connection”
matrix is called loop incidence matrix , L [78]. Loop incidence matrix is a matrix of
size [ngg X nr] and it gives information about how a reluctance is associated with a
loop.

The elements of L can be find by the following procedure:

* If a reluctance is in a loop and in the same way of loop direction, its element
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in the matrix becomes 1.

* If a reluctance is in a loop but in the opposite way of loop direction, its ele-

ment in the matrix becomes -1.

* If areluctance is not associated with a loop its element in the matrix becomes

0.

Once the matrix L is formed, Ry can be obtained by Equation (4.18). Here
R is the diagonal matrix including all of the tangential and radial reluctances. The
placement of the reluctances in R starts with the tangential reluctances from left to
right, continues with the radial reluctances from left to right and then repeats in the

same order.

R.=L"RL (4.18)

4.3.1.1 Applying Odd Periodic Boundary Condition

Until here, the procedure to obtain matrix Ry is explained in detail, how-
ever this is for the case when an even periodic condition (pole pair symmetry) or the
whole magnetic model is used. To use the odd pole periodicity, incidence matrix
L needs to be built in a slightly different way. Since it is required to impose the
flux of the unmodelled part, either the first or last loops should thought to be in the
opposite direction to impose negative flux coming from the other pole.

To explain visually, a 4x4 MEC structure is illustrated as an example in

Figure 4.16. In the Figure 4.16 (a) the even periodicity condition is shown as ex-

L1,3=13 L1,1=L1

L1,1=L1

L2,3=L6 L2,1=L4

L2,1=L4

il

4R
xx

Figure 4.15: Simple example of 3v3 MEC structure
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Figure 4.16: Visualization of periodic boundaries: (a) even periodicity, (b) odd periodicity

plained before. As it is seen, all the loops have the same direction. In the Figure 4.16
(b) the odd periodicity condition is shown. To emulate the unmodelled part’s flux,
loops with the index j=1 are first divided into two loops with opposite directions.
The necessity to represent a loop in a divided way is based on the fact that the
CEs with the index numbers j = 1 and j = nr are actually edge elements whose

reluctances share the same flux but in opposite direction.

4.3.1.2 Writing R; in Terms of Linear and Non-linear Reluctances

In the previous subsection it has been revealed that R; can be written in
terms of the loop incidence matrix L and diagonal matrix of reluctances R as in
Equation (4.18). With the inclusion of R it is possible to separate linear and non-
linear reluctances for different materials, using the material matrices M. In this

manner, first M defined for each material needs to be transformed into diagonal
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matrix incorporating all reluctances. This matrix will be shown as M. Additionally
a constant diaganol reluctance matrix R¢ needs to be constructed. Every element
of Rc is calculated using Equation (4.12) without using the reluctivitiy term v(B).

Using those, it can be written for different materials that:

Rair = Mair - Rc - vair (4.19)
Rcopper = Mcopper ‘Rc¢- Veopper (4.20)
Rpm = Mpm - Re - veyn 4.21)

Then for the linear materials it can be written:
Rps = Rair + Rcopper +RpMm + ... 4.22)

Finally, R;, can be expressed in terms of seperate saturating and non-saturating re-

luctances as below:
Ry = LT (Rps +Mizon - Rc-v(B)) L (4.23)

Defining Ry in terms of seperate saturating and non-saturating reluctances
is useful especially from the non-linear iteration point of view which will be ex-
plained in the next sub-chapter. It is important to underline that, material matrices
M and consequently M needs to be updated for each step of rotation and needs to be
rebuilt. Since only the rotor reluctances will be changed, stator part of the material

matrices will remain the same.

4.3.2 Non-Linear Iteration Using Newton-Raphson Method

Newton-Raphson iteration is used for non-linear calculation of material
properties. The method is used to calculate roots of non-linear functions in an itera-
tive manner. Given a function f(x) and an initial guess x*, Newton-Raphson method

can be written as below to find the next solution:

k
=k % (4.24)
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Equation (4.24) is then used repeatedly until the desired value is reached. For mul-

tivariable functions, the equation takes the form:
K=k g7 (N (4.25)

where J(x) is the Jacobian matrix. Jacobian matrix can be written as below using

the partial derivatives of f(x,) with respect to x,,:

an of . o
dx;  dxp ox,
J= 3?1 afz 9?€n
| dx;  dxy x|

As the general formulation suggests, an equation has to be in the form
f(x) = Ax — b for Newton-Raphson method to be applied. As a result, Equa-
tion (4.17) has to be transformed to the same form. Since the main variable to
solve for is the loop fluxes ¢, Equation (4.17) can be rewritten as Equation (4.26)
in terms of flux dependent loop reluctance matrix Rz, and MMF loops MM F; . Here

¢r, and MM Fy, are used in their single column vector versions with size [n, x 1].

r(0L) = R(¢r) ¢ — MMFy, (4.26)

Function r(¢y ) is the residual function and needs to be reduced during the iterations.
Now, when Newton-Raphson method is applied to the Equation (4.26), one can ob-
tain Equation (4.27). The concurrent use of Equation (4.27) starts with an initial
guess q)f and continues until the selected error criteria is met. For the initial calcu-
lation of ¢I’f, Equation (4.17) is solved using an initial reluctivity (or permeability)
value for saturable reluctances. For the other steps of the MEC simulation, the first
iteration uses previous step’s converged reluctivity values. Reluctivity matrices of
the moving&rotationg parts need to be shifted as well to match the rotated material

matrices.

