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Abstract (eng)

This thesis reports the results of the three-years activities carried out during the XXXV cycle of

the Ph.D. course in Electrical and Information Engineering of Politecnico di Bari.

The main goal of this work is the definition of a comprehensive design procedure for high-

speed synchronous machines, including synchronous reluctance (SyR), permanent magnet as-

sisted synchronous reluctance (PMaSyR) and surface mounted permanent magnet (SPM) ma-

chines.

An original design approach is first proposed to the SyR scenario based on analytical meth-

ods and few finite element simulations capable of correcting the inaccuracies of the analytical

approach. The proposed methodology takes into account both the electromagnetic, thermal and

structural issues and their conflicting requirements when a high-speed design scenario is con-

sidered. In fact, magnetic non-linearities, rotor structural limitations and the rise of both stator

and rotor iron losses are all considered. The adopted design approach allows achieving optimal

stator and rotor geometries balancing all these competitive multi-physics aspects and keeping

constant either the cooling system capability or the current density. Both silicon-iron (SiFe) and

cobalt-iron (CoFe) alloys with optimized magnetic and mechanical performance are examined

to assess the maximum capabilities achievable with a SyR machine technology.

The same design philosophy is then applied to the PMaSyR case, when the degrees of free-

dom are increased by the insertion of the proper amount of PM volume within the rotor flux

barriers, which is the most common design strategy used to significantly increase their per-

formance in terms of both power density and power factor. It will be shown how a permanent

magnet assisted synchronous reluctance machine can be optimized to satisfy all the electromag-
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netic and structural constraints arising as the maximum operating speed increases. This will be

done considering a variety PMs material, including low energy density PMs (e.g., Ferrite) and

high energy density ones (e.g., rare earth materials such as NdFeB).

Finally, the SPM design case is analyzed with the same hybrid-analytical workflow, with

special attention on the sleeve design as the speed increases; indeed, both thermal expansion

and centrifugal forces must be accurately taken into account.

The proposed design procedure, either applied to SyR, PMaSyR or SPM cases respectively,

constitutes a flexible, systematic and general approach which is useful to infer design guidelines

according to given assumptions and design choices.

Experimental results on four different prototypes validate the design approach.
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Abstract (it)

Questo lavoro di tesi riporta i risultati di tre anni di attività svolte durante il XXXV ciclo del

corso di dottorato in Ingegneria Elettrica e dell’Informazione del Politecnico di Bari.

L’obiettivo principale del lavoro è la definizione di una completa procedura di progettazione

di macchine elettriche sincrone ad alta velocità, tra cui le macchine sincrone a riluttanza pura, le

macchine sincrone a riluttanza assistita da magneti permanenti e le macchine sincrone a magneti

permanenti isotrope.

Un’originale metodologia di progettazione sarà prima proposta per le macchine sincrone a

riluttanza; tale metodologia è basata su modelli analitici ed opportune simulazioni agli elementi

finiti utili a correggere le imprecisioni dell’approccio puramente analitico. Il metodo proposto è

in grado di considerare sia le problematiche elettromagnetiche che quelle termiche e strutturali,

nonché i loro diversi requisiti nell’ambito di una progettazione di una macchina ad alta velocità.

Infatti, la metodologia di progettazione è in grado di portare in conto sia le non-linearità mag-

netiche che le limitazioni strutturali e l’incremento delle perdite nel ferro di statore e rotore.

L’approccio adottato permette di ottenere macchine ottimali sia da un punto statorico che ro-

torico, bilanciando tutti i sopracitati aspetti multifisici e mantenendo costante o la densità di

corrente o il sistema di raffreddamento. Saranno esaminati differenti tipi di materiali ferromag-

netici, in particolare i materiali basati sulla tecnologia a ferro-silicio (SiFe) e quelli basati sul

Cobalto (CoFe), con lo scopo di individuare i limiti di potenza di una macchina a riluttanza

pura.

La stessa filosofia di progettazione sarà applicata al caso di macchine a riluttanza assistita

da magneti permanenti, dove l’inserimento di questi ultimi all’interno delle barriere di flusso
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costituisce un ulteriore grado di libertà all’interno della progettazione; l’inserimento del giusto

volume di magnete rappresenta la strategia più comune per aumentare in maniera significativa

le prestazioni di un motore a riluttanza pura, sia in termini di densità di potenza che di fattore

di potenza. Sarà mostrato come è possibile ottimizzare una macchina a riluttanza assistita in

modo da soddisfare tutti i vincoli elettromagnetici e strutturali che insorgono quando la velocità

di progetto aumenta. Tale metodologia sarà applicata considerando magneti sia a bassa (es.

Ferrite) che alta (magneti in terre rare, es. NdFeB) densità di energia.

Infine, sarà analizzato il caso delle macchine a magneti permanenti superficiali utilizzando

la stessa strategia di progettazione ibrida-analitica, ponendo particolare attenzione alla proget-

tazione della camicia di contenimento dei magneti permanenti necessaria ad alte velocità; in-

fatti, sia il fenomeno di espansione termica che le problematiche legate alle forze centrifughe in

gioco devono essere correttamente portati in conto.

La metodologia proposta, applicata alle tre tipologie di macchine, costituisce un approccio

flessibile, sistematico e generale, utile per dedurre alcune linee guida di progettazione in accordo

con date assunzioni e scelte di progetto.

Le considerazioni fatte saranno validate sperimentalmente su quattro diversi prototipi.
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To M.G., my star my perfect silence
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”If your script is running properly on the first try, you’re just lucky.”
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Chapter 1

Introduction

1.1 Background on High Speed Applications

High-Speed electrical machines have been investigated by several authors in the last decades,

with the aim of replacing mechanically-enhanced systems which usually feature low efficiency,

limited flexibility and reliability, require high maintenance and do not allow to reduce the overall

envelope of the system [1, 2]. Differently, direct drive solutions without gearboxes improve

all the above performance indexes. Indeed, the elimination of the gearbox leads to a more

compact system with reduced size and weight, while the adoption of the power electronics

clearly increases the flexibility, efficiency and reliability of the drive [3].

Several applications can benefit from this change of drive architecture, including turbocharg-

ers, mechanical turbo-compounding systems, aeroengine spools, helicopter engines, racing en-

gines, and fuel pumps [4].

However, the concept of high-speed machines is deeply influenced by the technology is-

sues, including the availability of high-performance materials both from a structural and mag-

netic points of view, manufacturing advancements, management of the thermal behavior of the

drive (including the power converter) layout and the possibilities in terms of power electronics

high-performance devices. Indeed, higher speeds imply higher fundamental frequency which in

turn affects the switching frequency of the power converter; moreover, the rise of the centrifu-
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gal forces poses challenges in terms of rotor design, while the increment of the overall losses

(copper, iron and windage ones) must be taken into account so to keep the temperatures under

certain limits.

Soft magnetic materials have to feature lower specific iron losses and also optimal mechan-

ical performance as the increment of the speed necessarily implies a rise of both the iron losses

and the centrifugal forces, which in turn could result in lower efficiency, thermal and structural

issues. Furthermore, the selection of the most appropriate electrical steel has to also consider

its magnetic characteristic (i.e. the single value BH curve characteristic) since higher saturation

values imply higher machine power density [5].

The electrical machine design both in terms of electromagnetic aspects but also in terms of

thermal and structural management is also directly influenced by the application. Indeed, high-

speed electrical machine could either replace or complement the existing high-speed mechanical

systems [4]. In the following, some examples of high-speed applications are reported.

a. More electric engine

The adoption of electrical machines within more electric engine is becoming a common solu-

tion. As shown in [4], the applications could be several. Fig 1.1 reports a family of four possible

high-speed electrical machines around a future engine.

Figure 1.1: High-speed electrical machines for the more-electric engine (Cummins)
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The machine M1 is placed on the same shaft as the turbine and the compressor wheels in a

turbocharger, and it is used as:

• a motor to speed up the compressor to the required speed, with the aim of reducing turbo

lag and improving drive-ability when there is lack of energy in the exhaust gas stream,

thus reducing turbo lag and improving driveability;

• as a generator when there is excess energy in the exhaust, instead of opening a waste-gate

valve to prevent shaft overspeeding.

Another high-speed machine (M2) coupled to an additional turbine can be used to improve

the driveline efficiency so to extract waste heat from the exhaust gases. As an example, the

recovery energy can be used to electrical loads of the vehicle or to supply a traction machine

when considering a hybrid power train. Furthermore, the high-speed motor M3 can be adopted

to drive an exhaust gas recirculation EGR compressor at the upstream of the turbine, thus over-

coming the so-called ”unfavorable pressure differential”.

b. High-speed spindle

The machine tool industry is also experiencing a more increasing demand on high-speed elec-

trical machines; in such applications also the power density plays a major role.

The rotational speed range is quite large: in milling applications it depends on the processed

material type varying between 6krpm for metal and 40kprm for aluminum, while higher rota-

tional speeds are reached when considering ultraprecision grinding applications [6]. Fig. 1.2

show a commercial example of high-speed spindle featuring a speed range between 20 and 200

krpm [7]

c. Gas Compressor

The use of electric motor to drive compressors is clearly a common adopted procedure, but

in the last decades the availability of new high-speed motor technologies, which include the
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Figure 1.2: High-speed spindle (NK automation)

adoption of magnetic bearings, have increased the popularity of such solution. Indeed, mag-

netic bearings allow the elimination of the gearbox which in turn determines safety, efficiency,

availability, reduced operation and maintenance costs increments, resulting in an environment-

friendly compressor drives [8].

d. Flywheel Energy Storage Systems

The mechanical energy storage using a rotating flywheel is a common adopted solution to re-

cover energy. An electric motor is used to store the electrical energy. The latter spins the

flywheel leading to the conversion from electrical energy to mechanical one; in a dual way, the

conversion from mechanical to electrical energy allows to perform the energy recover using the

same electric motor.

Traditionally, such flywheels feature low rotational speed, low power and energy densities,

whereas new concept flywheels can reach higher speeds and can out-compete NiMH batter-

ies which are typical embedded within hybrid vehicles [4] albeit the energy density is lower.

However, when considering short-time operations (e.g. power assist hybrid electric vehicle),

high-speed flywheel allows a more compact solution, higher efficiency, longer lifetime, and a

wider operating temperature range [9]. A commercial example of high-speed flywheel is re-

ported in Fig. 1.3.
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Figure 1.3: High-speed flywheel (Williams Hybrid Power).

1.2 Electrical Machines Topologies

From the previous section, it follows that high-speed applications could require different ma-

chine specifications which in turn include the power density, power factor, low cost, wide speed

range, and so on.

According to the above needs, it is possible to identify several machine topologies and a first

macrodistiction can be made between synchronous and asynchronous ones. The first can be also

divided into isotropic (e.g. surface permanent magnet synchronous motors) and anisotropic ma-

chines (e.g. synchronous reluctance machines with and without permanent magnets, switched

reluctance machines, etc.), whereas induction motors represent the most adopted asynchronous

ones.

This thesis will be focused on the design of synchronous machines. In particular, three

machine topologies will be analysed.

1. Synchronous Reluctance Machines (SyRMs), since they feature high efficiency, low cost

and good power density.

2. Permanent Magnet assisted Synchronous Reluctance Machines (PMaSyRMs), since they

can improve the main drawbacks of SyRM namely the low power factor and high torque

ripple.

3. Surface mounted Permanent Magnet synchronous Motor (SPMMs), since they represent

the gold-standard in terms of efficiency, power factor, power density.
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The three machines basically share the stator (Fig. 1.4a) which hosts a three phase winding

and it is slotted, whereas a different rotor design (Fig. 1.4b, c and d for SyRM, PMaSyRM and

SPM respectively) characterizes each machine topology. In the following, the state of the art of

(a) (b)

(c) (d)

Figure 1.4: Cross-section of (a) stator (b) SyRM rotor (c) PMaSyRM rotor and (c) SPM rotor.

these three machine types will be investigated, thus highlighting the opportunity and challenges

of each machine design.

1.2.1 Synchronous reluctance machines

Synchronous reluctance machines have attracted increasing attention in several sectors, espe-

cially automotive and industry. In the latter, i.e. mainly for low-medium speed applications,

SyR machines allow a considerable volume reduction and/or an improvement of the opera-

tional efficiency compared to induction motors (IM) [10, 11]. Along with higher efficiency

(when compared to IMs), simple rotor construction and absence of permanent magnets are fur-

ther advantages which make SyR machines a valuable alternative also in the automotive sector.

Despite these advantages, high torque ripple and low power factor are the most important draw-

backs of this machine topology.
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a. Design challenges

A lot of research effort has been dedicated to overcome the above reported issues mainly fo-

cusing on the rotor design [12–15], which represents the greatest challenge as it involves many

degrees of freedom and complex phenomena [16, 17]. Important contributions to the analytical

modelling of SyR machines are reported in [18–21]. The fast resolution of the analytical models

comes at the cost of the accuracy of the performance prediction. The main assumptions of these

models are a simplification of the rotor geometry and linearity of the iron materials. The latter,

in some cases, could lead to imprecise prediction mainly due to the complex relation between

flux and current [22]. The cross-coupling effects are particularly relevant in SyR machine there-

fore they must be considered for an accurate prediction of the torque required in the design stage

and/or control purpose [23]. An interesting attempt to fully include the saturation effect within

an analytical model has been reported in [24] and used in [25] to characterize the machine be-

havior also in case of rotor eccentricity. Although interesting, this approach does not allow to

define a set of design-oriented equations aimed at identifying the performance trade-offs via a

reduced number of design variables as in [26]. The latter, along with [27], proposes a com-

prehensive design procedure (including both stator and rotor) that, under certain assumptions

(including the linearity of soft magnetic materials), allows to identify the trade-offs involved

in the design of a low speed SyR machine. This set of analytical design equations has been

extended in [28] in order to eliminate the hypothesis of linearity of the magnetic materials and

so improve the accuracy of the predicted performance. The proposed method uses few finite

element simulations carried out on an extremely restricted subset of design solutions, in order to

take into account the inevitable non-linearities affecting the SyR machine performance. In gen-

eral, the design procedure of SyR machine is usually divided in two steps: first an analytical (or

hybrid) model is used to carry out a preliminary design; then a Finite Element Analysis (FEA)

is employed to fine-tune the design accounting for the aspects disregarded in the first stage. For

low speed application, this second design refinement stage is mainly electromagnetic.
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b. High-speed scenario: structural iron ribs and iron losses

As the speed increases, the above second phase also includes several mechanical FEAs aimed

at designing the so-called iron bridges (or ribs) to guarantee that the rotor maximum Von Mises

stress is below the material yield limit [29]. Indeed, if these structural strengthening iron bridges

are widened in order to ensure the rotor integrity at high speed, then the electromagnetic per-

formances quickly deteriorate. As the speed increases, the conflicting requirements between

electromagnetic and structural performance pose severe design challenges. In order to optimize

the electromagnetic performance whiles guaranteeing the rotor integrity, several multi-physics

design approaches have been proposed. In [30, 31], it has been shown that, if a FE-based opti-

mization is adopted, then dividing the design procedure in two steps, i.e., the electromagnetic

design followed by a mechanical design, is beneficial for both computational effort and perfor-

mance of the final solution [32, 33]. In [34], an analytical model has been extended to include

the effect of the radial iron ribs on the electromagnetic performance with the aim of assessing

analytically the maximum power capability of SyR machines as function of the speed. All these

studies, whether based on computational expensive FE automatic design approach, or based on

simplified analytical models, have been carried out considering a given stator design. In other

words, all these works mainly focus on the rotor design, effectively designing the stator disre-

garding the effect on the rotor structural behavior (e.g. choice of the split ratio). By doing so,

also the balance between magnetic and electric loads is a-priori selected during the stator design

without evaluating its effect on the overall performance.

As the speed increases, also the iron losses become a further limiting factor to consider

during the design of a high speed SyR machine. This is a common challenge when designing

high speed machines. Indeed, as the maximum speed increases, a different cooling system has

to be designed to dissipate the higher iron losses. However, if the total losses are kept constant

during the comparative design exercise, by decreasing the Joule losses quota as the iron losses

rise, then the cooling system can be maintained unchanged leading to a comparison on a fair

basis.
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Clearly, the iron losses as well as the overall performance are deeply influenced by the

soft magnetic material: different material present different magnetic, mechanical and thermal

properties which in turn play a key role in the machine design.

c. Material selection: a compromise choice

The ever increasing variety of soft magnetic materials in terms of chemical compositions, man-

ufacturing processes and thermal treatments makes the electrical machine design a challenging

task [35]. The material selection is particularly important when designing high power density

electrical machines where the constituent materials are pushed to the working limits in order

to maximize their exploitation [36]. Indeed, transportation applications in the aerospace sector

require impressively high power density levels in order to compete with the mechanical counter-

parts [37]. Similar challenges are faced by the automotive industry [38], although the electrical

machine requirements are different.

