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Introduction

The use of permanent magnet synchronous machines (PMSMs) is becoming more popular [ 1 |
thanks to their compactness, high torque density and increased flux weakening performance | 2 |. Other
advantages can be gained by equipping PMSM with concentrated winding in the stator. In fact, using
concentrated winding can be beneficial regarding easy manufacturing and consequently lower produc-
tion costs, modularity [ 3 | and fault tolerance. More particularly, short end-windings are a strong

benefit in terms of copper saving and lead to less joule losses.

However, a well-known drawback of FSCW is the presence of large magneto-motive force space
harmonics in the airgap. This harmonic content causes eddy current losses in the permanent magnets
placed on the surface of the rotor. For this reason, these magnets can be demagnetized due to over-
heating [ 4 | [ 5 |. Furthermore, spatial harmonics can decrease the performances of the electrical

machines in terms of torque ripple and unbalanced magnetic pull.

Another weakness of concentrated winding is a feasibility rule that imposes a constraint on the
design of the machine. As it can be found in the literature [ 6 |, some numbers of slots and number of
poles combinations are not feasible for the winding to be symmetrical. This limits the degree of freedom
of the designer’s choices. Furthermore, regardless of the feasibility, the slot-pole combinations are
proven to have direct effect on machines performance in various aspects such as winding factor [ 7 | [
8 ], radial forces and vibration behavior [ 9 |-[ 11 |, cogging torque [ 12 | [ 13 |, flux-weakening capability

[ 14 ] and leakage inductances [ 15 |.



Various provisions have been proposed in the literature to reduce FSCW MMF harmonics such
as combined star-delta connections among the coils of a phase and use of multi-phase configurations |
22 |; the most common and promising countermeasure is, however, the adoption of multi-layer arrange-
ments in which more coils, belonging to different phases, are wound around the same tooth | 16 |, [ 23
-[ 29 ].

A four-layer winding with two identical coils wound on the same tooth is a possible implementation of
this arrangement | 23 |-[ 25 ]. It is possible to reduce or even cancel MMF subharmonics by properly
assigning phases to tooth coils. However, it has been known since 2004 that using unequal coils with
various numbers of turns can produce even better results in a multilayer FSCW [ 26 | [ 29 ]. Mostly
based on a case-by-case reasoning and through the star-of-slot method [ 16 | it has been proven that
suitably selecting the number of turns of the various tooth coils can result in the cancellation of a given
MMF harmonic or subharmonic at the expense of a reduction in the MMF fundamental magnitude |
27 ]-[ 29 |. Nevertheless, the question is left unanswered as to whether the proposed solution, identified
as “optimal”; can be actually further improved through some different arrangement of the tooth coils

and a different selection of their number of turns.

One of the goals of this thesis is to prove that, contrary to the common belief, a perfectly
symmetrical FSCW can be obtained even with pole-slot combinations that do not respect the feasibility
rule previously mentioned. In fact, all the available degrees of freedom on the choices of slots poles
combination under some specifications, as will be explained in Chapter 6, are not sufficient. Another
target is to reduce the harmful effect of the rich space harmonic content of FSCW in terms of losses in

the magnets.

These goals can be achieved on condition that a multi-layer winding arrangement is used | 16

|, which means using even more than one coil per tooth, belonging to different phases.

In this thesis, the multilayer winding arrangement will be described in more detail. Then, the
development of systematic automated analytical method aimed at the optimization of the multilayer
FSCW SPM machines will be presented. The winding optimization approach is based on quadratic

programming, which can be solved using computationally efficient algorithms, under some constraints



and objective functions depending on the goal of the optimization [ 17 |.

This thesis is composed of a first chapter including definitions on multilayer fractional slot
concentrated winding, a mathematical definition of air gap MMF harmonic computation and analytical
computation of magnet losses produced by eddy currents induced by concentrated winding air gap
MMF harmonic content. The second chapter addresses the definition of the optimization problem:
objective function and constraints, limits and results [ 18 |. The third chapter describes an evolution
of star of slots method, while in the following chapters optimization approach is introduced to design
unconventional machines (slots poles combinations that do not respect the feasibility rule) [ 19 |. The
method is validated by comparison with finite element simulations and based on experimental results

collected on two different prototypes (three and six-phase machines).



1. Multi-layer Fractional-slot concen-

trated windings

The use of fractional-slot concentrated windings (FSCW) in the design of permanent magnet
synchronous machines is growing in popularity due to a number of benefits, including improved man-
ufacturability and modularity, increased flux weakening performance, fault tolerance features | 20 |,
shorter end-coil and overall axial length [ 21 |. The occurrence of significant magneto-motive force
(MMF) space harmonics (particularly subharmonics), which generate eddy-current losses in the rotor,

with possible overheating and demagnetization concerns, is a well-known disadvantage of FSCWs.

Fig. 1 Structure of a dual - layer concentrated winding



























































































































































































































































































