K= gf T — J(9f) " r(f) (4.27)

The Jacobian of the system J (¢I]f)_1 is the hearth of the Newton-Raphson method

and to obtain the derivatives of each element of R; with respect to each element
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of ¢, is a long and complicated process. The problem arises as there is no direct
relation between two quantities and a chain of relationships have to be build con-
necting reluctance loops elements to reluctances, reluctances to flux density, flux
density to flux of each reluctance and finally to each flux loop element. An exam-
ple of this process is explained step-by-step in [83]. An alternate method to obtain
the Jacobian has been presented in [78] through a set of matrix operations and loop

incidence matrix L plays a key role in that.

' derE . d|BRE|

J=Rr+L" (Mjron-Rc-A~!
L+ ( iron C d| BREl dBRE

) (LoLU)-L) (4.28)

In Equation (4.28), Jacobian matrix is given. Here A is the cross-section area of
each reluctance in the diagonal form with the size [ngg X ngg]. Since it is diagonal
matrix, inverse of A contains reciprocal of each cross section area of reluctances.

dv, . .. .. .
The term DRE‘ is the derivative of reluctivity of each reluctance with respect to

d|BRE
dBRg

the absolute value of the flux density and is the derivative of the absolute
flux density to the real flux density. The necessity for inclusion of these terms are
due to the positive definition of the B-H Curve in the first quadrant. The derivative
term % can be calculated numerically using finite differences as shown with
Equation (4.29). Calculation of this derivative term strictly depends on the B-H
Curve and its definition. It is also possible to derive an analytical expression for it, if
the B-H curve is defined with an equation. In this work, B-H curves are numerically

defined and subjected to linear interpolation, hence a numerical derivative is used.

dVrpy _ Vrgp (|BrE|+AB) — Vpe (IBrE| — AB)
d|BRE| 2A|B|

(4.29)

In Equation (4.29), Ap,, is a small perturbation applied to the flux density in order
to calculate the derivative.

Lastly, in the Equation (4.28) U is another connection matrix describing
the relation between different flux loops. Its size is [n7 x nz] and if any two loops
are sharing a reluctance the associated value in the matrix becomes 1. Additionally
all diagonal elements are 1. If the loops are not connected by any means its element
Ui; becomes 0. An easy way to obtain U is through changing the nonzero elements

of LT L with ones.
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4.3.3 Calculation of Electromagetic Quantities

After the each converged step of MEC simulation, electromagnetic prop-
erties are calculated. First flux density of each reluctance needs to be computed,
followed by the flux density of each CE. Afterwards torque and flux linkage can be
obtained by using flux densities.

Using the loop incidence matrix L, flux passing through each reluctance

can be calculated using Equation (4.30).

Ore =L ¢r. (4.30)

Here ¢rg stands for the flux belonging to each reluctance and its size is [ngg x 1]
where @7, has the size [n7 x 1]. Once the flux of each element is found, flux density
of each reluctance Brg can be calculated using Equation (4.31). As in the previous

notations A is the diagonal matrix of cross-section areas belonging to reluctances.
_ 4T a1
Bre = Orp A (4.31)

Elements of Bgg includes the flux densities of radial and tangential reluc-
tances and hereafter these will be named as B, and B; for the following calculations.
Since all of the flux densities are now known, it is possible to calculate flux densities

for the CEs.

B, . +B

Byad; = % (4.32)
B, +B,
rany = — (4.33)

Bij= /B, dy; + Bian; (4.34)

In Equation (4.32) and (4.33) two radial and two tangential reluctances
are averaged to find the value of flux density components. As for the flux density,
Equation (4.34) is used.

After the calculation of flux densities, flux linkages and torque can be

calculated. From the matrix M, pper, the indexes of CEs in the winding areas are
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known and for each CE;; neighbouring loop indexes can be written as (i — 1, j),
(i—1,j+1), (i,)), (i,j+1). The loop indexes are in fact determined assuming
that the winding CEs are not located on the boundary elements and if they are, loop
indexes has to be changed accordingly. Using the Equation (4.35) flux linkages of
CEs can be calculated. After that, flux linkage of a winding Ay can be written by

adding all of the Acg;; together.

CE i j+l
= y 4.35
e e £ L 49

At this point, one would obtain all the flux linkages of the winding regions Ay which
is equal to the number of slots divided by the periodicity. Additionally, winding
configurations can be written for each phase. For instance, a single layer winding

configuration for 36 slot 6 pole using a single pole perodicity, can be written as:

Wa =1 0 000 —I
Wsg = [0 0 01 1 0 (4.36)
We = [0 -1 =1 00 0

Then one can obtain the phase flux linkages with k, being the periodicity number

(for this example k,=6) and N; being the number of turns in each slot :

da = wWi -k,-N, (4.37)
A = AwWg -ky-N; (4.38)
Ac =Wl -k, -N, (4.39)

If a double layer winding configuration is used, same procedure can also
be followed with modified winding matrix.

For the calculation of the torque, Maxwell’s Stress Tensor is used [85].
Torque calculation takes place in the airgap using the radial and tangential compo-
nents of the flux density at a certain radius. It is generally recommended to have
a number of mesh layers in the airgap region in FEA and the middle layers flux
densities are taken into account of. Similarly, in the MEC at least 3 layers are used

and the middle layer is used for the calculations.
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27
,
nr Ho

nr
T = 2laxial Z Bmd,-_j ‘Btaniﬁj (4-40)
j=1

Using Equation (4.40) torque for each rotor position can be calculated.

Here r is the radius where torque calculation takes place.

4.3.4 Overall Process of the Solution

Until now the whole solution procedure of the MEC is described. To sum
up the whole procedure from start to end, a summary of the operations are shown

in Figure 4.17.