Non-oriented cold-rolled carbon steel with different silicon content (SiFe) and alloys with

different ratio of cobalt-iron (CoFe) are the main soft magnetic material families commercially

available in a wide range of lamination thicknesses and thermal treatments [39]. The first one

covers the majority of the market share while the second is mainly used in high power density

applications given its higher cost (about one order of magnitude) and higher saturation flux

density [40]. Along with the latter, magnetic permeability, iron losses and mechanical strength

are the main performance indexes affecting the material selection.

Clearly, the soft magnetic material choice depends on the considered electrical machine

topology and related needs. Regarding high-speed electrical machines, permanent magnet syn-

chronous machines, induction motors and switched reluctance topologies could benefit from

the adoption of high grade or thin gauge SiFe or CoFe materials [36, 41, 42]. The iron losses at

the maximum operating frequency and the saturation flux densities are the main performance

factors driving the choice of the soft magnetic material to be adopted. The yield strength also

plays a fundamental role when designing high speed induction machines or interior permanent
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magnet synchronous with laminated rotor back iron [43,44]. Regarding electrical machines for

transportation applications, the material selection is also influenced by the maximum torque-

speed profile along with the operating cycle [45–47].

Indeed, the driving cycle defines the material choice correctly balancing the competitive

needs of having high saturation level, low iron losses and high yield strength [48]. The soft

magnetic material selection is particularly challenging when designing high-speed electrical

machines featuring complex rotor structure such as Synchronous Reluctance (SyR) machines.

The conflicting requirements between the rotor structural integrity at high speed and the elec-

tromagnetic and thermal performances severely influence the design process including the soft

magnetic material selection [33, 49, 50]. A comparative study of low-speed SyR machines with

different grades of SiFe has been reported in [51] mainly assessing the efficiency aspects of the

material choice. A FE-based design optimization procedure has been presented in [52] where

the authors evaluate the SyR maximum power capability as function of the speed for different

soft magnetic materials. Another interesting attempt to include the structural aspects within the

design workflow has been presented in [34]. A linear analytical model based on the magnetic

equivalent circuits has been used to identify the maximum power capability of SyR machines

as function of the maximum design speed. Although these two studies attempt to assess the ef-

fect of the structural limitation on the electromagnetic performance, they both consider a fixed

stator design and current density disregarding the thermal impacts of the increased iron losses.

It follows that a fair comparison between soft magnetic material should consider both the stator

and rotor design within the design process and should be capable of including the thermal and

structural issues in a correct way.

1.2.2 PM-assisted synchronous reluctance machines

The performance of synchronous reluctance machines can be improved inserting permanent

magnets (PMs) within the rotor slots [53–55], as graphically shown in Fig. 1.5. When the

performance improvement is medium-low, the resulting machine is usually called permanent
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SyRM PMaSyRM

Figure 1.5: Insertion of the PMs within the rotor slots of SyRMs.

magnet assisted synchronous reluctance machine otherwise - when dominant - it falls within

the realm of the interior permanent magnet synchronous machines [56, 57]. The differentiation

between these two machine types is definitely vague and open to interpretation [58, 59]. It can

be either related to the torque contribution quotas as stated above or to the design process [60].

In fact, the latter can be performed either designing a SyRM and then adding the PMs with a

given criterion or considering both torque contributions at the same time [61] or considering

only the PM torque in the first instance neglecting the reluctance component.

The design process of the resulting electrical machine (hereafter called permanent magnet

assisted synchronous reluctance machine) is far from being standardized as it involves multiple

design choices with conflicting results [62]. The design task becomes even more challenging

when the application requires high speed operations due to the increased complexity added by

the rotor structural design [63, 64].

Two main strategies have been proposed in recent years to design PMaSyRMs. The first

one divides the design process into two or more steps [60] while the other approach treats the

electrical machine as a unique device [65].

With the first design approach, both stator and rotor geometries are identified following

the design rules of SyRMs, thus disregarding the effect of the permanent magnet assistance

[66]. After this first stage, the effects of the PM insertion are evaluated with analytical or finite

element tools. In particular, the PM quantity is dictated by the adopted design criterion, i.e.

obtain either the widest constant power speed range or the maximum torque increment [58, 67]
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subject to the constraints imposed by the demagnetization phenomena [68]. The distribution

of the PMs within the rotor flux barriers is instead selected so to reduce the harmonic content

of the resulting airgap flux density and consequently the torque ripple. Also this design step

can be carried out analytically, as elegantly reported in [69], or by finite element method [70],

which has the advantage of including all the secondary phenomena within the analysis (e.g.

localized rotor saturation and slot harmonics effects). When designing PMaSyRMs for high

speed applications, a further mechanical design step must be considered to determine the iron rib

dimensions and distribution required to guarantee the rotor structural integrity at the maximum

speed [33].

On the contrary, the second design philosophy treats the PMaSyRM as a unique device

thus the PM electromagnetic and structural effects are considered from the initial stage. This

approach has been implemented either with the aid of a simplified equivalent magnetic circuit

[65] or by brute force FE-based design optimization [71]. In the first case, the hypothesis

of linearity of the magnetic materials and the fact that the cross-saturation effect is neglected

represent the main drawbacks. On the contrary, the FE-design optimization approach is very

accurate but computationally more expensive than the analytical one. Albeit its high accuracy,

FE-based optimization of multi-objective problems with a very wide research space often leads

to sub-optimal solutions depending on the given time frame [30]. Indeed, unless a powerful

computational cluster is available, dividing the research space and so the design procedure into

several steps could lead to better results [32].

Although the comprehensive analytical design approach presented in [68, 72] is effective,

at least as preliminary design stage to be followed by a FE refinement, it does not consider the

permanent magnet influence on the stator design and neglects the soft magnetic material non-

linearity. An interesting attempt to consider part of the non linearity effect has been proposed

in [73] where the saturation of the main flux path is considered with the aid of a non-linear

magnetic equivalent circuit. For high speed applications, when the dimensions of the rotor iron

ribs become relevant, also the saturation of the high reluctance flux path plays a leading role

in determining the machine performance. Indeed, the estimation of the q-axis inductance and

12



1.2. ELECTRICAL MACHINES TOPOLOGIES

of the PM flux linkage assuming a certain saturation level of the iron ribs loses accuracy as the

speed increases, i.e. as the rib dimensions increase. Indeed, the PM insertion into the rotor flux

barriers complicates both structural and electromagnetic aspects. In fact, the PM increases the

rotor mass to be sustained by the iron ribs and the presence of the latter non-linearly affects the

machine performance, i.e. PM flux linkage and q-axis inductance.

The non-negligible thickness of the iron ribs poses also challenges regarding the analytical

evaluation of the machine performance, which in turn depends on PM flux, inductances and

stator magneto-motive force. It follows that an accurate analytical method should be capable

of considering the main non-linearities of the magnetic circuit in order to correctly size the

amount of PMs to insert within the flux barriers. Based on the performance index of interest, it

is possible to identify three main criteria for the PM sizing:

• Natural compensation: the PMs dimensions are selected so to maximize the constant

power speed range.

• Target ipf : the PMs dimensions are selected so to reach a pre-defined internal power

factor.

• Torque maximization: the PMs dimensions are chosen with the aim of maximizing the

average torque.

Therefore, the main challenge for PMaSyRM is the definition of a design procedure suit-

able for high speed operations fully considering the effect of the PM presence and without

neglecting the interaction between the structural targets of having iron ribs and their non-linear

electromagnetic behavior.

1.2.3 Surface-mounted permanent magnet synchronous machines

Permanent Magnets Synchronous Machines (PMSMs) constitute a widespread solution for

those applications requiring high torque density, efficiency and power factor especially when
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high strength magnets made of rare earths are adopted [74–76]. Indeed, they out-compete induc-

tion motors in terms of efficiency, torque density, dynamic and thermal behaviors [77,78], while

they guarantee higher power factor and lower torque ripple when compared to synchronous re-

luctance machines. Based on the permanent magnets arrangement, PMSMs can be divided

into surface mounted ones and interior permanent magnet ones. PMs are attached to the outer

surface of the rotor in the first case, whereas they are embedded within the rotor core in the

latter. Since rare earth materials present high compressive strength and low tensile strength,

they can barely withstand centrifugal forces due to high rotational speeds; therefore a retaining

sleeve can be required to guarantee the rotor integrity especially in case of surface mounted

PMSMs [79]. Such sleeve pre-stresses the material to compensate the centrifugal force at high

speed operation [79]. This leads to two major drawbacks: firstly, the magnetic airgap becomes

wider, with a consequent reduction of the average torque; secondly, depending on its compo-

sition, the sleeve can increase the total losses or can worsen the heat extraction from the rotor

structure. In fact, sleeves can be made of non-magnetic metallic materials (e.g. stainless steel,

titanium alloy, inconel) or composite ones (i.e. carbon fiber reinforced plastic). The former

facilitate the heat removal from the rotor thanks to their superior thermal conductivity, but are

prone to higher eddy current losses due to their good electrical conductivity; the latter show an

enhanced weight to strength ratio but present opposite features in terms of thermal and electrical

conductivity with respect to metallic sleeves [79, 80].

As well as for SyRM and PMaSyR, also in the SPM case the other high-speed challenge is

represented by the thermal management due to the increment of all loss components. Indeed,

it affects the choices of the soft magnetic material (silicon-steel or cobalt-iron alloys), the wire

type (random or litz wire) and the cooling system.

In literature, several works have addressed the design of high speed PMSMs. A typi-

cal approach starts with a pure electromagnetic design, which neglects the influence of the

sleeve, aimed at obtaining the main machine parameters [81,82]; then, a mechanical parametric

study [80, 83, 84] is performed to evaluate the rotor stress, size the sleeve and refine the final

design. Other approaches consider the electromagnetic and structural designs within the same
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workflow, either using simplified analytical models [85, 86] or more sophisticated approaches

based on finite element analysis (FEA) [87–89]. It is worth to highlight that most of these ap-

proaches, analytical or FE-based, either start with a given stator design or do not consider the

sleeve sizing within the electromagnetic design routine or do not keep the total losses constant

when comparing different geometries. Indeed, a systematic design approach should be able to

consider both the electromagnetic, thermal and structural needs within the same workflow and

allow to asses the performance boundaries as the maximum speed increases.

1.3 Motivations and Goals of the Thesis

The aim of this thesis is to present a comprehensive and systematic design approach for high

speed synchronous machines, capable of taking into account the full definition of both stator

and rotor geometries considering the limitation introduced by the rotor structural behavior and

thermal constraints of the adopted materials, the electromagnetic targets, the cooling system

and temperature limitations.

The design exercise is first applied for SyRMs, by introducing a set of analytical design

equations based on the definition of only two independent design variables and some assump-

tions and constraints; the limits of such analytical model, which include saturation/cross-saturation

and iron losses estimation, are then highlighted and overcome by a ”adjustment” procedure ca-

pable of correctly consider all the machine non-linearities and thermal and structural limitations.

Then, the hybrid design approach is used for investigate:

• the performance boundaries as the design speed increases for a given SyRM outer enve-

lope and selected materials, with the aim of quantify, model and separate the influence of

structural and thermal limitations ;

• the influence of different types of soft ferromagnetic materials in order to assess the max-

imum power capability of this machine topology as function of the design speed; by

doing so, it is possible to fairly asses the SyR performance boundaries achievable with
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the considered materials;

• the tradeoffs involved when selecting the iron flux density (i.e. the magnetic load) to be

used during the SyR machine design when adopting a Co-Fe alloy as the speed increases;

• the effects of adopting different stator current calculation criteria on the performance of

SyRMs for several maximum speeds, especially from a electromagnetic and thermal point

of view.

Then, the design methodology is extended to the PMaSyRM scenario, where the PM inser-

tion criterion within the rotor slots constitutes a further degree of freedom in the rotor design as

the PM can be used to improve either the constant power speed range, the power factor or the

average torque. The analytical equations and the adjustment procedure are properly modified so

take into account the presence of the permanent magnets by improving the magnetic equivalent

circuit and magnetic non-linearities correction. Then, three different PM insertion design crite-

ria are compared and finally one of them is used for further investigation and for the machine

prototyping.

Finally, the design philosophy is modified so to correctly account for the SPM rotor design

which clearly needs a different approach if compared to a reluctance machine scenario. Also in

this case, the thermal and structural limiting influences are investigated.

1.4 Structure of the Thesis

The thesis has been organized as follows.

• The second chapter is dedicated to the SyRMs design and fully describe the adopted

design procedure, the materials selection and magnetic load influence and the effects of

considering different thermal choices in terms of maximum current calculation.

• The third chapter deals with the PMaSyRMs scenario and, after brief re-call of the ana-

lytical model, describes the influence of the PM within the design workflow both from an
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electromagnetic and structural point of view also comparing different PM materials.

• The SPM case is therefore analyzed in the fourth chapter, where the influence of designing

a retaining sleeve is deeply investigated also for different airgap thickness.

• A final comparison among technologies is reported in chapter 5, thus highlighting the

main topology differences in terms of performance and optimal geometries.

• The sixth chapter reports the results of several experimental tests on 4 different proto-

types, with the aim of validating the design approach.

• Finally, the main conclusion are drawn in the final chapter.
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Chapter 2

Design of Synchronous Reluctance

Machines

This chapter describes the procedure adopted for the design of synchronous reluctance machines

considering both low and high speed design scenarios. The design philosophy is based on the

analytical approach first reported in [27], which reduces the problem complexity by the defini-

tion of only two independent design variables. The accuracy of such design approach has been

improved by means of an adjustment procedure aiming at correctly estimate the performance of

the machine candidates as a function of the two independent design variables.

The high speed limiting design factors, namely structural and iron losses, are included

within a set of design equations, in order to assess their impact on the overall performance

and the geometry of the optimal design solutions. After introducing the extended set of de-

sign equations in section 2.1, its limits are reported in section 2.2 along with a methodology to

improve its accuracy in section 2.3. The influence of both high speed limiting design aspects

are then deeply investigated in sections 2.4 and 2.5. The material and magnetic load selections

are investigated in sections 2.6 and 2.7, while comparison among current calculation criteria

(affecting the thermal performance) is shown in section 2.8.

For the sake of reducing the complexity of the high-speed design and since the final appli-

cation is a continuous-duty one, the base speed and the maximum speed are considered to be
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equal, therefore the flux weakening region is not investigated.
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2.1. ANALYTICAL DESIGN EQUATIONS

2.1 Analytical design equations

2.1.1 First assumptions and choices

The design methodology adopted in this thesis is based on the definition of two independent de-

sign variables, with the aim of reducing the design complexity if some reasonable assumptions,

rules and preliminary design choices are adopted. Indeed, the design of synchronous reluctance

machines is a challenging task since it involves a lot of degree of freedom which include the

shape, orientation and position of the flux barriers.

Several possibilities can be adopted for the shape of the flux barriers: circular, ”I2U” and

”fluid” shapes (see Fig. 2.1) are generally adopted. In this thesis, the ”I2U” shape is hereafter

considered. Most of the considerations which will be shown could be surely extended to other

barriers shapes as well.

(a) (b) (c)

Figure 2.1: Typical flux barriers shapes: a) circular, b) I2U and c) fluid.

Other assumptions include the number of pole pairs which is set to 2 as it is a common

choice in high-speed applications since an increment of the pole pairs would lead to a raise of

the iron losses which could be significant during high-speed operations, and the winding layout

which is a single-layer distributed winding for all the designs. Concentrated winding will not

be investigated since the winding layout is not one of the topic of this thesis.

2.1.2 Main design equations

Torque and power factor can be expressed as functions of two independent variables: split ratio

(sr), defined as the ratio between the outer rotor radius (rr) and the outer stator radius (rs) as
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reported in (2.1) and (2.2)

sr =
rr
rs

(2.1)

and the magnetic ratio (mr), which is the ratio between the airgap flux density (Bg) and the iron

flux density (Bfe) as in (2.2)

mr =
Bg

Bfe

(2.2)

The remaining geometrical parameters, all depicted in Fig. 2.2a, can be expressed in terms

of these two quantities via physical and geometrical considerations [28]. It follows that both

Figure 2.2: a) Vector diagram of a SyR machine. b) Parametrization of the stator and rotor
geometry.

the machine geometry and the performance can be expressed as function of the sr and mr thus

leading to the definition of a design plane in which several machine candidates are compared

and the trade-offs between electromagnetic, thermal and structural needs can be evaluated.