Set CEs
Geometry l
Rotor
Position Build Constant
Material Info Matrices
Windings L, Uand R,
¢ Initialize Reluctivity
Wi(r’);gilrcluli/tﬁ\/[F Assemble Matrices to build For very first step, p, =1
and PMg MMF RL and MMF, For other steps, use previous
converged value
i Initial
= | Solution
8
Z | Get the initial flux -'
< | Build the Jacobian |
5 A
E ' |
o Solver ¢
2 I
2 I
2
=) | |
“a | Iteration
Error criteria met? Build Jacobian l
| Update Flux
I Yes |
—_— e, — — e — e —— a4
Compute

B,Torque, Flux Linkage
Save Results

Figure 4.17: MEC solution procedure

As the basic building block of the MEC is the CE, first number of ra-
dial and tangential CEs needs to be selected along with the geometry, material and

winding definitions. The next steps will then be building the material matrices M



Chapter 4. Solution Technique 100

and constant matrices L, U and R.. At this stage Winding and PM MMFs (MM Fy
and MMFpyy) are also formed. After that the initial loop reluctance matrix Ry is
formed with the initial reluctivity and all other matrix operations are done. The first
step of the solution start with the initial solution as shown in the Figure 4.17 and
then the results are passed into the iterative solver part enclosed in red dashed lines
in the flowchart. In the iterative solver, Jacobian matrix is built and ¢, is updated
until the error criteria is met. As soon as the solution for a particular step is accepted
as converged, post-processing is done by calculating the flux densities, torque and
flux linkage values. After that rotor position is changed, preparing the matrices for
the next step of the analysis. This routine then continues until the desired number

of steps are completed.

4.3.5 Discussion on MEC Performance

All the steps and processes explained in the previous sections deal with
matrix operations of big size. Distinctly, the most recurring equation involving
matrix multiplication and inverses is Equation (4.28) and (4.27). These has to be
run over and over again for the nonlinear iteration thus their execution plays a key
role in the computation time of the whole code.

To give an idea of the matrix sizes, if the total number of CEs are 6750
then total number of loops becomes 6600. This makes a size of [6600 x 6600] ma-
trix for the matrices J and R;. Luckily most of the elements of these matrices are
zero and in this case sparse matrices can and must be used. As an example, in the
MATLAB environment where the MEC analysis is implemented, matrix multipli-
cation of two diagonal matrices with size [6600 x 6600] takes about 2.068 s whereas
doing the same operation with the sparse version of these matrices yield 7 x 10~
s. Working with sparse matrices basically enables to operate only on the nonzero
elements rather than going for full-size matrix multiplication. Sparse matrices are
generally used whenever there are matrix operations of big-size and also common
in FEM.

Undoubtedly, employing sparse matrices significantly accelerates the exe-
cution of matrix operations; nevertheless, it is essential to adhere to other beneficial

coding practices as well. A noteworthy practice worth highlighting is the usage of
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Figure 4.18: Geometries of analyzed machines: (a) SPM, (b) SynRel and (c) PMaSynRel

loops. Their concurrent use should be limited in order to prevent any computational
burden, especially when a lot of parameters are employed. During the development
of the code, these are taken into account to make most of the MEC regarding the

fast computation.

4.4 Analysis Using the MEC

In this part, three different machine types, ie SPM, SynRel and PMaSyn-
Rel machines are analyzed at different conditions using MEC and results are com-
pared in detail with the ones obtained by FEM. All three machines do share the
exact same stator, winding configuration and outer dimensions. In fact, the sta-
tor is the same as the one used in optimizations in chapter 2. General parameters
of the stator and detailed rotor parameters belonging to machines are given in Ta-
ble 4.1. Lamination material for both rotor and stator is M250-50A and all magnets
are Neodymimum type N42EH class. Winding configuration is the single-layer 3-
phase winding layout as previously defined with Equation (4.36). The geometries
of the machines are shown in Figure 4.18. It is to be noted that, these machines are
just created for analysis purposes and are not a final product of a design process or

an optimization.

4.4.1 Single Point Analysis

All machines are analyzed using a peak current of 82A and a phase ad-

vance angle of 45°. One sixth of the electric period ( 20 mechanical degrees) are an-
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Table 4.1: Dimensions of the SPM, SynRel and PMaSynRel machines.

General Dimensions
Parameter Value Unit
Statour outer radius 123 mm
Rotor outer radius 80 mm
Air-gap length 0.7 mm
Shaft radius 35 mm
Stack length 120 mm
Rated current 82 A peak
Current density 10 Agums/mm?
Cooling flow Rate 10 L/min
Lamination material M250-35A
SPM Parameters
Magnet thickness 5 mm
Magnet span 45 mech. deg. ¢
Magnet Material N42EH
SynRel Parameters
No of barriers 3
Radial ribs thickness 2 mm
Tangential ribs thickness 1 mm
PMaSynRel Parameters
No of Barriers 3 mm
Magnet Thicknesses 3.014-6.84-12.18 mm
Radial ribs thickness 3 mm
Tangential ribs thickness 1 mm
Magnet Material N42EH

alyzed using 1 mechanical degree steps. Discretization of the machines are achieved
using 60 tangential and 63 radial CEs, making a total number of 15000 reluctance
elements, 3780 CEs and 3720 loops. Distribution of radial CEs are presented in
Table 4.2.

On the other hand, mesh sizes of the FEM models are deliberately reduced
to be close to no of CEs for a clear comparison of results and computation times.
Mesh sizes are 3614, 4958 and 4761 for SPM, SynRel and PMaSynRel machines,
respectively.

Airgap flux density waveforms of the machines are presented in Fig-
ure 4.19 where the rotor position is 6,=0°. A good agreement between FEA and
MEC results are obtained through comparison. Based on the Figure 4.19 it can
be inferred that radial flux densities are well matching with only very minor de-
viations. Comparing the tangential flux densities, there are visible discrepancies
occurring particularly at the peaks of the waveform. Clearly, since the radial flux

densities are well matching and having higher amplitudes than tangential flux densi-
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ties, in overall flux density waveforms are only slightly effected. Differences in the
airgap flux density plots can be attributed to the resolution differences of two mod-
els, mainly arising from the tangential points that the flux densities are obtained.
Although the mesh size of the FEM models are decreased, still the airgap mesh is
quite high compared to MEC models. The mesh in MEC also effects the geometry
description which means that there is an additional error coming from the imperfect
description of the machine geometries.

Flux density distributions of the machines obtained from the field solu-
tions with FEM and MEC are given in Figure 4.20. The contour plots of the flux
density distributions show that flux densities in the most sensitive regions such as
stator tooth tips, tangential and radial ribs are well captured. This, along with the
airgap flux density graphs indicate that saturation is well managed.

Comparison between torque, torque ripple and analysis times are provided
in Table 4.3. In this single operating condition, average torque values are in a good
harmony. On the other hand, it is seen that the discrepancy in tangential flux den-
sities as discussed earlier are carried forward in the torque calculation and reflected
as a difference in torque ripple values. Difference in the torque ripple will be fur-
ther investigated in a wider range of operation points and by means of a sensitivity
analysis in the next subsections. Considering the computation times there is a clear
difference between the FEM and MEC analysis. MEC analysis is 12,12.5 and 20
times faster then the consequent FEA for SynRel, PMaSynRel and SPM machines

respectively. The varying computation times for both FEA and MEC analysis is a

Table 4.2: Discretization properties of machines.

Stator and Airgap
Part Number of Radial CEs
Stator yoke 5
Stator teeth 5
Stator tooth tip 2
Airgap 3
SPM Rotor
Magnet 6
Rotor yoke 42
SynRel and PMaSynRel Rotor
Tangential ribs 2
Rotor 48
Number of Tangential CEs = 60
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Figure 4.19: flux densities

result of different iteration numbers affected by dissimilar saturation characteristics

of the machines.

4.4.2 Analysis in the DQ Current Plane

Apart from the single point analysis it is also important to investigate the
MEC results in a wide range of operation points to better understand its capabilities
in terms of saturation. All machines are analyzed in the dg current plane up to
double the rated current (160 A ,...) with equally spaced 100 points. Analysis is
again done for one sixth of the electrical period and one degree mechanical step is
used (total 21 steps). Results of these analysis are shared in terms of torque, torque
ripple and dq fluxes in Figure 4.21.

Flux-current relationship is shown in the first column of the Figure 4.21
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Figure 4.20: Flux density distributions obtained with MEC and FEA for analyzed ma-
chines: (a) SPM, (b) SynRel and (c) PMaSynRel

in terms of dq fluxes as a function of the homonym current. On the next column of
graphs, torque is given as a function of dg currents. Similar to the torque, torque
ripple is also shown as a function of dg currents on the last column. For the torque
ripple graphs, only the regions where there is torque production for all machines are
shown as there is no torque production when either i;= 0 or i;= 0.

SPM machine shows a good matching trend regarding fluxes and torque

contours. The g-axis (magnet axis) flux obtained with the MEC is slightly higher



Chapter 4. Analysis Using the MEC 106

Table 4.3: Single point analysis comparison of FEM and MEC

SynRel PMaSynRel SPM
FEM | MEC | FEM | MEC | FEM | MEC
Mesh&CEs || 4958 | 3780 | 4761 | 3780 | 3614 | 3780
Time [s] 464 | 3.8 52 41 | 479 | 24
Torque [Nm] || 74.9 | 74.6 | 104.7 | 109.4 | 120.6 | 122.2
Ripple [%] 123 | 333 | 174 | 294 | 258 23

than FEM result which can be explained by the lack of perfect geometry descrip-
tion. In this case actual PM span is lower than the PM span obtained with the MEC.
Observing the flux density distribution in Figure 4.20 it is seen that the PM is cov-
ering slightly more area than it should have. Evidently, this is being reflected in the
torque contours and MEC torque is marginally greater than FEM values. Compar-
ing on a point to point basis the average difference in torque is 1.7 %. The torque
ripple contours however do not show a qualitative match of contour shapes due to
the lack of tangential points for the solution obtained with the MEC. This being the
case, there are large areas between the contour lines that are close in terms of value.

For SynRel machine both d and g-axis fluxes obtained with MEC show
a very good agreement with the FEM results. The small incline at the start of the
q axis flux linkage curve indicates that the saturation is well captured even in the
radial ribs region. Well predicted saturation is particularly significant for this type
of saturation dependent machines. Comparing the torque contours there is a good
harmony between the results and the difference between the obtained torque values
are an average of 2.2%. Torque ripple comparison between the FEM and the MEC
yields similar contour trends. Contradicting with the contour shapes, torque ripple
values are seen to be distant from each other. Discretization of the mesh in the
airgap region can be put forward as the primary source of discrepancy.