In general the main performance indexes are torque and power factor which present different

shape over the sr −mr plane: indeed, the combination of sr −mr which optimizes the torque

does not necessarily coincide with the one maximizing the power factor. In fact, the power

factor depends only on the inductances, while the torque depends on both inductances and

capability of the machine to produce the stator magneto-motive force (m.m.f) and flux, which

in turn depends on the geometry and on the constraints imposed during the design (e.g. external

radius, electrical loading, current density, total losses, etc.). The hypotheses underlying this set
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of design equations can be summarized as follows.

• The stator outer radius (rs) and axial length (lfe) are fixed.

• The permeability of the iron materials composing the stator and rotor core and the stator

teeth is assumed to be infinite; therefore, the machine design is treated as a linear problem.

• The power dissipation capability of the cooling system is fixed, which means that the ratio

between machine total losses and external surface available for the heat exchange (kcool)

is given. This would lead to fair comparison since all the machine of the design plane can

share the same cooling system.

• The flux density Bfe within each stator and rotor part is preliminary chosen.

2.1.3 Modeling equations

The torque produced by an electrical motor (a SyR motor in this case) can be expressed, in its

general form, as follows:

T =
3

2
p(λdiq − λqid) (2.3)

where p is the number of pole pairs, id and iq are d-axis and q-axis currents, whereas λd and

λq are d-axis and q-axis flux linkages. This torque equation refers to the d-q reference frame

reported in Fig. 2.2, whereas the d-axis and the q-axis are the lower and higher reluctance ones

respectively. The fluxes of (2.3) can be written so to highlight the inductance contribution as

follows:

λd = Lddid + Ldqiq (2.4)

λq = Ldqid + Lqqiq (2.5)

In (2.4) and (2.5) Ldq is the term which takes into account the cross-coupling effects (usually

neglected in the analytical design), and Ldd and Lqq are the d- and q-axis inductances, sum of
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the magnetizing and leakage components:

Ldd = Ldm + Ls (2.6)

Lqq = Lqm + Ls + Lq−rib (2.7)

where Ls is the leakage inductance, equal for both axis, and Lq−rib is the additional leakage

inductance due to the flux short circuited via the iron ribs.

From the vector diagram at steady state depicted in Fig. 2.2b, the internal power factor ipf ,

i.e. the cosine of the angle between the induced voltage E and the current vector Im, can be

deduced:

ipf = cos(ϕi) = sin(γ − δ) (2.8)

where γ and δ are the current and the flux phase angles, respectively.

It follows that accuracy of the torque and power factor calculations depends on the induc-

tances estimations which in turn are function of the machine design.

The latter includes the stator and rotor designs which in turn depend on the sr −mr com-

bination. It will be shown that the split ratio mainly affect the rotor radius, while the magnetic

ratio deeply influences the thickness of the stator and rotor iron parts (stator yoke and tooth,

rotor flux guides).

2.1.4 Stator design

The design of the stator can be performed once the flux per pole is defined. Dealing with

synchronous reluctance machines and adopting the d-q reference frame reported in 2.2b, the

d-axis can be considered as the ”strong” one since most of the flux is produced by the fictitious

d-axis coils.

The flux per pole can be therefore defined as follows:

ϕp = 2rrlfeBg/p (2.9)
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where Bg is assumed to be produced only by the d-axis current, whose mathematical ex-

pression will be reported in the following. According to (2.9) the tooth width (wt) and stator

yoke thickness (ly) can be sized imposing the desired iron flux density Bfe:

ly =
π

2

rs
p
sr ·mr (2.10)

wt =
2πrs
6qp

sr ·mr (2.11)

where q is the number of slots per pole per phase. The tooth length follows by geometrical

considerations:

lt = rs − rr − ly − lts (2.12)

By imposing a certain shape for the slot (which include the slot opening so, tooth shoe height

lts etc), it is possible to compute the slot area Aslots and the end-winding length lew as follows:

Aslots =
6 · q · p · lt

2
·

[︄
2π(sr · rs + g + lts)

6 · q · p
+

+
2π(sr · rs + g + lt)

6 · q · p
− 2wt

]︄ (2.13)

lew = 2lt +

(︃
sr · rs +

lt
2

)︃
π

p
(2.14)

leading to the definition of the stator design. In (2.13) g is the airgap thickness.

2.1.5 Rotor design

Regarding the rotor geometry design, the following rules/assumptions [27] are adopted.

• Uniform distribution of the equivalent rotor slots:

∆αi =
2π

nr

for i = 1, 2, ..., n (2.15)

where nr is the numbers of the equivalent rotor slots and n the number of flux barriers.
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• Flux barriers sharing the same permeance:

Pb =
µ0S

i
b

hi
a

= K for i = 1, 2, ..., n (2.16)

where Si
b and hi

a are the ith barrier surface and height, respectively.

• Total iron thickness along the q-axis equal to the stator yoke thickness.

The above rules allow to fully define the rotor, including the flux barriers height and surface. The

last rotor parameters are the structural iron bridges whose design can be correctly performed

using a structural FEA coupled to an optimization algorithm [29] or adopting a parametric

approach. Indeed, given the complexity of the rotor structural behaviour, the design of the iron

bridges, i.e. the selection of their thickness, positions and orientation along the barrier constitute

a challenging design aspect. However, a simplified analytical formulation considering only the

steady state centrifugal force F i
c is commonly used [29,90] to estimate the total iron bridge (wi

r)

of the ith barrier:

wi
r =

ksF
i
c

σslfe
=

ks
σslfe

mi
fgR

i
fgΩ

2 (2.17)

where ks is a safety factor, σs is the yield strength of the rotor lamination, mfg is the sum of the

flux guide masses which has to be sustained by the ith iron bridge, Rfg is the center of gravity

of the same mass, and Ω is the mechanical speed. The calculated rib thickness increases going

from the outermost to the innermost flux barrier because the mass which must be sustained

increases in the same direction as shown in Fig. 2.3.

Outer rib Middle rib Inner rib

Figure 2.3: Iron area considered for sizing the radial iron ribs
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2.1.6 Inductances calculation

The stator magneto-motive force can be divided into two components, namely the d-axis and

q-axis ones. When only the d-axis circuit is supplied, the flux path within the machine would

resemble the one reported in Fig. 2.4a. It is worth to notice that the rotor magnetic potentials are

0

0.4

0.8

1.2

1.6

(b)(a)

Figure 2.4: Flux density distribution when a) the d-axis circuit is supplied. b) the q-axis circuit
is supplied.

zero in that condition, therefore the d-axis inductance can be calculated according to following

well-known equation:

Ldm =
π

2
µ0kw

(︃
Ns

p

)︃2
sr · rslfe

kcg
(2.18)

where kw is the winding factor, Ns the turns’ number in series per phase, kc the Carter’s coeffi-

cient and µ0 the vacuum permeability.

Differently, as shown in Fig. 2.4b, the rotor islands react to the q-axis m.m.f, therefore each

rotor island would assume a different magnetic potential. A common approach [27] for the q-

axis flux computation starts by dividing the m.m.f. into two parts: its averaged value along the

rotor periphery with internals equal to the rotor pitches (∆αi in Fig. 2.5) also called staircase

function f(α), and the remaining part of the m.m.f. c(α) as shown in Fig. 2.6.

The latter component leads to generation of the so-called circulating flux which accounts for

the flux which does not cross the rotor barriers, while the first one generates the flow-through

component that is the flux flowing between one rotor island to the next one. The circulating
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Figure 2.5: Rotor parametrization.
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Figure 2.6: Subdivision of the q-axis m.m.f.

inductance component can be calculated as in (2.19) in p.u. of the d-axis base inductance [27]:

Lqm−c

Ldm

=

(︄
1− 4

π

n∑︂
k=1

f 2
i ∆αi

)︄
(2.19)

where fi are the step values of the staircase function.

With the aim of correctly computing the main flux q-axis inductance, a simplified calculation

(which neglects the iron ribs influence) can be adopted:

Lqm−f

Ldm

=

(︄
4

π

pkcg

sr · rs

n∑︂
k=1

si
hi
a

∆fi

)︄
(2.20)
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where si and hi
a are the flux barriers surface (in p.u. of the axial length) and thickness

respectively, while the leakage inductance due to the flux shunted via iron ribs can computed

using (2.21).

Lq−rib =
4

πiq
NskwwavglfeBsat (2.21)

where Bsat is predefined saturation value of the iron ribs and wavg is the ribs average value. The

increment of the q-axis inductance due to the increment of the thicknesses of the structural iron

bridges clearly leads to a bigger λq caused by the additional flux portion flowing via the iron

ribs which in turn implies a loss of torque and power factor. Indeed, the torque is proportional

to the difference between the d- and q-axis inductances which decreases as the iron ribs become

wider.

This kind of q-axis calculation approach is effective when applied to low-medium speed

scenarios, since the structural iron ribs are smaller enough to be considered equally saturated,

while it loses accuracy when applied to very high-speed scenarios.

In such cases, the equivalent magnetic circuit reported in Fig. 2.7 can be adopted.

Figure 2.7: Magnetic equivalent circuit.

The stator m.m.f. is modeled by the three m.m.f. generators F 1, F 2 and F 3, while the flux

barriers are taken into account by the reluctances R1
b , R2

b and R3
b , as in (2.22) and (2.23):

F i =
3kwNsImax

πp
· f i for i = 1, 2, ..., n (2.22)
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Ri
b =

1

P i
b

for i = 1, 2, ..., n (2.23)

The airgap m.m.f. drops are taken into account with the reluctances R1
g, R2

g and R3
g expressed

as in (2.24):

Ri
g =

g

µ0 ·∆αi · rr · lfe
(2.24)

As the influence of the iron ribs becomes non-negligible as the maximum speed increases,

the flux generators ϕ1
r , ϕ

2
r and ϕ3

r in parallel with the reluctances r1r , r2r and r3r are used to

correctly model the iron ribs effects, which can be calculated by (2.25):

ϕi
r = Bi

rib0 · wi
r · lfe , Ri

r =
hi

µi
rib · µ0 · wi

r · lfe
(2.25)

where Bi
rib0 and µi

rib are defined by the ribs working point Bi
rib on the rotor B-H curve (as

graphically explained in Fig. 2.8).

0

0.5
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rib
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B
 [

T
]

(a)

Figure 2.8: Iron ribs magnetic model.

The resolution of such magnetic circuit can be performed applying the nodal-voltage method

at the nodes 1, 2 and 3 leading to the calculation of the unknown rotor magnetic potentials A1,

A2 and A3. A correct calculation of the latter depends on the accuracy of the ribs magnetic

models (i.e Brib0 and µrib) which in turn depends on the rotor material BH curve and ribs width

(which influences the saturation level). Therefore, an iterative procedure has to be adopted, in
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which the ribs magnetic model is updated according to the Ai calculation at each iteration until

the convergence is reached.

Such procedure (summarized in the flowchart shown in Fig. 2.9) consists in following steps:

• stator and rotor design for sr−mr combination, including tooth and yoke width and rotor

flux barriers definition;

• ribs magnetic model definition imposing a reasonable saturation value (e.g. 2 T);

• resolution of the magnetic circuit by applying the nodal-voltage method thus leading to

the calculation of the actual flux density within the iron ribs;

• updating the irob ribs magnetic model if the Brib error does not lie within a predefined

threshold;

• final resolution of the magnetic circuit and calculation of the airgap flux density wave-

form;

• calculation of the q-axis inductance by integrating the airgap flux density over the pole

pitch and dividing by the q-axis current.

It is worth to notice that such resolution needs the q-axis current knowledge.

2.1.7 Current components

The d-axis current component can be inferred from the Ampere’s law (when iq = 0):

id =
π

3

kcg

µ0

p

kwNs

Bg (2.26)

The q-axis component can be calculated knowing id and the maximum current Imax:

iq =
√︁

I2max − id (2.27)
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Calculation of Lq

START 

Impose ribs magnetic model

Calculate wr (steady-state centrifugal force)
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END

Calculation of wt, lt, ly, ha
i and si 

Figure 2.9: q-axis inductance calculation by means of magnetic circuit.

Considering the motor geometrical dimensions and the correlation between cooling capa-

bility kcool, total losses Pt (2.28), and phase resistance Rph (2.29), the maximum current value

Imax is calculated as in (2.30).

Pt = 2πrslfekcool = Pj + Pfe = 3RphI
2
max + Pfe (2.28)

Rph = 3N2
s

2ρcu(lfe + lew)

kfillAslot

(2.29)

Imax =
1

3Ns

√︄
kfillAslots

2ρcu(lfe + lew)
(2πrslfekcool − Pfe) (2.30)

In (2.29) kfill is the imposed slot fill factor and ρcu is the copper resistivity, while in (2.28) Pfe

are the stator iron losses and Pj the Joule ones. For low-speed operations of SyR machines,

iron losses are negligible with respect to the Joule ones, and can be disregarded in the Imax

computation [27, 28]. Conversely, considering a design scenario at constant stator losses, the

iron losses become significant as the speed increases, thus reducing the value of Imax. The iron
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loss (Pfe) can be estimated considering the Steinmetz equation as in (2.31):

Pfe = kfeMfe[khf
αBβ

fe + ke(fBfe)
2] (2.31)

where kfe is a correction factor (usually between 1-2), Mfe is the iron mass, kh and ke are

the hysteresis and the eddy current coefficients, α and β are exponential coefficients for the

frequency and flux density, respectively, and f is the electrical frequency. This formulation

neglects the harmonic losses and assumes that the whole stator iron shares the same flux density

level over one electrical period.

2.2 Limits of the analytical approach

Considering the set of assumptions and constraints reported in Table 2.1, and using the design

equations described in the previous section, the dependencies of torque and power factor from

the split and magnetic ratio are analyzed by means of contour plots in the sr−mr design plane.

Table 2.1: Machine parameters

Parameter Value Units

Outer stator radius 26.2 mm

Stack length 50 mm

Pole pair 2 /

Cooling capability 37000 W/m2

Stator yoke flux density 1.9 T

Stator tooth flux density 2.1 T

Airgap thickness 0.25 mm

Lamination material Vacodur 49 //

Yield strength 390 MPa

With the aim of evaluating the accuracy of the analytical design formulations, all the ma-
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chine designs in the sr−mr plane have been FE-simulated both at low (1krpm) and high speed

(50krpm). Fig. 2.10 reports a comparison between the analytical and the FEA results in terms

of average torque and internal power factor in the sr−mr plane. Both torque and power factor

Figure 2.10: Comparison between analytical and FE computation of torque (a, b) and internal
power factor (c, d) at 1 krpm (a, c) and 50 krpm (b, d).

show relevant errors for low and high speed, although in the latter case the discrepancy is much

higher.

Low speed designs, Fig. 2.10a and 2.10c, exhibit error that can be ascribed to:

• the saturation of the d-axis flux path (affecting Ld), which has been ignored in the analyt-

ical design stage since the iron permeability has been assumed to be infinite,

• the cross-coupling effect (expressed by the term Ldq), which has also been ignored during
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the analytical performance estimation.

While for high speed designs (Fig. 2.10b and 2.10d):

• the mismatch between the analytical and FE-computed iron losses

• the approximation in the Lq−rib computation

are further sources of error in the torque and power factor predictions. To confirm these causes

of mismatch, further investigations are reported hereafter for each source of error. Fig. 2.11a

shows the ratio between the analytical and FE calculation of Ldm, which is the d-axis satura-

tion factor. The latter is higher for design solutions with low split and magnetic ratios, which

correspond to the region where the torque error is higher. Fig. 2.11b and 2.11c report the ratio

between Ldq ·iq and Ldd ·id, which quantifies the cross-coupling in the design plane for both low

and high speeds. This term has been FE-evaluated adopting the frozen permeability approach

Figure 2.11: a) Ratio between analytical and FE computation of Ldm, cross coupling effects at
b) 1 krpm and c) 50 krpm.

reported in [91, 92]. As expected, in the design plane region where the cross coupling is more

pronounced, the torque and power factor error is higher. At the higher speed, the cross-coupling

terms are slightly higher with respect to the lower speed due to the increment of the iron area in

common to both d- and q-axis fluxes.