In the case of PMaSynRel machine, the MEC-computed d-axis flux link-
age well matches the FE one while the g-axis one shows an almost constant dif-
ference between the MEC and FEM results. Given the fact that this mismatch is
present at i;=0A (no cross-saturation), it can be ascribed to an error in the estima-
tion of the PM flux linkage. Indeed, a rectangular shaped PM cannot be perfectly

represented with a polar discretization and in this case it is overestimated. Higher
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Figure 4.21: Results of dg-current plane analysis for SynRel, PMaSynRel and SPM ma-
chines using FEM and MEC

PM flux further distorts the torque contours, causing the MEC results to be higher
at some extent, however the average error in the torque points is 7.3%. Apart from
the PM flux, another possible reason for the difference is the geometry mismatch in
the radial ribs regions as they can only be approximated to a certain level directly
related to length of CEs. For the torque ripple it is seen that the contour shapes are
in a matching trend but as was the case with the other machines in terms of exact

values they differ from each other.

4.4.3 Sensitivity Analysis with Respect to CEs

The aim of this study is to identify sensitivity of CEs to the results through
a simple sensitivity analysis by changing the number of CEs. For this case study,

PMaSynRel machine is selected as the torque comparison in the previous subsec-
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tion yielded highest discrepancy. Using a single operating point i;=124.45A and
ig=17.78A, PMaSynRel machine is subjected to changes in the number of radial
and tangential CEs in different regions of geometry. As a reference FEA results in
91Nm torque and 41% torque ripple at this point and takes 47s to complete.
Performance with respect to number of CEs are investigated in four sce-
narios where the number of radial CEs for specific parts and number of tangential
elements are varied. In each case the unmentioned parts will have the same num-
ber of CEs as was presented in Table 4.2. Analysis time with increasing total CEs
is also captured, averaging a total of 10 analysis for each step belonging to each

scenario. In the following, four different sensitivity cases are shown:

* S1: The number of radial CEs describing the rotor tangential ribs are changed;

* S: The number of radial CEs describin the rotor are changed where the ribs

part stays constnat (=2);

* S3: The number of radial CEs describing the sator yoke and teeth parts are

equal and changed;

* S4: The number of tangential CEs are changed in multiples of 60 which is the

mechanical angle of a single pole due to symmetry.

Results of S| and S, are shown in Figure 4.22. In the case S, it certainly
appears that increasing the number of radial CEs in the tangential ribs regions have
no effect to neither torque nor torque ripple but to increase computation time. When
the radial CEs in the rotor region are increased in case S, it is seen that there are
some slight variations both in terms of average torque and torque ripple however
they remain to be negligible and there is no clear benefit.

The remaining two cases S3 and S4 are shown in Figure 4.23. Increasing
radial CEs in stator yoke and teeth regions in case S4 indicates a beneficial trend
towards the reference values obtained through FEA. As a remark, it can be deduced
that increasing the CEs here is beneficialy only up to a certain point above which
does not lead to a major benefit but just increases the computational time. The most
effecting parameter seems to be the number of tangential CEs as presented in the

case S4. In this case both average torque and torque ripple moves towards the refer-
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Figure 4.22: Results of sensitivity analysis S| and S,

ence values with reduced discrepancy with a drawback of increased computational

time.

4.5 Experimental Verification

In order to further elaborate on the capabilities of the developed MEC, a
SynRel machine is tested and the results obtained through tests, FEA and MEC are
compared.

Machine to be tested is an off-the-shelf SynRel machine whose geometry
is shown in Figure 4.24. It has rounded slots and four flux barriers in the rotor
where the innermost barrier has a radial rib for mechanical integrity. The number
of poles and slots are, 4 and 36, respectively. It has a rated current of 2.9 A,,,; and a
rated torque of 7 Nm at the speed of 1500 RPM. Winding of the machine is a single
layer distributed winding. The specifications and dimensions of the machine are

summarized in the Table 4.4.
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Figure 4.23: Results of sensitivity analysis S3 and S

4.5.1 Test Procedure

Test procedure presented in [86] is followed throughout the tests. In this
methodology the aim is to obtain flux linkages in a number of points to identify
magnetic characteristics of the machine. Desired operation conditions lie on the
dq current plane irrespective of the machine type though the quadrant of interest
changes. PMaSynRel and SynRel machines mostly operate on the first quadrant for
motoring mode shaped by positive d and g-axis currents. Therefore the first step is
to build a number of points in the dq current plane. For a uniform distribution of
current pairs (iy, iy) a rectangular grid division is used.

Since it is not possible to directly measure the fluxes, voltages should be
measured. However due to the resistive behaviour of the conductors, measured volt-
age includes resistive voltage. Following describes the required process to obtain
fluxes without the resistance effect.

Given the current vector I_S> and flux vector 7 voltage vector V§ can be

written in terms of phase resistance Rg as in Equation (4.41). Here w stands for the
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N—

Figure 4.24: Geometry of the SynRel machine to be tested.

Table 4.4: Specifications of the SynRel machine to be tested.

General Dimensions
Parameter Value Unit
Statour outer radius 75 mm
Rotor outer radius 45.78 mm
Shaft radius 15 mm
Lamination material M400-50A
Winding Properties
No of layers - type || 1 - Distributed
No of turns per slot 82
Specifications
Rated speed 1500 RPM
Rated torque 7 Nm
Rated power 1.1 kW
Rated current 4.1 Apeak
Rated voltage 400 \"
Maximum speed 2100 RPM

electrical speed. Current and flux vectors can be consequently decomposed into d

and g-axis components as in Equation (4.42) and (4.43).

— — -
Vs =va+jvg=Rsls +jw A (4.41)
_>
Is =ig+ji, (4.42)

X =Dat il (4.43)
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Voltage components v, and v, can be further written as:
Vg = RS id — ] w ),q (4.44)

Vg = Rsig+jwiy (4.45)

. — —
Two current vectors then can be written as Iy and I; where the former stands for
motor operation and the latter stands for braking or generator operation. Conse-
quently their d and g-axis current components can be written as below correspond-

ing to being in the first and fourth quadrant, respectively:

Iy=ig+jig (4.46)

I6=ig—ji, (4.47)

When the motor is operated with these motoring and generating current sets, resul-
tant fluxes, as it is the case with the current pairs, become conjugate. This is showed

with Equation (4.48) and (4.49).

H
Tor =gt j Ay (4.48)
Ko =i —j A (4.49)

Corresponding voltage vectors then can be written as:

— , = . =
Vv =Vay +Jjvgy =Rslu+jw A (4.50)
— , - .
V6 =Vi,+jvegs =Rslg+jw A 4.51)
Then, averaging two voltage vectors lead to two expressions:
— — . .
Vm +Ve _ Vay FVag +J Vg + J Vs (4.52)

2 2

— . L . . .
Vi +Vo _ Rsig+jRsig+Rsia—jRsig+jw (Aatjrg)+iw (Aa—jhy)
2 2

(4.53)
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Right hand side of the Equation (4.53) can be simplified to obtain Equation (4.54):

—
Vu +Vs

> =Rsig+ jwiy (4.54)

For the Equation (4.52), if Equation (4.44) and (4.45) is substituted into it, one can

obtain:

Vi +Vo  Rsig—jwAg+Rsig+jwAg+j (g, +vgs)

4.55
> > (4.55)
If this is further simplified, it is possible to obtain:

— =

Vu +Vi '

Yu 2V _ g4 1ot Vac) (4.56)

2 2
Finally, equating Equation (4.54) and (4.56) together yields:
Yan Va5 _ 5, (4.57)
2w

Therefore it becomes possible to obtain d-axis flux without the resistive voltage
drop by driving the motor in motoring and generating modes and average the g-axis
voltages. Other resistive voltage drops arising from inverter are also eliminated this
way. A similar approach can be followed to obtain g-axis flux by starting from
@—5‘7‘;. From temperature point of view, Equation (4.57) is valid when it is con-
stant, in other words when the two Rg values in the motoring and generating mode is
equal. Without doubt, there might be some change in the temperature if these tests
are conducted right after each other. A way to mitigate this is to drive the motor in
motoring-generating-motoring sequence and first average the voltages between two
motoring modes and then average between the generating and the already averaged
motoring voltages. This way any temperature increase would be removed. An-
other approach would be to leave a certain unoperated time between the motoring
and genearing modes to prevent increasing temperature. In case of a machine with
PMs, with the changing temperature PM flux will change, therefore it is critical to
maintain a certain temperature.

Another practise to follow in this methodology is to appropriately deter-

mine the time spent on each motoring and generating mode to obtain steady state
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values. It is recommended to average all the quantities of interest over at least a
mechanical period duration. This way it would be possible to eliminate not only
inverter related disturbances but also possible mechanical ones [86].

The speed w where the test is conducted should be selected based on two
critical points. The first point is to select a speed high enough to obtain a high
enough voltage to be accurately measured. The other point is to select a low enough
speed so that the effect of iron losses can be neglected and flux vectors obtained
using two conjugate current pairs remain conjugate [86].

For the identificaiton of the SynRel machine, dg current plane is divided
into 0.5A steps up to 5.5 A4 in both axes. In order identify fluxes without the
disturbing effect of the speed, tests are done at one third of the rated speed at 500
RPM.

4.5.2 Test Setup

A test bench is specifically setup in purpose of obtaining the electromag-
netic characteristics of the SynRel machine. Overall and detailed visuals of the
bench components are shown in Figure 4.25. In Figure 4.25 b) prime mover and
the SynRel is shown. Prime mover is a permanent magnet synchronous machine
(PMSM) and during the tests it is used to maintain a constant speed. Both prime
mover and the SynRel machine has position feedback sensors attached to end of
their shafts. For the SynRel machine it is a TAMAGAWA absolute encoder. PMSM
and the SynRel are coupled through a torquemeter.

On the drive side there are two inverters, each dedicated for a machine.
Inverters are two-level voltage source inverters and they are purposedly share the
same DC-link fed by a DC power supply to enable re-circulation of the power. To
control the machines the uCube control platform which is previously developed
in Power Electronics, Machines and Control Research Group at the University of
Nottingham is employed [35]. The current and voltage signals are read in the uCube
through an analog to digital converter. The same control platform is used to control

both the PMSM and the SynRel.



Chapter 4. Experimental Verification 115

Figure 4.25: Test setup used to measure characteristics of the SynRel motor: a) overal test
setup, b) SynRel and prime mover, ¢) control platform and inverter.

4.5.3 Results

4.5.3.1 Comparison Between FEA and MEC

SynRel machine is analyzed using FEM and MEC in the dq current plane
up t0 5.5 Apear, with 0.5 A steps. Each point of analyses has been conducted for a
period corresponding to one sixth of the electrical period, and a total of 30 mechan-
ical steps.

Since the machine consists of 4 poles and 36 slots only a quarter of the
machine can be analyzed based on the periodicity conditions without losing any

accuracy. For this reason, number of tangential CEs in the MEC has been set to 90
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to have an overall good resolution of the machine geometry. Number of radial CEs
in different parts of the machine have also been selected to have a good description
and are given in Table 4.5. Particularly, due to the existence of round stator slots,
number of CEs in the stator teeth region had to increased. Rotor discretization in
terms of radial CEs are also relatively high due to the number of barriers and radial
structural rib. The geometry of the machine and the CEs are drawn all together and

shown in Figure 4.26. Total number of CEs adds up to be 6750.