Regarding the iron losses, the analytical estimation clearly does not match with the FE

computation, both in terms of numerical values and contour shape, as shown in Fig. 2.12a

and 2.12b. This mismatch is due to the non uniform distribution of the stator iron flux density
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Figure 2.12: Comparison between analytical and FE computation of iron losses at a) 1 krpm;
b) 50 krpm. Average value of the flux density first harmonic component at 1 krpm in c) stator
yoke; d) stator tooth. e) Average total bridges at 50 krpm. f) Comparison between analytical
and FE computation of Lq−rib at 50 krpm.
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over the full sr −mr plane as reported in Fig. 2.12c and 2.12d. These pictures show the first

harmonic of the stator yoke and tooth flux densities (at 1 krpm) extracted from the FEAs. Fig.

2.12e and 2.12f confirm that approximating the increment of the q-axis inductance proportional

to the average total bridge is acceptable being similar the contour shapes of wavg and Lq−rib

FE calculated. Despite a qualitative match, there is a difference between analytical and FE

inductance increment. The FE calculation of the q-axis inductance due to the iron ribs presence

has been performed by difference between the q-axis inductance at the design speed and the one

obtained at zero speed for each sr −mr combination.

2.3 Hybrid design approach

The downsides analyzed in the previous section are clearly due to the several approximations of

the analytical model and could be easily overcome performing a FEA for each design solution in

the sr−mr plane. However, this becomes unreasonably expensive from a computational point

of view and would nullify the advantage of using an analytical formulation in first instance. An

interesting solution to this problem has been proposed in [28], where the authors FE-evaluate the

design solutions at the corners of the sr−mr plane. Using the FE-calculated values of the flux

linkages, it is possible to adjust the analytical fluxes estimation and so torque and power factor.

Although effective, this procedure does not allow to discern the root cause of the discrepancies

between the analytical and FE results. In addition, it neglects the effect of the iron losses on

the overall performance. In the following, a comprehensive procedure is proposed which is

able to adjust the analytical-FE mismatch due to the saturation effects, increased iron losses and

iron ribs incurring at high speeds. With the implemented iterative FE-adjustment algorithm,

the causes of the discrepancies between analytical and FE results can be separately quantified.

The flowchart shown in Fig. 2.13 summarizes the proposed approach which consists of the

following steps.

• The analytical design is performed for all sr −mr.
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Figure 2.13: Flowchart of the FE-adjustment procedure

• For each corner solution of the sr −mr plane, the maximum current is calculated and a

transient FEA is carried out so to calculate the iron losses. The latter are compared with

the previous values used for the maximum current calculation. If the relative error lies

within a predefined threshold, the algorithm proceeds to the next step, otherwise a further

FEA is performed updating the iron loss value for the maximum current computation.

• Once the correct id, iq currents are known, two linear FEAs are carried out with the per-

meability frozen to the values obtained from the previous non-linear FE simulation. By

supplying only d- or q-axis current component is then possible to split both d- and q-axis

inductances into two components (e.g. Ldd and Ldq), allowing the full characterization

of the cross coupling term and the saturation effect. The slot leakage inductance is also

calculated as the difference between the inductance, estimated with the flux linkage, and

the integration of the airgap flux density.
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• After the two linear FEAs are performed, five corrections factors are evaluated: kPfe

kLdm, kLq, kLdq and kLs accounting for the modelling error of the iron losses, saturation

and cross-saturation, and q-axis inductance of the iron ribs.

• Once this iterative procedure is performed for each corner solutions, then the correction

factors are extended to the full sr −mr plane using a linear interpolation.

Torque and internal power factor values can be then re-calculated according to the following

equations:

Tadj =
3

2
p[(kLdm

Ldmid + kLdq
Ldqiq)iq − (kLdq

Ldqid + kLq(Lqm + Lq−rib)iq)id] (2.32)

ipfadj = sin

[︃
arctan

(︃
iq
id

)︃
− arctan

(︃
(kLq(Lqm + Lq−rib) + kLsLs)iq + kLdq

Ldqid

(kLdm
Ldm + kLsLs)id + kLdq

Ldqiq

)︃]︃
(2.33)

The application of this FE-adjustment procedure is shown in Fig. 2.14 in terms of torque and

internal power factor contours in the sr −mr plane for two different speeds (1 and 50 krpm).

It is worth underlining the good agreement between the analytical adjusted results and the FEA

ones. In terms of torque, the average error is approximately 1.7% over the whole sr−mr plane.

The maximum torque error is about 20% and it is always located away from the maximum

torque or power factor designs which is the area of final interest. A lower error is experienced

by the ipf with an average value of 0.7% over the whole sr − mr plane and a maximum of

about 10%. The good agreement at low speed is due to the adjustment of the modeling errors

of both magnetizing inductances (Ldm, Lqm) and the neglected saturation and cross saturation

phenomena (acting on Ldm, Ldq respectively). These aspects are corrected via the coefficients

kLdm, kLqm and kLdq. Fig. 2.15a and 2.15b underline the good agreement between the adjusted

and the FEA magnetizing inductances while Fig. 2.11b reports the cross-coupling effect in the

whole sr−mr plane. When considering high speed designs, the influence of the modelling error

of the iron losses and iron ribs inductance becomes more relevant therefore their adjustment is

fundamental to improve the performance estimation accuracy. Fig. 2.15c reports an evident

improvement of the iron losses estimation compared to the pure analytical approach shown in
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Figure 2.14: Comparison between analytical and FE computation of torque (a, b) and ipf (c, d)
at 1 krpm (a, c) and 50 krpm (b, d).

Fig. 2.12a,b. Fig. 2.15d confirms that the proposed iterative procedure allows bridging the gap

between analytical and FE estimated q-axis inductance increment due to the iron ribs shown in

Fig. 2.12f.

The computational time required to perform the above described procedure lies between 10

and 30 minutes according to the number of iron losses iterations and to the specifications of the

workstation adopted for the simulations.

It is worth to underline that selecting the corners’ machines is just an option. Indeed, 4

different and symmetric machines can be simulated to perform the magnetic model adjustment

as well, especially when the design plane present unfeasible corners’ machines.
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Figure 2.15: Comparison between analytical and FE computation of the d-axis (a) and q-axis
(b) magnetizing inductances, iron losses (c) and Lq−rib (d) at 50 krpm

2.4 Influence of the high-speed limiting factors

Although the errors between the analytically estimated performance and the FE ones are not

null, the good qualitative match of the contour shapes allows using the presented design ap-

proach to draw general design guidelines for high speed SyR machines. In this section, the

described design procedure is applied to the machine whose main dimensions and design as-

sumptions are reported in Table 2.1 and considering different maximum design speeds. As

the speed increases, analyzing torque and power factor contours changes and how the optimal

performance decreases, as well as how the optimal geometry evolves is deemed to be very
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interesting. In particular, the following workflow is hereafter adopted:

1. for each considered speed, the proposed hybrid design routine is applied and the torque

and ipf contours in the plane sr −mr are evaluated;

2. for each speed, the average torque is chosen as main performance index and the maximum

torque solution is selected from the design plane sr−mr; this choice is not univocal since

machines maximizing other performance indexes (e.g. ipf) or a particular geometrical

quantity (e.g. tooth length over tooth width ratio) could be preferred as well;

3. once point 1 and 2 have been performed for each speed, it is possible to asses the perfor-

mance of the maximum torque designs in terms of power, power factor, optimal design

variables and optimal geometries as function of the rotational design speed. It follows

that, for each design speed, there will a unique selected solution featuring a certain ge-

ometry and performance.

The outlined design routine also consents to separately analyze the effect on the performance

due to the increased iron ribs and iron losses incurring at high speeds. Fig. 2.16 depicts the

maximum torque and the power factor in the same operating condition as a function of the

speed for three different cases:

1. ignoring the iron losses in the maximum current computation in eq. (2.30) (blue line);

2. ignoring the structural limitation, i.e. neglecting the iron rib thickness and the relative

q-axis inductance increment (red line);

3. considering both high speed limiting design aspects (green line).

As expected, both optimal torque and power factor decrease as the speed increases when both

limiting design factors are considered. The torque reduction from the lowest to the highest

speed is about 66% while the power factor reduction is much lower, i.e. circa 33% (almost

halved). As the speed increases, both iron losses and structural ribs negatively affect the torque,

with the first one having a bigger impact. Conversely, the ipf is improved by the effect of
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Figure 2.16: Maximum torque (a) and internal power factor at the maximum torque (b) as a
function of the speed

iron losses whereas it is reduced by the presence of iron ribs. The latter effect prevails on

the first one and so the ipf globally decreases. If the (total) torque reduction is less than the

speed increment, then the mechanical output power obviously increases, as shown in Fig. 2.17,

otherwise above a certain speed, the output power decreases. Above this threshold speed, it is

not convenient to further increase the operating speed, so the maximum power capability of the

SyR machine is reached. Fig. 2.17 also reports the maximum mechanical power achievable

Figure 2.17: Power as a function of the speed

considering the iron ribs and iron losses effects separately. It is worth to underline that the
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maximum power point when considering only the structural limitation is higher with respect to

the case where both structural and total loss constraints are considered. Fig. 2.16 and 2.17 also

report the performance of the optimal machines evaluated via FEAs (shown with the markers).

An excellent agreement is evident and this indirectly validates the proposed design approach.

Fig. 2.18 reports the optimal design variables (i.e sr and mr) as a function of the speed. The

split ratio slightly increases with the speed while the magnetic ratio monotonically decreases

when both limiting design factors are taken into account. When the latter are considered sepa-

Figure 2.18: Optimal sr (a) and mr (b) as a function of the speed

rately, the rise of the iron losses causes an increment of the optimum split ratio and a decrement

of the optimal magnetic ratio. Conversely, the same design variables show the opposite be-

haviour if only the ribs effect is considered. Therefore, as the speed increases, the combination

of these two effects slightly increases the split ratio, whereas reduces the magnetic ratio.

2.5 Results discussion

In order to investigate in detail the trends shown in Fig. 2.16 and 2.18, in the following torque

and power factor loci in the design plane for three different speeds are analyzed. Such results

are obtained considering the influence of iron losses and iron ribs separately.
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2.5.1 Iron Losses influence

Fig. 2.19 shows three constant torque loci calculated considering only the effect of the stator

iron losses. It is clear that the maximum torque designs (■ @ 1krpm, • @ 40krpm, ♦ @

Figure 2.19: Constant torque loci in the plane sr−mr obtained considering only the iron losses
effect at: a) 1 krpm, b) 40 krpm, c) 70 krpm.

70krpm) move towards the bottom-right side of the design plane and so the optimum (torque

wise) split ratio increases whereas the optimum magnetic ratio decreases. This trend is caused

by the reduction of the q-axis current. In fact, the maximum torque location is the compromise

among the competitive needs of maximizing the magnetic anisotropy (Ld−Lq), the magnetizing

current id and the q-axis current iq. The first two (Ld−Lq and id) do not depend on the speed if

the iron ribs effect is neglected, whereas the third one (iq) depends on the slot areas (unaffected

by the speed) and the iron losses. As the speed increases, the iron losses rise reduces the q-axis

current component, as shown in Fig. 2.20a, 2.20b and 2.20c. Consequently, the influence in the

torque generation ((Ld−Lq)idiq) of the q-axis current weakens and the maximum torque design

moves towards the maximum magnetic anisotropy, i.e. higher split ratio and low magnetic ratio,

as also shown in Fig. 2.20d, 2.20e and 2.20f. The iron losses contours for 40 and 70 krpm along

with the stator iron mass contour are reported in Fig. 2.20g, 2.20h and 2.20i. Since the iron

stator surface does not change with the speed, Fig. 2.20g also reports the maximum torque

design for each considered speed. The maximum torque design moves towards the zone of the

design plane with lower stator iron surface and so lower iron losses which in turn means higher

q-axis current and bigger slots area. The increment of the ipf corresponding to the maximum
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Figure 2.20: Constant iq (a,b,c) and Ld − Lq (d,e,f) loci considering only the iron losses effect
at: 1 krpm (a,d), 40 krpm (b,e), 70 krpm (c,f); constant stator core mass loci (g) and iron losses
at 40 krpm (h) and 70 krpm (i).

torque design can be easily explained considering Fig. 2.21. The constant ipf loci are slightly

Figure 2.21: Constant ipf loci in the plane sr −mr obtained considering only the iron losses
effect at: a) 1 krpm, b) 40 krpm, c) 70 krpm.
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affected by iron losses and, since the direction of the maximum torque designs corresponds to

the direction towards higher magnetic anisotropy, also the ipf increases.

2.5.2 Structural ribs influence

Fig. 2.22 reports the constant torque loci obtained considering only the iron ribs effect for three

different speeds (1, 40 and 70 krpm). The maximum torque designs (■ @ 1krpm, • @ 40krpm,

Figure 2.22: Constant torque loci in the plane sr−mr obtained considering only ribs effect at:
a) 1 krpm, b) 40 krpm, c) 70 krpm.

♦ @ 70krpm) slightly move towards the top-left corner of the design plane because in the same

direction the average total bridge wavg decreases (as also shown in Fig. 2.18). In fact, lower split

ratio sr implies lower rotor radius and so lower centrifugal forces which reduce the required rib

wavg, as reported in Fig. 2.23a.

Fig. 2.23b and 2.23c report the percentage variations of torque (decrements) and q-axis

inductance (increment) with respect to the design with no ribs. It is worth noticing that the

influence of the iron ribs is heavier on the q-axis inductance than on the torque; in fact, for a

given couple of design variables sr and mr, ∆Lq−rib% is higher than ∆Trib%. This behaviour

can be justified analyzing eq. (2.21), which highlights that Lq−rib is proportional to wavg and

inversely proportional to iq; while wavg increases going from the bottom-left to the upper-right

corner of the design plane (Fig. 2.23a), the q-axis current increases in the opposite direction

(as shown in Fig. 2.20b), therefore iq intensifies the effect of wavg in the Lq−rib increment. The

high increase of the q-axis inductance causes a significant power factor drop as reported in Fig.
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Figure 2.23: Constant locus in the design plane sr −mr obtained considering only the ribs in-
fluence at 70 krpm on a) average total ribs, b) torque decrement, c) q-axis inductance increment.

2.16b.

Although the shape of the constant ipf loci does not change significantly with the speed (as

shown in Fig. 2.24), its value is greatly reduced. It can be stated that the ribs presence affects

the power factor more than the torque.

Figure 2.24: Constant ipf loci in the plane sr −mr obtained considering only iron ribs effect
at: a) 1 krpm, b) 40 krpm, c) 70 krpm.

2.5.3 Optimal machines

Fig. 2.25a, 2.25b and 2.25c report the rated flux density distribution of the optimal machines ob-

tained considering separately the influence of iron ribs (a), the iron losses (b) and both limiting

phenomena (c) for 4 different speeds (1, 20, 50 and 70 krpm).

The considerations described in the previous two sections are visually confirmed especially

regarding the split ratio. Regarding the magnetic ratio, this affects the dimensions of stator
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Figure 2.25: Optimal machines obtained considering: (a) only iron ribs, (b) only iron losses and
(c) both aspects at different speeds.

teeth and yoke and rotor flux guides (and so flux barrier thicknesses). Table 2.2 reports the

main geometrical parameters of the optimal machines. Analysing both Fig. 2.25 and Table 2.2,

the following considerations can be done.

Table 2.2: Optimal machine geometrical parameters (in mm)

Design Variable 1 krpm 20 krpm 50 krpm 70krpm

Only ribs

wt 2.01 2.00 1.97 1.96
ly 4.45 4.44 4.37 4.36

hair−3 1.53 1.53 1.43 1.30
hair−2 1.11 1.11 1.04 0.94
hair−1 0.64 0.64 0.59 0.54

Only loss

wt 2.05 1.97 1.74 1.61
ly 4.54 4.37 3.86 3.58

hair−3 1.28 1.43 2.22 2.62
hair−2 0.93 1.04 1.61 1.90
hair−1 0.53 0.59 0.92 1.09

Total

wt 2.04 1.97 1.69 1.49
ly 4.54 4.37 3.75 3.31

hair−3 1.28 1.43 2.06 2.20
hair−2 0.93 1.04 1.49 1.59
hair−1 0.53 0.59 0.86 0.91
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1. The width of the flux barriers increases with the speed if only the iron losses are taken

into account, whereas a quasi-constant trend can be inferred when only the effect of iron

ribs is considered.