Table 4.5: Discretization properties of the SynRel machine under test.

Stator and Airgap
Part Number of Radial CEs
Stator yoke 5
Stator teeth 25
Stator tooth tip 2
Airgap 3
Rotor
Tangential ribs 2
Rotor 40
Number of Tangential CEs = 90

>

Figure 4.26: Discretization of the SynRel machine to be tested.

The results are compared in terms of fluxes, average torque and torque
ripple and are shown in Figure 4.27. Comparison between the results yields a good
match in general for all the compared quantities. When the g-axis fluxes are com-

pared, it is seen that when iy = 0 and i, # O there is almost a perfect match. How-
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ever, with the increasing i; there seems to be a slight mismatch between the values.
There are two possible reasons for this discrepancy which can be explained by the
not perfect geometry discretization achieved by MEC and the way flux paths (in
radial and tangential directions) occur in the MEC. This mismatch is not reflected
to torque contours as from the figure it is clear that results are in good harmony.
Torque ripple values, though not matching perfectly, are close to each other both in
terms of contour shapes and values.

In terms of computation time for a single operating point where both iy

and i, is equal to 4 A, the time required to complete FEA is 49s whereas using MEC

a time of 6.5s can be achieved.

| & MEC FEM |
D-AxisFlux [V-¢] Q-AxisFlux [V-¢]

mCid i = e o g
m O — = e e

Id[A]

Figure 4.27: Comparison of results obtained by means of FEA and MEC analysis: a) d-axis
flux, b) g-axis flux, c) torque, d) torque ripple.
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4.5.3.2 Comparison Between Test and Analysis Results

Test results and the results obtained with FEA and MEC are put together
and shown in Figure 4.28. As a general trend a close match is obtained in terms of
d-axis fluxes and torque contours. Speaking of flux in the g-axis, it seems that the
test results are lower than both of the analysis results. The g-axis flux being lower
also creates some mismatch in the torque due to lower anisotrophy predicted with

the analysis.

| @& MEC - FEM 3 Test |
D-Axis Flux [V-s] Q-Axis Flux [V-s]

i/

5
m
4 b
<3
=

Id [A]
b)

Figure 4.28: Comparison of test versus analysis results: a) d-axis flux, b) g-axis flux, c)
torque.

When comparing the results, the effect of manufacturing needs to be taken
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into account as even small changes in the geometry or any alteration of the magnetic
properties during manufacturing can lead to different outcomes. Keeping in mind
all these information and the overall close match of torque results both MEC and

FEA analysis yielded a good prediction of real machine performance.
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4.6 Conclusion

In this part of the thesis, a highly detailed version of magnetic equivalent
circuits, which is capable of performing as accurate as state-of-the-art finite element
method with much lower computation times is presented.

The description of the MEC began with investigation of literature view
to identify the general methodologies, advantages and disadvantages to enlighten
aims and objectives. To that extend it has been revealed that a general purpose
MEC suited for different machine topologies and geometries, taking into account
of nonlinear behaviour of the iron material are not yet available or limited in usage.
Therefore the objective has been defined as providing a comprehensive approach to
build a MEC of such.

MEC with these properties then started to be developed. First, geometry
discretization using cell elements incorporating bi-directional reluctance elements,
offering a great flexibility over standardized, fixed flux path networks have been
described. This is then followed by one of the vital aspects of the electromagnetic
simulations, i.e boundary conditions, have been addressed and discussed. After that,
definition of target geometry in terms of material matrices are established. With this
step, it is not only enabled to have a simple definition of virtually any geometry but
also the movement or rotation.

Magnetic field excitations occuring due to current carrying conductors
and permanent magnets are set up using a unique loop definition systematic. Later,
solution technique of the MEC is described based on Newton-Raphson method. All
the matrix assemblies and matrix operations used to solve for magnetic field distri-
bution are presented in detail. Moreover, maximum available periodicity, even and
odd periodic conditions, are mentioned and their applications are given. Calculation
of electromagnetic quantities such as flux linkage and torque are derived based on
the flux densities. After a brief discussion on implementation of the model solution
is overviewed.

MEC is then used for analyzing three different synchronous machine types.
A surface permanent magnet, a synchronous reluctance and a permanent magnet as-
sisted synchronous reluctance machine have been analyzed first in a single operating

point where performances and computation times are compared to those obtained
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via finite element analysis. In order to further study the capabilities of the MEC,
these analysis are extended into dg current plane where a number of grid points are
analyzed. The importance of these is twofold, one is to verify performance of the
MEC in different saturation conditions and the other is to cover almost all points
in a torque-speed plane. Comparison of the results against FEA are done and dis-
cussions are provided to elaborate on the discrepancies. It is found out that apart
from the torque ripple, flux-linkages and torque are well predicted in a fraction of
computation time compared to FEA. Furthermore, a small scale sensitivity analysis
is conducted to identify effect of discretization in different parts of the geometry.
Finally, an off-the-shelf synchronous reluctance motor is tested. These
test results aimed to obtain magnetic properties of the motor with respect to current.
Same points that are used to conduct the tests are also used in FEA and MEC,
and all results are compared. According to the results, it is safe to say that, MEC
was able predict a performance well enough both against FEA and experimental

identification.

4.6.1 Possible Future Work and Improvements

Although good results are obtained with the implemented MEC, there are
some aspects that can be improved in the future. These can be summarized as

below:

1. Overall code performance can be increased to achieve even less computation
time. This includes well organized structure but can be extended to include
nonlinear iteration as well. Specifically, other methods of nonlinear iteration

can be used and assessed against Newton-Raphson method.

2. Discretization and quality assesment of the discretization can be achieved
using a more automotized procedure. This would enable unsupervised geom-
etry definition to be used in even broader range of machine topologies and

geometries.

3. Discretization of the geometry can be made to focus on specific areas by
disturbing the uniform structure of CE distribution. This way for example,

a better resolution in the airgap can be achieved by not over increasing the
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number of total CEs which would be the case in a uniform mesh of CEs.
Possibly, better torge ripple and even close match of other quantities can be

achieved.



Chapter 5

Conclusion

In this final chapter, a brief summary is given and the main contributions

of the work is discussed.

5.1 Conclusive Summary

In this work general design aspects of SynRel machines are investigated.
It is known that design of electric machines are actually high-level optimization
problems which include non-linearity caused by the materials and performance re-
quirements that often contradicts with each other. Nonetheless, recent advance-
ments in electric drives and wide-spread use of electric machines leads to more and
challenging performance requirements.

In the beginning, SynRel machine design is inspected through a state-of-
the-art geometry for its rotor. Automatizing the whole analysis procedure numerous
optimizations are performed. The effect of objectives and constraints during the
design stage are identified. After that a new flux barrier profile is suggested based
on the existing fluid shape barriers and splines. With this new barrier shape it is
possible to expand the geometric limits of the classical barrier shape which can
lead to possible improvements. Both barrier structures are optimized and compared
for the same targets where improvements in terms of electromagnetic performances
such as average torque, power factor and iron losses are obtained through better
utilization of design space. In the following, PM assistance is considered as it is one
of the ways to enhance characteristics of a SynRel machine. First the introduction of

PM:s to the existing SynRel geometry is shown than a PMaSynRel motor is designed

123
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by means of multi-objective optimization. One of the designs is then selected and a
prototype machine is manufactured. Tests are conducted over a range of operation
points and compared with analysis results.

In the second technical chapter, design of SynRel machine using TO is
examined. One of the mostly used methods, DM, is used to design rotor of a Syn-
Rel motor. Unlike the geometrical optimization where the optimization variables
are geometric parameters, in DM based TO they are the material properties of cell
elements. Therefore only parameters that has an effect on the optimization are
identified as specific optimization settings of DM. All of these settings, namely dis-
cretization, initial density, penalization factor and objective functions are deeply
examined. It is found that these have varying effects with respect to the target prob-

lem. Some key observations are as follows:

* Design space discretization is important as it defines the resolution of the
model. The aim for the mesh has to be good enough so that TO is not limited
but on the other hand it has to have limited number of elements in order not
to increase computation time. For the focus of SynRel rotor, a medium mesh
provided good results where in the case of detailed mesh scenarios only a

slight improvement is achieved.

 Effect of initial material properties of the design space and material interpo-
lation are connected together as the penalizaton coefficient alters the density
values. Based on the results, best cases are obtained when n=1 and 2. This
corresponds to the fact that resultant material interpolation should not be too
steep or too flat. For the initial density it is seen that starting close to 0.5

generally produced good results.

* One of the most important settings is reveled to be inclusion of torque rip-
ple objective as in this case, structures similar to the conventional reluctance

machines are obtained.

* Applying TO to an already optimized rotor produced some slightly better

results which shows that improvement is always possible.

The fourth chapter is dedicated to the implementation of a fast and ac-

curate analysis tool. For this purpose, a generic MEC able to analyze different
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machine topologies without the need for changing the reluctance locations or any
underlying equations are built. Its building steps are comprehensively explained to
show how geometry can be defined and non-linearity can be included. Once it is
implemented it has been used to analyze a SynRel, an SPM and a PMaSynRel ma-
chine over a wide range of saturation conditions. Comparison against FEM yielded
very good characteristics not only in terms of performance but also the computa-
tion time. Investigated cases showed that MEC can be 12 to 20 times faster than
FEM with negligible mismatch. To also compare it with a real case, an off-the-shelf

SynRel machine is tested and good accuracy is obtained.

5.2 Main Contributions

Main contributions of the work can be summarized with respect to each

technical chapter as below:

* Chapter 2: Synchronous Reluctance Machines Design and Parametrization of

Machine Geometry

— Most important contribution of this chapter is the proposed novel flux
barrier shape. With the aim of expanding geometric limits compared
to a conventional shape, better characteristics are obtained which would

not possible to achieve with existing barrier profile.

 Chapter 3: Topology Optimization for Synchronous Reluctance Machine De-

sign

— For this chapter the contribution is mostly for identification and future
work for applying TO for a design method. To achieve this, the method

is analyzed through its settings and to reveal possible design cases.

— Another key point is the possible usage of TO for an already optimized
design. Considering the time requirement with TO is quite low com-
pared to a conventional optimization using it at the final design stage

can be insightfull.

* Chapter 4: Magnetic Equivalent Circuit Modelling
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— With the MEC, the novelty is the exploitation of the full periodicity
conditions while considering non-linearity and doing this in a generic
way so that without changing any formulation it can be used for different

geometries.

— Another contribution is that, accuracy and speed of the MEC is proved
to be very good when different machine topologies and saturation con-

ditions are considered.

— Although not directly used in the context of this thesis, possible use of
this tool in the early design stage or as an assisting tool to FEM by our
research group or external parties would be a benefit, therefore this can

count as a yet to become accomplishment.
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