2. Similar considerations can be drawn for the tooth width. The reduction of the optimal

magnetic ratio depicted in Fig. 2.18b (for the total and only losses cases) reduces the

airgap flux density, i.e. the flux per pole and so the required tooth width for a fixed

flux density Bfe. Conversely, being the magnetic ratio almost constant, if only the iron

ribs effect is considered, also the tooth width of the optimal machine does not change

significantly. Similar trends are experienced by the stator yoke thickness.

These considerations are clearly dependent on the selected lamination material which influences

the balance between structural and iron losses effects.

It is important to underline that machines obtained considering only the losses influence do not

represent a real case, since the structural iron ribs are necessary to guarantee the rotor integrity

under high-speed operations. Conversely, the results obtained neglecting the effects of iron

losses can be considered feasible high-speed machine designs. In fact, the higher iron losses

can be effectively managed (within reasonable limit) improving the cooling system capability

as the speed increases.

In any case, the optimal geometry identified with the proposed design approach needs a struc-

tural FE refinement stage. The location and distribution of the iron ribs along the barriers need

to be optimized keeping the total iron bridge thickness per barrier as close as possible to the an-

alytical estimated values. By doing so, the average torque would not change being not affected

by the ribs position along the barrier but mainly by their thickness [93].

2.5.4 Thermal assessment

The proposed design procedure imposes the total stator losses to be constant, therefore the Joule

losses (always calculated at 130°C) are reduced as the iron losses increase with the design speed.

This assumption allows to use the same cooling system for the whole set of designed machines
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therefore leading to a comparison on a fair basis. Although the optimal machines have the

same total stator losses, they feature different loss distributions, therefore the machine thermal

behaviour is envisaged to change as the design speed increases. In fact, machines with higher

Joule losses experience higher winding temperatures as these are more difficult to be extracted

with respect to the stator iron losses. These considerations are confirmed by the green lines in

Fig. 2.26a reporting the hot-spot winding and average stator iron temperatures calculated with

the commercial suite [94] for the optimal machines. Fig. 2.26b shows the trends of the Joule

and stator iron losses.
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Figure 2.26: a) Hot-spot winding and average stator iron temperatures, b) copper and stator iron
losses, c) total stator losses and coolant absorbed power, as function of the speed for machines
designed at constant total stator losses (Total) and constant Joule losses (Only ribs).

On the contrary, if only the Joule losses are considered constant during the design procedure

(dotted blue lines in Fig. 2.26b), the overall stator losses increase with the design speed as

a consequence of the increased iron losses, leading to a rise of the winding temperature as

depicted by the blue dotted lines in Fig. 2.26a. The rise of the winding temperature when

constraining only the Joule losses is not massive due to the important increment of the power

absorbed by the coolant as shown in Fig. 2.26c. Adopting a constant stator losses scenario

guarantees obtaining more conservative designs being the winding temperature always within

reasonable margin and the coolant absorbed power invariant as the design speed increases (green
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marked line in Fig. 2.26c).

2.6 Materials selection

In the last section a CoFe alloy has been adopted for both the stator and rotor laminations, with

both good mechanical and magnetic properties; however, the performance and optimal geome-

try of a high speed SyR machine heavily depends on the selected soft magnetic material. In fact,

specific iron losses pfe and yield strength σs are intrinsic characteristics of the material affect-

ing the decrement of the performance as the speed increases: the former reduces the maximum

current, whereas the latter increases the q-axis inductance. Obviously, it is possible to achieve

the best performance adopting a material with low specific iron losses and high yield strength.

Unfortunately, materials with high σs generally present high specific iron losses and viceversa.

Indeed, high mechanical strength is achieved by reducing the grain size of the material which in

turn increases the iron losses [95]. Therefore, the choice of the lamination material is the result

of a comparative study in which materials with different magnetic and mechanical properties

are analyzed. The best solution, i.e. the one which guarantees the maximization of the output

power for a defined rotor speed, will depend on the material characteristics.

Fig. 2.27 reports a comparison in terms of yield strength, saturation flux density and iron losses

of some commercially available grades of SiFe (•, ⋆, ▼, ■) and CoFe (▲ and ♦) under their

respective trade names. The iron losses have been calculated with a modified Steinmetz model

(eq. (2.31)) with the coefficients fitted with the data provided by the manufacturers [96–99].

The saturation flux density is considered as the point where a 5% flux density improvement

corresponds to a 50% increment of the magnetic field.

Common SiFe steels (• in Fig. 2.27), such as M250 and M330 with 0.35/0.5mm lamination

thickness are usually used in medium-high performance volume-manufactured machines [100]

thanks to their medium electromagnetic and mechanical characteristics. Reducing the lamina-

tion thickness (from the more common range 0.35-1mm to 0.1-0.2mm) of standard SiFe alloys

(with Si content around 3%) is a commonly adopted approach to lower the eddy current losses
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Figure 2.27: Soft magnetic materials comparison: iron losses at 1 T at different frequencies
(750, 1500, 3000 Hz) as function of the yield strength; the colored scale shows the knee flux
density.

(e.g. NO10, NO20, Arnon 7, ⋆ in Fig. 2.27). Reducing the lamination thickness is a less

expensive way leading to higher flux densities with respect to the option of increasing the Si

content even though it slightly complicates the assembly process [39]. It is well known that

the silicon (Si) addition to the carbon steel increases the electric resistivity and the mechanical

hardness at the cost of a lower saturation flux density and permeability [101]. The maximum

Si content has been historically limited to 3.5% by manufacturing considerations since higher

percentages make the alloy more brittle and hard and so difficult and expensive to produce.

In the last decade, this challenge has been overcome thanks to the adoption of tailored man-

ufacturing processes such as chemical vapor deposition [102] and diffusion annealing [103]

(e.g. 10JNEX900 and 10JNHF600, ▼ in Fig. 2.27) pushing the maximum Si content up to

6.5% [104]. Extremely high yield strength (above 800 MPa) has been achieved with special

production techniques (e.g. dislocation strengthening [105]), at the cost of increased iron losses

(e.g. 35HXT780T, ■ in Fig. 2.27).

The cobalt content makes the CoFe alloys more expensive than the SiFe contender but allows

higher saturation flux densities. In general, CoFe alloys have lower yield strength with respect

to SiFe (i.e. Vacoflux 48, Vacoflux 50 and Hiperco 50A, ▲ in Fig. 2.27). This metric can be
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improved by lowering the Co content (e.g. Vacoflux 17, Hiperco 27) or by adding small per-

centage of vanadium and/or by additional alloying the material with niobium (Hiperco 50HS,

Vacodur 49 and Vacodur S Plus, ♦ in Fig. 2.27), all at the cost of higher iron losses and lower

saturation levels [100]. However, the most important leverage to control the trade-off between

mechanical and electromagnetic performance of CoFe alloys is the annealing process. Lower

annealing temperatures decrease the grain sizes leading to higher yield strength and lower elec-

tromagnetic properties (e.g. Hiperco 50HS, Vacodur 49 mec, Vacodur S Plus in Fig. 2.27). By

doing so, stators and rotors can be manufactured from the same material and then be subject

to different heat treatments in order to achieve a magnetically optimized stator and a rotor with

a higher yield strength. It is worth to underline that the cutting process of laminated materials

worsens the electromagnetic performance [106]. However, SiFe alloys could and are usually

used without expensive post manufacturing thermal treatments, which would restore part of this

magnetic property deterioration [107]. On the contrary, for CoFe alloys, the annealing process

is indispensable to obtain the desired magnetic and mechanical characteristics [39].

The above considerations reveal the rationale behind the manufacturers’ common choices

of adopting SiFe alloys, with standard Si content, in low-medium power density applications

and/or high volume electrical machines production. On the contrary, CoFe alloys are relegated

to niche applications (e.g. aerospace and motor sport) where the higher power density benefit,

allowed by the higher saturation levels, outweighs the higher cost [37].

Analysing Fig. 2.27, it is already possible to envisage the lack of an absolute winner, i.e. a soft

magnetic material outperforming the others for every design speed. In fact, the relative vertical

positions of the considered materials change as the frequency increases.

With the aim of analysing a wide range of materials, five different steel grades have been

investigated for the comparative study shown in the next sections: a common SiFe grade

(M250-35A), a high performance SiFe having low iron losses and good mechanical perfor-

mance (10JNHF600), a SiFe alloys with outstanding yield strength (35HXT780T) and two

CoFe alloys (Hiperco 50A, Hiperco 50HS). Table 2.3 summarizes the stator-rotor sets of mate-

rials considered: three combinations feature the same materials for both stator and rotor, while
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the other two have materials optimized magnetically for the stator and mechanically for the

rotor.

With the aim of performing a fair comparison, the analysis will be carried out considering

also the rotor iron losses in the Imax calculation.

Table 2.3: Selected lamination materials

Name Stator (S) Rotor (R) Thickness (S/R)

M1 M250-35A M250-35A 0.35 / 0.35 mm
M2 10JNHF600 10JNHF600 0.1 / 0.1 mm
M3 10JNHF600 35HXT780T 0.1 / 0.35 mm
M4 Hiperco 50A Hiperco 50A 0.15 / 0.15 mm
M5 Hiperco 50A Hiperco 50HS 0.15 / 0.15 mm

2.6.1 Influence of the speed on the materials choice

The design procedure described in section 2.3 is applied in the following for the machine pa-

rameters reported in Table 2.4. Several maximum speed requirements (from 0 to 120 krpm) and

Table 2.4: Initial geometrical constraints and preliminary design assumptions

Parameter Value Units

Outer stator radius 30 mm

Stack length 30 mm

Pole pair 2 /

Barrier angle at the airgap 16.87, 28.12, 39.38 deg.

Cooling capability 50000 W/m2

Airgap thickness 0.25 mm

the material combinations listed in Table 2.3 are explored. In order to maximize the magnetic

exploitation of each material, all the machines have been designed considering iron flux densi-

ties (stator and rotor yokes and stator teeth) proportional to the flux density at the knee of the
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respective BH curve. In particular, the stator and rotor yokes flux densities have been set equal

to the knee flux density, whereas the stator tooth one is assumed to be 20% higher.

Fig. 2.28a reports the torque of the optimal designs in the sr −mr planes for each design

speed and for all the considered soft magnetic materials. Fig. 2.28b shows the power factor

of the same designs. It is worth to underline that the optimal design for a given speed and

combination magnetic materials is hereafter considered as the one providing the maximum

torque in the plane sr − mr. Clearly, another design solution in the plane sr − mr can be

Figure 2.28: Performance boundaries of the SyR machine technology, i.e. maximum achievable
torque (a), internal power factor (b), and output power (c) as a function of the design speed for
different soft magnetic materials.

chosen (e.g. the one providing the maximum internal power factor). However, the maximum
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torque selection criterion has been adopted because the aim of this comparative design exercise

is to asses the performance boundaries of SyR machine topology in terms of output power as

function of the speed and magnetic materials.

Fig. 2.28a and b show the good match between the performance estimated with the proposed

method and the FEA-calculated ones. As expected, torque and power factor decrease with the

speed regardless of the alloy type.

All SiFe materials combinations start from the same torque values but, the standard one

(M1) deteriorates with a higher rate with respect to the other two (M2, M3). On the contrary, the

power factor of the optimal machines featuring the standard SiFe (M1) has a similar trend to the

one achieved with the high grade SiFe (M2). Adopting SiFe alloy with optimized mechanical

property on the rotor (M3) allows to improve both performance indexes but mostly the power

factor. These improvements are even more evident for higher speeds.

CoFe steels outperform the SiFe contenders only up to a certain speed. It is worth to under-

line that the CoFe machines deteriorates more quickly than the SiFe ones both torque and power

factor wise. Indeed, considering machines at 1 and 80 krpm, M2 (M3) torque worsens about

38% (34%) while M4 (M5) 66% (61%). Similarly, the power factor decrements are about 26%

and 17% for M2 and M3 and circa 33% and 22% for M4 and M5, respectively. The adoption

of alloys with higher saturation levels, e.g. CoFe, leads to a higher q-axis flux leakage due to

the structural ribs with respect to the SiFe cases. This is the main cause of the bigger rate of

performance decrement of CoFe alloys with respect to the SiFe ones. Fig. 2.28c reports the

maximum output power as a function of the speed for all materials. Each considered material

combination features a threshold speed above which it is not convenient to further increase the

speed as a mean to push the output power and so the volumetric power density for a given cool-

ing system. This threshold speed is clearly higher when adopting high performance SiFe alloys;

for M1 this speed limit is 50 krpm, for M2 and M3 is about 90 krpm while M4 and M5 reach 50

and 60 krpm, respectively. The maximum output power is also approximately 10% higher when

using high performance SiFe alloys (e.g. M2-6kW, M4-5.5kW) with respect to the CoFe ones.

The adoption of standard SiFe allows reaching a maximum power 30% smaller than the more
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performing high grade SiFe M2. As previously stated, CoFe alloys outperform the SiFe ones up

to a certain speed, circa 55 or 65 krpm (considering M4 and M5 respectively). The power gain

is maximum around 40 krpm and it is about 17%. Above this speed, the power improvement

decreases until it becomes negative around 55 and 65 krpm after which SiFe alloys are definitely

more convenient. Adopting alloys with optimized mechanical performance for the rotor (e.g.

M3 and M5) allows to improve the output power of almost 10% for both SiFe and CoFe alloys.

This improvement is more evident at high speed levels where the iron ribs dimensions become

significant and have a major effect on the overall performance.

2.6.2 Analysis of the optimal designs

The comparative design exercise, reported in the previous section, shows that the maximum

speed requirement is crucial for the selection of the soft magnetic materials.

The optimal machine geometries change as the speed increases and vary according to the se-

lected soft magnetic materials. In fact the location of the maximum torque design in the plane

sr−mr (highlighted with the marker in Fig. 2.28a2) changes with the speed and consequently

also the optimal geometry changes. Fig. 2.29a and 2.29b report the split and the magnetic ra-

tios of the torque-wise optimal machines as function of the speed. Their global trends are not

Figure 2.29: Split (a) and magnetic ratios (b) of the optimal torque-wise machines as a function
of the design speed.

affected by the chosen lamination material. In fact, both design variables decrease as the speed
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increases but the rate of decrement depends on the materials.

In the next sub-section, the optimal geometries are analyzed in details while in the sub-

section 2.6.4 the rationale behind these trends is investigated separately evaluating the effects

of the iron losses and iron ribs increments. A thermal assessment of the selected machines is

finally reported in the sub-section 2.6.5.

2.6.3 Optimal geometries

In Fig. 2.30, the cross sections of the optimal machines at four different speeds (20, 40, 80 and

120 krpm) and their flux density distribution at the rated condition are reported. As the speed

increases the rotor radius always decreases, but machines featuring rotor materials with low

yield strength (e.g. M2 and M4) present smaller rotors with respect to M3 and M5. Similarly,

the decrement of the optimal magnetic ratio implies the reduction of the stator tooth (wt) and

yoke (ly) as well as the rotor flux guide dimensions as reported in Table 2.5. This decrement

is again less pronounced when adopting a rotor lamination material with optimized mechanical

performance.

It is worth to underline that the selected optimal solutions for certain speeds and material

combinations are definitely unconventional given the low split ratio and the high tooth length.

These particular geometries could lead to manufacturing challenge, but from the electromag-

netic point of view they provide the maximum torque. Selecting another solution in the sr−mr

plane, e.g. geometries with conventional proportions (and so smaller tooth length), would surely

be sub-optimal given their lower torque production capability.

Table 2.5 also reports the average torque, the iron losses including the stator and rotor ones

(Pfe−rot), the torque reduction due to the iron ribs and the maximum current reduction due to

the iron losses. For each material combination, both percentage variations (∆Trib,∆Imax) are

calculated in relation to the respective values of the low speed designs (1000 rpm).

The iron losses in CoFe machines are always higher compared to the high performance SiFe

ones (e.g. M2 and M3). At high speed, 80 krpm, this aspect heavily affects the average torque,
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Figure 2.30: Cross section of the optimal machines obtained for different lamination materials.

via the reduction of the maximum current ∆Imax (see eq.(2.30)). However, at 40 krpm, the

higher knee flux density of the CoFe steel compensates the reduction of the stator current due to

the iron losses rise and so the torque is higher with respect to the corresponding SiFe machines.

It is also worth to notice that although the CoFe alloys have lower yield strengths, the torque

reductions due to the iron ribs (∆Trib) are smaller with respect to the SiFe ones. This is mainly

due to the fact that the optimal CoFe machines have a lower rotor radius.
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Table 2.5: Comparison between optimal machines

Speed Variable M1 M2 M3 M4 M5

40 krpm

T [Nm] 0.87 1.00 1.03 1.21 1.25
Pfe−st [W] 87.7 36.1 36.0 56.7 53.6
Pfe−rot [W] 17.7 2.79 10.1 16.4 26.5
∆Trib[%] 3.1 2.8 2.2 4.3 2.4
∆Imax[%] 20.7 7.01 8.40 13.81 15.22
wt [mm] 2.28 2.33 2.34 1.93 1.89
ly [mm] 5.06 5.18 5.21 5.10 5.00

hair−3 [mm] 1.45 1.48 1.47 1.62 1.76
hair−2 [mm] 1.05 1.08 1.14 1.17 1.28
hair−1 [mm] 0.60 0.62 0.55 0.67 0.73

80 krpm

T [Nm] - 0.71 0.77 0.52 0.60
Pfe−st [W] - 86.9 84.2 175.5 159.5
Pfe−rot [W] - 6.38 16.8 14.1 35.3
∆Trib[%] - 11.2 8.2 6.2 7.2
∆Imax[%] - 18.1 19.7 42.5 44.1
wt [mm] - 2.11 2.14 1.16 1.46
ly [mm] - 4.68 4.75 3.06 3.85

hair−3 [mm] - 1.34 1.50 1.52 1.82
hair−2 [mm] - 0.97 1.09 0.91 1.32
hair−1 [mm] - 0.56 0.62 0.52 0.76

2.6.4 Behind the boundaries

In this sub-section, the trends shown in Fig. 2.29 and so the optimal geometries are justified

analysing the constant torque and power factor loci in the design plane sr−mr for three different

rotor speeds separately considering the structural and iron losses limiting factors. For the sake

of brevity, only the most performing material combination above 65 krpm (i.e. M3) is shown

and discussed as the others behave in a similar manner.

Fig. 2.31a, 2.31b and 2.31c show the constant torque loci calculated considering only the

effect of the iron losses for three different speeds (1, 60, 120 krpm). As the speed increases,

the maximum torque designs (■ @ 1 krpm, • @ 60 krpm, ♦ @ 120 krpm) move towards the

bottom-right side of the sr − mr plane, therefore the optimum split ratio increases whereas
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Figure 2.31: Constant loci obtained considering only the losses effect. Torque at: (a) 1 krpm,
(b) 60 krpm, (c) 120 krpm.

magnetic ratio decreases. This trend can be explained considering that the maximum torque

location is a compromise between the needs of maximizing the machine anisotropy (Ld/Lq,

Fig. 2.32a), the magnetizing current id (Fig. 2.32b) and the q-axis current iq (Fig. 2.32c). For

Figure 2.32: Constant loci at 60 krpm obtained considering only the losses effect. Ld/Lq (a), iq
(b), id (c), Pfe−st (d), Pfe−rot (e), ipf (f).

sake of brevity, Fig. 2.32 reports the contours only at 60 krpm together with the maximum

torque locations for all the three speeds (1, 60 and 120 krpm). Indeed, the Ld/Lq and id are
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speed independent when the iron ribs are neglected while the q-axis current iq is affected by the

iron losses and so by the speed. As the speed increases, the higher iron losses lead to a q-axis

current reduction (although the contour shape of iq is not affected). Therefore, the maximum

torque design moves towards the area of the design plane with lower stator and rotor iron losses

(reported in Fig. 2.32d, e) and higher magnetic anisotropy (see Fig. 2.31a). Along the same

direction, the internal power factor increases as shown in Fig. 2.32f because it follows the

saliency ratio improvement.

Fig. 2.33a, and 2.33b report the constant torque loci obtained considering only the iron

ribs effect for two different speeds (60 and 120 krpm). As the speed increases, the maximum

Figure 2.33: Constant loci obtained considering only the ribs effect. Torque at: (a) 60 krpm, (b)
120 krpm; wavg (c), ∆Trib (d), ∆Lqm−rib (e) and ∆ipfrib (f) at 60 krpm.

torque designs move towards the left because the lower the split ratio the lower the average total

bridge wavg, as reported in Figs. 2.33c for the 60 krpm case. In fact, lower rotor radius implies

lower centrifugal forces, which reduce the iron rib thicknesses. It is worth to underline that

the influence of the iron rib thickness is heavier on the q-axis inductance than on the torque as
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shown in Fig. 2.33d and 2.33e. The latter report the percentage variations of torque and q-axis

inductance worsening always for the 60 krpm case with respect to the design with no ribs. The

high increase of the q-axis inductance causes a significant power factor drop, as reported in Fig.

2.33f.

This analysis allows drawing the following considerations.

• The presence of the structural iron ribs reduces the optimal split ratio and increases the

optimal magnetic ratio since this design direction allows to minimize ∆Lq−rib[%] and so

∆Trib[%].

• The effect of the iron losses is that the optimum location moves toward the bottom-right

of the design plane (i.e higher split ratio and lower magnetic ratio) because in the same

direction the magnetic anisotropy increases and the stator iron losses decreases.

• When both iron losses and structural ribs are considered in the design exercise, the trends

of the optimal split and magnetic ratios are a compromise between their competitive ef-

fects and so depend on the considered magnetic materials (as reported in Fig. 2.29).

2.6.5 Thermal analysis

The comparative design exercise among different lamination materials has been carried out

considering the same total losses equal to the maximum capability of the cooling system. This

assumption guarantees that the thermal behaviours of the designed machines are approximately

the same avoiding the need of redesigning a new cooling system for each motor. The total

loss has been imposed considering the winding Joule loss at a given temperature (i.e. 130°C)

throughout the whole design process and independently from the lamination material. Although

the total loss is kept constant, machines featuring the same constituent materials but different

geometries (i.e. different sr,mr) or machines featuring different materials have a diverse loss

distribution (copper, stator and rotor iron losses). Consequently, the temperature distribution of

the compared optimal machines will not be exactly the same even though the total loss has been
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kept unchanged.

Indeed, machines with higher Joule losses experience higher winding temperatures as these

are more difficult to be extracted with respect to the stator iron losses. Fig. 2.34a reports

the winding temperatures of the optimal machines calculated with the commercial suite [94]

considering an external spiral water jacket as cooling system (whose details will be reported in

the next section). Fig. 2.34b depicts the ratio between the Joule loss and the total stator losses.
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Figure 2.34: a,c) Average winding and rotor temperatures, b,d) loss distribution ratios, e) total
power absorbed by the cooling system of the optimal machines and f) total losses, stator total
losses and cooling system power absorption for the M3 solutions.

As expected, designs with higher Joule to iron loss ratio exhibit higher winding temperature.

In addition, machines designed with CoFe alloys (M4, M5) have lower copper losses with

respect to the SiFe ones (M2, M3) and so they feature a lower winding temperature rise.
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Fig. 2.34c and d show the rotor temperature and the ratio between the rotor iron loss and the

total losses, respectively. Machines with mechanically optimized rotor material (M3 and M5)

pay the price of higher rotor iron losses and therefore worse rotor temperature (compared to

M2 and M4). Comparing solutions designed with CoFe and SiFe, the former definitely lead to

higher rotor temperatures given their higher rotor iron losses.

Fig. 2.34e outlines the power absorbed by the cooling system for all material combinations

along with the one considered during the design process (black dotted line). It can be noticed

that the dissipated losses deviate from the initial value due to the different winding temperature

rise, leading to different Joule losses at thermal steady state. In any case, this deviation is

within 10% confirming that the comparison is performed on a fair basis as the cooling system

is suitable to cover all the considered machines.

Last sub-figure (Fig. 2.34f) reports the loss absorbed by the cooling system for the material

combination M3 along with its stator and total losses. Up to a certain speed (approximately 50

krpm) the losses absorbed by the coolant almost equal the total stator losses, while above this

speed the cooling system dissipates also part of the rotor iron losses. This confirms that the

calculation of the maximum current with eq.(2.30), considering also the rotor iron losses, is a

conservative approach suitable for designing machines for a wide range of maximum speeds.

2.7 Influence of the magnetic load

The latter material comparison analysis has been performed keeping constant the magnetic load

(i.e. Bfe) regardless the design speed: indeed, Bfe has been set to be as close as possible to the

knee point of the material B-H characteristic in order to fully exploit the adopted soft magnetic

material. However, as the speed increases, designing SyR machines with a lower value of iron

flux density could be beneficial given the consequent lower iron losses.

The purpose of this section is to investigate the tradeoffs involved when selecting the iron

flux density to be used during the SyR machine design when adopting a Co-Fe alloy.

The initial geometrical constraints and preliminary design assumptions are reported in Table

68



2.7. INFLUENCE OF THE MAGNETIC LOAD

2.4. The stator and rotor laminations are composed by CoFe alloys namely Hiperco 50A and

Hiperco 50HS, respectively. The former presents excellent magnetic performance, whereas the

latter features high yield strength due to the different annealing process.

With the aim of maximizing the power capability the procedure is applied for several speeds

from 1 krpm to 90 krpm and for four different values of the magnetic load Bfe, which deter-

mines the working point of the stator yoke and teeth. The B-H curve of the stator lamination

steel is reported in Fig. 2.35, along with four markers highlighting the considered working

points of the stator yoke. Torque and power factor contours for each speed are then calculated

Figure 2.35: BH characteristic of Hiperco 50A.

in their respective sr−mr plane. From the latter, the maximum torque design is chosen in order

to evaluate the maximum power capability as a function of the speed and the selected magnetic

load.

Fig. 2.36a and 2.36b reports the maximum torque and the internal power factor of the

maximum torque designs as a function of the speed for four different magnetic loads: 1.8 T, 1.6

T, 1.4 T and 1.2 T, whereas the output power is reported in Fig. 2.37.

As expected, the structural and thermal limiting factors negatively affect both torque and

internal power factor, whatever magnetic load is chosen. It is worth to underline that the higher

value of Bfe provides the best performance (torque wise) up to 60 krpm. Above this speed,

reducing the magnetic load to 1.6 T at 70krpm, 1.4 T at 80krpm and 1.2 T at 90krpm clearly
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Figure 2.36: Torque (a) and ipf (b) as function of the speed

Figure 2.37: Power as function of the speed

leads to a performance improvement. In other words, each case features a threshold speed above

which it is not convenient to further increase the speed, since the output power will decrease.

This threshold speed can be increased by reducing the magnetic load as shown in Fig. 2.37

although it comes at the cost of a slightly lower maximum power.

The reason of this behavior can be inferred analysing Fig. 2.38 and 2.39. The first one

reports the d- and q-axis currents and the iron losses of the optimal designs as function of

both speed and magnetic load while the second shows the d- and q-axis inductances and their

difference.
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Figure 2.38: d-axis current id (a), q-axis current iq (b) stator iron losses (c) at the maximum
torque as function of the speed

Figure 2.39: Ld (a), Lq (b) and Ld-Lq (c) at the maximum torque as function of the speed.

Clearly, the rise of the iron losses is more pronounced when adopting a high magnetic load.

As an example, at 80krpm the stator iron losses are 160 W when Bfe = 1.8 T and 120 W when

Bfe = 1.2 T. As a consequence, in the first case the q-axis current reduction is higher with

respect to the latter case.

Regarding the d-axis current, high iron flux densities obviously require higher magnetizing

currents; the reduction of this current components with the speeds is mainly ascribed to the

different location of the maximum torque design in the sr −mr plane.

As expected, the d-axis inductance is almost independent from the speed and increases as

the iron flux density decreases (up to a certain point until the unsaturated value is reached). The

q-axis inductance drastically increases with the speed due to the increment of the iron bridge

dimension. It also increases as iron flux density decreases due to the higher ribs-shunted fluxes.

The trends of both inductances leads to a decrement of their difference and to an improve-
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ment when the magnetic load is lower.

Before 60krpm, adopting a high value of iron flux density is beneficial since the influence

of the current reduction due to the iron losses is not a preponderant phenomenon in the torque

generation. Conversely, as the speed increases, the q-axis current reduction is more pronounced

so it is preferable to select a lower iron flux density which also allow a higher inductances

difference.

Regarding the internal power factor of the maximum torque designs, it always increases

with the magnetic load even after 60krpm as shown in Fig. 2.36b. This is clearly due to the

lower rib-shunted fluxes ascribed to the higher iron flux density.

2.7.1 Optimal Machines

The design variables (split and magnetic ratio, sr−mr) of the optimal (torque wise) design are

shown in Fig. 2.40 while the cross sections of the optimal geometries at three different speeds

(20, 50 and 80 krpm) and their flux density maps are shown in Fig. 2.41.

Figure 2.40: Optimal (torque wise) design variables sr (a) and mr (b) as function of the speed

Fig. 2.41a, 2.41b and 2.41c report the optimal machines obtained considering the lowest

magnetic load (i.e 1.2 T), whereas the highest magnetic load case (i.e 1.8 T) cross-sections are

reported in Fig. 2.41d, 2.41e and 2.41f. Table 2.6 reports torque, iron losses, rotor radius, tooth

and back iron thickness of the considered optimal machines.
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Figure 2.41: Cross sections of the optimal machines at (a,d) 20krpm, (b,e) 50krpm, (c,f)
80krpm, considering a magnetic load equal to (a,b,c) 1.2 T and (d,e,f) 1.8 T

Table 2.6: Comparison between optimal machines

Speed Variable Bfe = 1.2T Bfe = 1.8T

20 krpm

T [Nm] 1.10 1.49

Pfe−st [W] 15 21

Rr [mm] 14.3 15.3

ly [mm] 5.6 5.31

wt [mm] 2.11 2.01

50 krpm

T [Nm] 0.98 1.20

Pfe−st [W] 55 84

Rr [mm] 15.1 15.3

ly [mm] 5.7 5.07

wt [mm] 2.15 1.92

80 krpm

T [Nm] 0.74 0.68

Pfe−st [W] 120 160

Rr [mm] 15.1 16.3

ly [mm] 5.6 4.04

wt [mm] 2.11 1.52

Analysing both Fig. 2.40 and 2.41 and Table 2.6, the following considerations can be drawn.
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• The rotor radius is slightly affected by the speed (up to 60krpm) whatever the magnetic

load is imposed and slightly decreases as the iron flux density decreases.

• The optimal magnetic ratio decreases with the speed and with high value of iron flux

density.

• The relationship between the stator tooth thickness (wt) and the speed is dependent by the

selected iron flux density. When the latter is small, wt remains almost constant, whereas

it decreases for higher Bfe values. The same considerations can be extended to the stator

yoke thickness (ly).

• The flux density contour plots highlight the accuracy of the hybrid analytical design ap-

proach, since the actual value of the iron flux density is on average equal to the one

imposed during the design exercise.

2.8 Influence of the current calculation criteria

In this section, the hybrid design approach has been used to compare different current calcu-

lation criteria for several maximum speeds ranging from 1 krpm to 120 krpm considering the

machine parameters listed in Table 2.1. Several criteria can be adopted to determine Imax and

this choice greatly influences the machine electromagnetic and thermal performance.

Indeed, the selection of such criteria is particularly important when analysing several ma-

chine designs as it defines the common base for the comparative exercise. In particular, the

maximum current can be calculated constraining either the current density (Constant-J) or

the Joule losses (Constant-Pj), or the stator losses (Constant-Pst) or the total machine losses

(Constant-Ptot).

In the first design scenario, Imax can be calculated as:

Imax =
J · kfill · Aslot

zq
(2.34)
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where zq is the number of conductors per slot.

Conversely, the current formulation changes if a constant loss P ∗ (which can be either Joule,

or stator or total) is considered. In particular, starting from the relationship (2.35) it is possible

to define all the constant loss criteria:

P ∗ = 3 ·Rph · I2max + Pfe−st + Pfe−rot (2.35)

Hence, considering the Constant-Pj criterion, the iron losses terms are set to zero, therefore

the maximum current is easily calculated by (2.36):

Imax =

√︄
P ∗

3 ·Rph

(2.36)

On the contrary, (2.37) or (2.38) have to be adopted if the design criteria Constant-Pst or

Constant-Ptot are selected:

Imax =

√︄
P ∗ − Pfe−st

3 ·Rph

(2.37)

Imax =

√︄
P ∗ − Pfe−st − Pfe−rot

3 ·Rph

(2.38)

where the stator iron losses can be analytically estimated and FE-tuning using the procedure

described in sections 2.1 and 2.3.

In particular, for each speed and current calculation criterion, the torque as function of both

design variables sr−mr are determined. Then, the maximum torque solutions are compared as

the maximum speed increases both in terms of performance and geometries. All four different

current calculation criteria described in the previous section have been investigated, namely:

Constant-Pj, Constant-Pst, Constant-Ptot and Constant-J. In the first three scenarios P ∗

has been set to 280 W, while in the last case J has been fixed to 23 A/mm2. P ∗ and J have

been selected so to obtain the same current density when considering a low speed design (i.e 1

krpm).
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2.8.1 Analysis in the sr-mr design plane

Fig. 2.42 reports the constant torque loci in the sr − mr plane at 20 krpm and 120 krpm

considering the four current calculation criteria. Analysing these figures, it can be deduced that

Figure 2.42: a) Average torque in the sr − mr plane considering different current calculation
criteria at a) 20 krpm and b) 120 krpm; b) Optimal split and magnetic ratios as funtion of the
speed

the maximum torque location is not affected by the current calculation method when designing

SyRMs with a maximum speed relatively low (i.e < 20 krpm in this case study). Indeed, the

constant losses scenarios share almost the same contour shape while the constant current density

one leads to a slightly different contour behaviour.

As the speed increases, the effects of the current calculation methods become more evident

as both torque contour and position of the maximum torque solution change. The latter are

identified by the sr −mr values reported in Fig. 2.42b as function of the speed.

The maximum torque location is defined by the compromise between the competitive needs

of maximizing the magnetic anisotropy (Ld −Lq), the d-axis current (id) and the q-axis current

(iq) as shown in Fig. 2.43a, b and c. The latter show the three factors defining the torque

contour in the sr − mr plane for Constant-Pj current calculation criterion at 20 krpm. The

first one (Ld−Lq) depends on the speed via the iron rib dimension, the second one (id) is speed
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Figure 2.43: Constant Pst and Constant Ptot scenarios at 120 krpm: a) Stator iron losses; b)
Ld-Lq; c1) q-axis current; c2) rotor iron losses.

independent while the last one (iq) is related to the speed via the stator and rotor iron losses if

these are included in the calculation of the maximum current (Imax).

Adopting a Constant-Pj scenario, the maximum torque location for high maximum speed

moves towards higher mr and slightly lower sr since in this direction the iron ribs dimensions

decrease and so the related torque drop as shown in Fig. 2.43d in terms of average rib (wr).

When also the stator iron losses are included within the current calculation (Constant-Pst

criterion), as the maximum speed increases, the optimal magnetic ratio decreases while the split
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ratio remains constant. The maximum torque design moves towards the zone of the design

plane with lower stator iron losses (lower mr) which in turn means higher q-axis current and so

higher torque as shown in Fig. 2.43e and f.

Including the rotor iron losses in the current calculation (Constant-Ptot criterion) leads to

a slight reduction of the optimal split and magnetic ratios respect to the values obtained with

the Constant-Pst scenario for the same speed as in this direction the rotor iron losses decrease

as shown in Fig. 2.43g.

When applying a constant current density design approach (Constant-J), the torque contour

plot resembles the constant Joule loss scenario as the maximum torque location as the maximum

speed increases moves more prominently towards higher mr and lower sr.

2.8.2 Performance of the maximum torque designs

Fig. 2.44a and 2.44b shows the maximum torque and the maximum power as function of the

speed for the four considered current calculation criteria. The FE evaluated performance are

Figure 2.44: Maximum torque (a) and maximum power (b) as function of the speed in the 4
considered cases.

reported in the same figure with the markers showing an excellent agreement with the predicted

values. Clearly, the most conservative approach (i.e. Constant-Ptot) leads to the worst perfor-

mance. The application of the Constant-Pst criterion leads to similar results (i.e the maximum
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power increment is about 5%) since the rotor iron losses are quite smaller than the stator ones.

Conversely, when the Joule losses or the current density are kept constant, the maximum per-

formance significantly increase when considering high-speed SyR machines.

It is worth to underline that keeping constant the total losses leads to designs that can share

the same cooling system, whereas a more powerful cooling layout should be adopted when

using the others current calculation criterion. Indeed, the total losses of the optimal machine

obtained adopting the Constant-PJ and the Constant-J criteria considerably increases with

the maximum speed as reported in Fig. 2.45a.

Figure 2.45: Total losses (a) and current density (b) as function of the speed in the 4 considered
cases.

This aspect can be surely neglected when designing low speed machines since the influence

of the iron losses is minimal from both electromagnetic and thermal point of views. Differently,

as the speed increases, the increment of the iron losses force the designer either to reduce the

stator current or to increase the cooling system capability. In other words, the current density

has to decrease with the speed if the total loss has to be kept constant as shown in Fig. 2.45b.

A possible figure of merit characterizing the cooling system capability is the ratio kj be-

tween the losses to be dissipated and the stator external surface (Sst):

kj =
Ptot

Sst

(2.39)

Table 2.7 reports the value of kj of the optimal torque designs for three different speeds and the
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four current calculation criteria. The increment of the speed leads to a kj increment except for

the most conservative criteria (Constant-Ptot and Constant-Pst). Only in these case, all the

designs can share the same cooling system independently from the speed. Conversely, adopting

the Constant-J (or the Constant-Pj) criterion leads to a design at 120krpm requiring a cooling

system approximately 53% more powerful respect to the one required at 20krpm.

Although the Constant-Ptot and Constant-Pst current calculation criteria seem to lead to

the same result, the former leads to optimal designs with lower rotor iron losses and so better

thermal performance as shown in Table 2.7.

Table 2.7: Cooling system capability of the optimal designs.

kj[kW/m2](Pfe−rot[W])

Speed Const. Pj Const. Pst Const. Ptot Const. J

20 krpm 54 (3.4) 51 (3.4) 50 (3.2) 70 (4)

80 krpm 70 (16.2) 52 (14.5) 50 (12.5) 89 (19.7)

120 krpm 83 (24.4) 53 (17.4) 50 (14.2) 108 (29.5)

2.8.3 Geometries of the maximum torque designs

Fig. 2.46 reports the cross sections of the optimal machines at 20, 80 and 120 krpm for each

design criterion. The insights reported in the previous subsection can be visually observed. On

one hand it can be noticed that the airgap radius (directly influenced by sr) always decreases

with the speed except for the Constant-Pst design scenario. On the other hand, the magnetic

ratio influences the flux guides and stator teeth width. Indeed, the decrement of mr with the

speed in the constant stator and total losses cases leads to machine configurations with higher

flux barriers width and lower teeth width. Differently, the magnetic ratio increases with the

speed in the constant Joule losses and constant current density scenarios, therefore the machine

configurations is characterized by large teeth and flux guides.
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Figure 2.46: Optimal machines geometries.

2.9 Publications

The results presented in this chapter have been published by the author in [108], [109] [110],

[111] and [112].
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Chapter 3

Permanent Magnet assisted Synchronous

Reluctance Machines

In this chapter, the equations as well as the design methodology used for the SyRM scenario are

briefly re-called and extended to the PMaSyRM case, suitable for high speed operations fully

considering the effect of the PM presence and without neglecting the interaction between the

structural targets of having iron ribs and their non linear electromagnetic behaviour. Indeed, the

analytical performance prediction, used during the design, is enhanced by the calculation of the

PM flux linkage and q-axis inductance with a non-linear lumped-parameters magnetic circuit

capable of taking into account the saturation of the structural iron ribs leading to the correct

sizing of the PMs which guarantee a specified performance requirement. The proposed design

approach allows to define both stator and rotor geometries, which can be then FE-refined prior

the manufacturing.

The study is to use the proposed approach in order to:

• design several machines having different operating speeds ranging from 1 to 140krpm;

• consider the effect of different PM types, e.g. Ferrite and NdFeB magnets, with respect

to the SyR designs;

• evaluate the effectiveness of adding the PMs once both stator and rotor geometries are
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defined;

• analyse how and why the optimal performance changes as the maximum speed increases;

• analyse the optimal geometries obtained considering different speeds, magnet grades and

design choices.

Also in this chapter the base speed and the maximum speed are considered to be equal,

therefore the flux weakening region is not investigated.
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3.1 Re-call and extension of the analytical design equations

As for SyRM, torque and power factor are expressed as functions of two per-unit variables: the

split ratio sr and the magnetic ratio mr, for a given outer envelope (rs and lfe are fixed as well

as the magnetic load Bfe).

The remaining geometrical parameters, all depicted in Fig. 3.1, are therefore expressed in

terms of these two independent quantities, allowing to fully define the machine geometry for a

given outer envelope. In the next two subsections, first the main equations used to analytically

r sr r

wt

lt

iron
ribsPMs

ℎ2a 

ℎ3a 

ℎ1a 

ly

q

d

wi
PM 

Figure 3.1: Machine parametrization.

estimate torque and power factor are recalled, then the non-linear q-axis equivalent magnetic

circuit is described. The third subsection outlines different PM design criteria, while in the last

part the iterative procedure required to calculate both PM flux linkage and q-axis inductance is

described.

3.1.1 Main design equations

The torque produced by PMaSyRMs can be expressed, in its general form, as follows:

T =
3

2
· p · (λd · iq − λq · id) (3.1)
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while the internal power factor, defined by the sine of the angular displacement between the

current and flux linkage vectors (Fig. 3.2), can be written as:

ipf = sin

[︃
arctan

(︃
iq
id

)︃
− arctan

(︃
λq

λd

)︃]︃
(3.2)

As for the SyRM design, for a given couple of independent design variables (sr, mr), the d-

d

q

λSyR

γ
δ

ϕ

ϕi
IE

V

λPM
λ

Rs I

Figure 3.2: Vector diagramm of PMaSyRMs.

axis flux per pole is defined (2 · rr · lfe · Bg/p), therefore the tooth width (wt) and stator yoke

radial thickness (ly) can be evaluated imposing the iron flux density Bfe.

The complete rotor geometry, except for the PM dimensions, can be defined still following

the rules reported in [27]. On one hand, the barriers angular positions (in electrical degrees) at

the airgap can be calculated so to obtain a uniform distribution of the equivalent rotor slots and

imposing barriers having the same permeance and the total iron thickness along the q-axis equal

to the stator yoke thickness. It is worth to underline that the above rotor design choices (which

are just one option) allow minimizing the torque ripple [113]. Indeed, uniform distribution of

the equivalent rotor slots and barriers with equal permeance allow obtaining a direct proportion-

ality between the stator and rotor m.m.f. so to minimize their harmonic interaction, if the local

saturation effects and the influence of different tangential ribs thicknesses are neglected.

Dealing with PMaSyRMs, if the PM height is imposed equal to the flux barrier one, the only

remaining degree of freedom is the PM width wPM .

The current components are calculated imposing the airgap flux density (Bg and so the
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magnetic ratio mr) and the cooling system. In fact, the d-axis current can be inferred according

to the Ampère’s law (2.26).

Conversely, the q-axis current can be computed knowing the maximum current Imax which

can be calculated imposing the cooling capability kcool as in (3.3):

Imax =
1

3Ns

√︄
kfillAslots

2ρcu(lfe + lew)
(2πrslfekcool) (3.3)

As just described, for a given split and magnetic ratio, it is possible to calculate the current

components once the iron flux density Bfe and the cooling system kcool are defined. In order

to estimate both torque and power factor the flux linkages λd and λq need to be accurately

calculated. In the PMaSyRM case, the latter can be written as:

λd = (Ldm + Ls)id + Ldqiq − λPM−d (3.4)

λq = Ldqid + (Lqm + Lq−rib + Ls)iq − λPM−q (3.5)

where the inductance terms have been defined in chapter 2 while λPM−d and λPM−q are the

d- and q-axis fluxes produced by the PMs. Both Ldq and λPM−d terms are neglected in the

analytical design because they can only be accurately estimated by means of FE analysis. On

the contrary, many analytical formulations are available in literature to calculate the leakage

inductance Ls [114]. The d-axis magnetizing inductance can be still calculate using (2.18),

whereas a different approach has to be used to calculate the q-axis one.

Indeed, the q-axis equivalent circuit adopted in the previous chapter is here modified so to

account for the PMs presence. Such magnetic circuit also accounts for the non linear behaviour

of the iron ribs.

It is worth to underline that the stator and rotor geometrical parameters are calculated disre-

garding the permanent magnets flux. This is clearly valid for SyRM; however, when designing

PMaSyRMs, this assumption remains valid as long as the PM flux linkage does not substantially

affect the total flux. This detail will be discussed thoroughly in the following.
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3.1.2 Non-linear q-axis magnetic circuit

As already explained in the first chapter of this thesis, when only the d-axis current is applied

the rotor magnetic potentials are zero, therefore the d-axis flux and inductance can be easily

calculated. Differently, if only the q-axis component of the stator m.m.f. is considered, the

rotor iron segments assume different magnetic potentials thus the rotor magnetically reacts to

the applied stator m.m.f.. The no-load flux linkage due to the PMs and the q-axis inductance

can be calculated solving the equivalent magnetic circuit reported in Fig. 3.3a for a rotor with

3 barriers per pole. The magnetic circuit resembles the one reported in Fig. 2.7, Indeed, also in

this case the m.m.f generators F 1, F 2 and F 3 stand for the q-axis stator magneto-motive forces

averaged along the periphery of the rotor with intervals equal to the rotor pitches ∆αi as shown

in Fig. 3.4. The reluctances related to the airgap paths can be calculated for the ith equivalent

Figure 3.3: a) q-axis magnetic equivalent circuit; b) Thévenin equivalent

circuit branch as in (2.24).

Differently for the pure SyRM case, the PMs are represented by the series of the m.m.f.

generators U i
m and the reluctances Ri

m which can be both calculated for the ith barrier as:

U i
m = Brem · wi

PM · lfe ·Ri
m (3.6)

Ri
m =

hi
PM

µPM · µ0 · wi
PM · lfe

(3.7)
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Figure 3.4: a) stator q-axis m.m.f. b) rotor parametrization.

where Brem is the residual flux density of PM material which is set to zero when designing

SyRM and µPM is the relative permeability of the PM. The remaining part of the barrier is

taken into account by the reluctances Ri
a equal to:

Ri
a =

hi
a

µ0 · wi
a · lfe

(3.8)

being hi
PM , hi

a, wi
PM , wi

a the heights and the widths of ith PM and flux barrier, respectively.

Although a different choice is possible, in this work the PM height hi
PM is considered equal to

the flux barrier one hi
a.

The structural iron ribs are modeled with flux generators ϕi
r in parallel with the reluctances

Ri
r which can be both calculated as in (2.25), whereas its width is calculated according to the

simplified formulation which accounts for the steady-state centrifugal force as in (2.3) which

has to consider also the PM mass.

The iron rib permeability µi
rib−diff and the flux density Bi

rib0 both depend on the rib working

point Bi
rib on the non-linear B-H curve of the rotor soft magnetic material as depicted in Fig.

3.5. Indeed, they are defined by the line tangent to the point Bi
rib which can be expressed as:

Bi
rib = Bi

rib0 + µi
rib−diff ·H i

rib (3.9)

from which it is possible to calculate both ϕi
r and Ri

r required to solve the equivalent magnetic
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Figure 3.5: Example of Brib0, µrib−diff and µrib−app identification for the iron ribs modeling.

circuit.

It is a common practice to consider all the iron ribs equally saturated at a predefined value

Brib whatever operating condition is analyzed. This approximation is acceptable as long as the

dimensions of the ribs are relatively small and the shunted flux does not substantially modify

the machine performance. Clearly, this assumption looses its validity as the speed increases

since the iron ribs dimensions become more important.

In fact, as the speed increases the effective working point Bi
rib considerably deviates from

the a-priori defined value; moreover each iron rib may assume different operating points. Con-

sequently, an iterative procedure is required as the speed increases in order to update the pa-

rameters defining the iron ribs behaviour, i.e. the flux generators ϕi
r and the reluctances Ri

r.

Furthermore, when the PMaSyRM case is considered, these values are also affected by the

amount of PM material placed within the rotor slots and their distribution.
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3.1.3 PM design criteria

The q-axis equivalent magnetic circuit reported in Fig. 3.3a can be simplified applying the

Thèvenin theorem; Fig. 3.3b shows the equivalent of one branch of the circuit, where Ri
eq is the

parallel between Ri
a, Ri

m and Ri
r, while U i

eq can be computed as:

U i
eq = Ri

eq · lfe · [wi
PM ·Brem − wi

r ·Bi
rib0] (3.10)

Writing the first Kirchhoff’s law at the nodes 1, 2 and 3 in Fig. 3.3 and expressing the flux

flowing in the connected branches as a function of the m.m.f. related to the PM and ribs (Ueq),

stator excitation (∆F) and rotor reaction (∆Z), it is possible to write the following matrix

equation:

A ·∆Z = B ·Ueq +C ·∆F (3.11)

where A, B and C are matrices defined by the barriers, airgap, magnets and ribs reluctances

while the three vectors Ueq, ∆Z and ∆F are defined as follows:

Ueq =

⎡⎢⎢⎢⎢⎣
U1
eq

U2
eq

U3
eq

⎤⎥⎥⎥⎥⎦ ,∆F =

⎡⎢⎢⎢⎢⎣
F 1

F 2 − F 1

F 3 − F 2

⎤⎥⎥⎥⎥⎦ ,∆Z =

⎡⎢⎢⎢⎢⎣
Z1

Z2 − Z1

Z3 − Z2

⎤⎥⎥⎥⎥⎦ (3.12)

As shown in eq. (3.10), U i
eq depends on the PM widths which have to be identified according

to a specific criterion.

Various methodologies can be adopted to size the PM width, according to which perfor-

mance index is going to be optimized. In particular, the PMs dimension can be identified

according to one of the following criteria:

1. Natural compensation. This condition is obtained if the PM flux at no-load (λ∗
PM−q)

equals the q-axis flux due to the current contribution [68, 115]:

λ∗
PM−q = λPM−NC = LqImax (3.13)
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where Lq is the total q-axis inductance (sum of magnetizing and leakage components).

An elegant way to implement this PM design criterion is to impose the fluxes entering the

branches of the stator m.m.f generators (reported in Fig. 3.3a with the symbol F i) equal

to zero. In other words, the rotor magnetic potentials (Zi) have to equal the stator ones

(Fi). Imposing the condition ∆Z = ∆F allows to determine the equivalent m.m.f. Ueq:

Ueq = B−1 · (A−C) ·∆F (3.14)

from which the PM widths wi
PM−NC can be calculated:

wi
PM−NC =

1

Brem

[︃
U i
eq

Ri
eq · lfe

+ wi
r ·Bi

rib0

]︃
(3.15)

supposing a certain iron rib dimension wi
r and electromagnetic exploitation Bi

rib.

It is worth to underline that adopting this PM sizing approach along with the criterion

of designing the rotor flux barriers with equal permeance, allows minimizing also the

torque ripple. In fact, when these two criteria are adopted, the matrix B−1 · (A−C) is

diagonal, which means that the equivalent PM m.m.f. (Ueq(α) in Fig. 3.4) is proportional

to the stator m.m.f F (α). Therefore the harmonic interaction between these two m.m.f.

is minimized.

2. Target ipf. The PM widths allowing to achieve a desired internal power factor can be

identified by imposing the following constraint:

λ∗
PM−q = Lqiq − λd

{︃
tan

[︃
arctan

(︃
iq
id

)︃
− arcsin (ipf ∗)

]︃}︃
(3.16)

if both cross coupling terms (Ldq and λPM−d) are neglected. In (3.16) ipf ∗ is the tar-

get internal power factor and Lq is the total q-axis inductance (sum of the magnetizing

and leakage components). Since the Natural compensation criterion also allows to define

the PMs distribution into the flux barriers which guarantees the proportionality between
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∆F and ∆Ueq, when the Target ipf criterion is adopted it is convenient to scale the

PM dimensions obtained with the Natural compensation criterion (wPM−NC), using eq.

(3.17). Indeed, Once the PM flux linkages are known in the natural compensation con-

dition λPM−NC and in the condition providing a given internal power factor λ∗
PM−q, the

new PM dimensions can be simply calculated as:

w∗
PM = wPM−NC

λ∗
PM−q

λPM−NC

(3.17)

3. Torque maximization. In this case, each barrier is completely filled by PMs.

Once the PMs widths are defined, the q-axis equivalent magnetic circuit, reported in Fig.

3.3, can be solved to compute the no-load PM flux linkage and the q-axis inductance.

3.1.4 Iterative calculation of the q-axis inductance and PM flux

Based on the considerations reported in the previous subsections, the design of the PM dimen-

sion and the calculation of the q-axis quantities require an iterative procedure. In fact, the iron

rib dimensions (wi
r) structurally depend on the PM width wi

PM (via the mass mi
PM in eq. (2.3)),

which in turn is electromagnetically affected by the iron ribs width as shown in eq. (3.15).

The last equation also proves that the PM dimension is affected by the electromagnetic working

point of the respective rib, i.e. from the two parameters Bi
rib0 and µi

rib−diff included in Ri
eq.

The latter follows from the resolution of the equivalent circuit which clearly depends also on

the iron rib widths.

A comprehensive iterative procedure, summarized in the flowchart reported in Fig. 3.6, is

here proposed to solve the non-linear q-axis magnetic circuit considering all the above men-

tioned dependencies between structural and electromagnetic design aspects. The SyRM design

is a particular and simpler case of the PMaSyRM one. In particular, the workflow is constituted

by the following steps.

1) For each machine defined by the two independent variables sr,mr, the design of the main
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stator and rotor dimensions is carried out (including the barrier height hi
a and barrier surface

Si
b, tooth width wt and tooth lenght lt, and yoke length lt) without considering the PM

assistance.

2) Then, the iron ribs dimension are calculated using eq. (2.3) without considering the PM

weights and supposing a certain electromagnetic exploitation of the ribs, i.e. Bi
rib so to be

able to determine both Bi
rib0 and µi

rib−diff needed to define their circuital representation.

3) Consequently, if a PMaSyRM is considered, the PM dimensions can be calculated once the

PM design criterion is selected. If the max ipf criterion is chosen, the q-axis inductance

Lq required to evaluate λ∗
PM−q and so the PM widths w∗

PM is estimated at the first iteration

using the approximate formulation reported in [27,28] which does not require the resolution

of the equivalent circuit. Otherwise (i.e SyRM case), the algorithm proceeds directly to step

5.

4) Once the PM widths are known, the iron ribs dimensions are re-calculated taking into ac-

count the PMs masses and compared with the previous values. If their difference lies within

predefined bounds, the algorithm proceeds to the next step; otherwise, the PM widths are

re-calculated considering the updated values of iron ribs wi
r.

5) Once both PM and ribs dimensions are defined, the magnetic circuit is fully defined and it

can be solved calculating the unknown rotor reaction ∆Z via the eq. (3.11). The effective

saturation level Bi
rib−new in Fig. 3.5 can be evaluated for each iron rib with the following

relationship:

Bi
rib−new = Bi

rib0 +
∆Zi

Ri
r

· 1

wi
r · lfe

(3.18)

The so computed value is then compared with the previous one (Bi
rib). If their difference

is acceptable the algorithm proceeds to the next step; otherwise, the new value Bi
rib−new is

used to update the parameters of the tangent line (Bi
rib0 and µi

rib−diff ) depicted in Fig. 3.5

and the algorithm restarts from the step 2 in the PMaSyRM case (re-calculating the PM

dimensions) or step 5 in the SyRM case.
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Figure 3.6: Flowchart of the analytical design procedure.
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6) Once the saturation level of each rib is correctly evaluated, it is possible to fully define the

variables related to the q-axis, i.e. the PM flux linkage and the q-axis inductance, consider-

ing either the PM or the stator excitation. If this calculation step is performed still modeling

the iron ribs as the parallel between the flux generator ϕi
r and the reluctance Ri

r, then the

rib working point (Bi
rib) would move on the line defined by the parameters (Bi

rib0−new and

µi
rib−diff−new) depicted in Fig. 3.5. However, this approach would lead to incorrect estima-

tion of λPM and Lq since the electromagnetic rib working points would differ from the load

scenario (when both stator and PM excitations are present). To avoid this issue, the PM flux

linkage and the q-axis inductance are calculated modeling the ribs with a single reluctance

Ri
r−app defined by the apparent permeability (µi

rib−app) as shown in Fig. 3.5:

Ri
r−app =

hi
r

µi
rib−app · wi

r · lfe
(3.19)

By doing so, the electromagnetic working points of all iron ribs are unequivocally fixed to

the one related to the load scenario.

Therefore, the calculation of the q-axis inductance can be performed by modeling the iron

ribs only with the apparent reluctances, turning off the PMs m.m.f. U i
m and solving the

resulting Thévenin magnetic circuit. Indeed, the resolution of such circuit leads to the cal-

culation of the rotor magnetic potentials ∆Zi. From these values it is possible to calculate

the airgap flux ϕi
g flowing in each airgap branch of the magnetic circuit and, therefore, the

airgap flux density Bi
g. Then, the complete waveform of Bg can be evaluated by combining

all the calculated Bi
g (three in this case). By integrating the obtained waveform over the

pole pitch it is possible to calculate the q-axis flux and the q-axis inductance.

The same workflow can be adopted to calculate the flux per pole due to the PMs, by turning

off the stator m.m.f. generators and applying the above procedure for the airgap flux density

computation.

7) As last check and only for the PM-assisted machines, the computed Lq is compared with
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the one used to estimate the PM flux linkage needed to achieve the desired internal power

factor (eq. (3.16)). If these two values are similar the algorithm ends, otherwise it restarts

from step 2.

3.2 FE validation of the analytical model

The proposed analytical design approach has been implemented considering a wide range of

design variables sr − mr. Table 3.1 summarizes the main assumptions and constraints. As

previously pointed out, the outer envelope is fixed (i.e rs and lfe are given). The airgap thickness

Table 3.1: Design constraints and assumptions

Parameter Value Units

Outer stator radius 30 mm

Stack length 30 mm

Pole pairs 2 /

Airgap thickness 0.3 mm

N° of stator slots 24 /

N° of flux barriers per pole 3 /

Shape of flux barriers U/I-shaped /

Maximum speed 80000 rpm

Stator/rotor materials JNHF600/35HXT780T /

PM material N42UH /

Cooling capacity 30 kW/m2

Iron flux density 1.4 T

has been selected as a compromise choice between the need of mimizing it (beneficial from

the electromagnetic point of view) and practical assembly limits, whereas the selected number

of pole pairs allows a lower fundamental frequency beneficial for both control and thermal

management. The stator and rotor materials are chosen so to minimize the iron losses and

improve the rotor integrity at high-speed (further details about the materials selection can be
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found in [116]); the iron flux density is a consequence of the selected iron material for the stator

lamination.

The PM dimensions have been designed to achieve an internal power factor ipf ∗ equal

to 0.9. The estimated performance of each machine of the design plane sr − mr has been

compared with the respective FE analysis with the aim of investigating the accuracy of the

analytical approach.

Fig. 3.7 reports a comparison between the analytical (an) and FE computation (FEA) of

d-axis inductance (3.7a), q-axis inductance (3.7b) and PM flux linkage (3.7c). The empty ar-

eas of the design plane are due to the presence of unfeasible machines. The FE calculation of

Figure 3.7: Comparison between the analytical estimation and FE-computation of a) d-axis
inductance, b) q-axis inductance and c) PM flux linkage at 80 krpm.

these three parameters have been performed with the frozen permeability method [91] in order

to capture their values in the load scenario (i.e. when supplying with id, iq and PM excita-

tion). Analysing Fig. 3.7 it is worth to underline the good estimation of all parameters from a

qualitative point of view.

The excellent agreement of both q-axis inductance and PM flux linkage can be ascribed to

the good estimation of the iron ribs saturation levels. Fig. 3.8 reports a comparison between the

analytical and FE calculations of Brib of each flux barrier. It is worth to notice that the contour

plot of the outermost rib features an additional empty zone (left area of the design plane): the
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Figure 3.8: Comparison between the analytical and FE calculations of Brib of the a) outer
barrier, b) middle barrier, c) inner barrier.

machine of such zone are still feasible but the respective outermost ribs width is zero or falls

within the mechanical tolerance.

Although inductances and PM flux linkage are estimated with a good degree of accuracy, the

torque, highlighted in Fig. 3.9a, shows non-negligible discrepancies respect to the FE-computed

values. These residual errors are mainly due to the non-linear phenomena not considered in the

Figure 3.9: Comparison between the analytical estimation and FE-computation of a) torque, b)
ipf at 80krpm.

analytical model, namely the cross-saturation effects (i.e Ldq and λPM−d).

Fig. 3.10a reports the percentage rate between the d- and q-axis PM flux linkage (the d-axis
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PM flux linkage has been calculated adopting the frozen permeability method), whereas the

influence of the cross-coupling contribution is shown in Fig. 3.10b in terms of percentage rate

between Ldq and Ldm. The torque contour differs from the FE one mainly in the zone of the

sr −mr plane characterized by large cross-saturation phenomena.

As a consequence, the inclusion of such effects in the design stage is needed to reach an

accurate prediction of the electromagnetic performance of both SyRM and PMaSyRM. Con-

Figure 3.10: Finite element computation of a) rate between the PM flux linkage along the d-axis
and q-axis, b) rate between the cross-coupling inductance and the d-axis one.

versely, the analytical ipf (Fig. 3.9b) contour shows a good agreement with the FE one, both in

terms of numerical values and contour shape. It is worth to underline that the obtained internal

power factor is not the desired one (i.e. 0.9) over the entire sr −mr plane. The reason behind

this behaviour will be fully investigated.

3.3 Enhancing the design approach accuracy

With the aim of improving the performance estimation without sacrificing the fast evaluation

characteristic of the pure analytical approach, a hybrid design procedure, proposed in the last

chapter for SyRMs, is extended here to the PM-assisted ones.

In particular, once the analytical design is performed for the whole sr − mr plane, the 4

machines at the corners of the plane are selected and FE-simulated. From the FE-simulation
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all inductance (Ldm, Lqm, Ldq and Ls) and PM flux (λPM−d and λPM−q) contributions can be

correctly evaluated adopting the frozen permeability method [91, 92]. This allows the calcula-

tion of several correction factors defined as the ratio between the finite element (FEA) computed

value and the respective analytical (an) prediction as:

ki
x =

xi
FEA

xi
an

(3.20)

where x can be either the d- or q-axis PM flux linkage λPM−d, λPM−q, the magnetizing in-

ductances Ldm, Lqm, the slot leakage inductance Ls or the cross coupling inductance Ldq of the

ith corner machine. The so computed correction factors are then extended to the entire design

plane sr −mr using a linear interpolation, allowing the adjustment of the magnetic model. By

doing so, the cross-coupling terms (Ldq and λPM−d) are taken into account within the design

workflow and the mismatches between analytical and FE-computed magnetizing inductances

and q-axis PM flux are greatly reduced as shown in Fig. 3.11. The good agreement in terms

Figure 3.11: Comparison between the adjusted estimation and FE-computation of a) d-axis
inductance, b) q-axis inductance and c) PM flux linkage at 80 krpm.

of d- and q-axis inductances and PM flux linkage leads to the excellent matches between the

adjusted torque and internal power factor contours shown in Fig. 3.12.
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Figure 3.12: Comparison between the adjusted estimation and FE-computation of a) Torque, b)
ipf at 80 krpm.

3.4 Preliminary design considerations

The reduction of the design space to only two variables (sr,mr) and the accurate calculation

of torque and power factor as their function greatly reduce the design complexity. Indeed, the

selection of the machine to be considered for the final design refinements (needed prior the

prototyping) is greatly simplified. The choice of the final design is not univocal and clearly

depends on the application requirements, e.g. the performance indexes having the priority (e.g.

maximum torque, maximum power factor, minimum PM volume, etc.). In the following, the

contours of the variables influencing mostly torque and power factor are analysed in order to

infer the different trade-offs involved when designing high speed PMaSyR machines.

Fig. 3.13a, b and c report the constant loci in the sr −mr plane of total torque, PM torque

and reluctance torque component, respectively. The total torque contours and so the location

of the maximum torque design (showed with the marker ■) depend on the concomitant ac-

tions of the reluctance and PM torques. Fig. 3.13d, e and f show the contours of the variables

defining the reluctance torque behaviour, namely the d- and q-axis currents and the inductances

difference, respectively. It can be seen that the reluctance torque, and the location of the max-

imum reluctance torque design in the sr − mr plane, is the compromise between the need of

maximizing the magnetizing current (id), the anisotropy (Ld − Lq) and the quadrature current
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Figure 3.13: Constant loci contour plot of a) total torque, b) PM torque, c) reluctance torque, d)
id, e) iq, f) Ld − Lq, g) PM flux, h) PM volume and i) Needed PM volume.

(iq) [27, 108].

The shape of the PM torque component contours depends on both d-axis current (Fig. 3.13d)

and PM flux linkage (Fig. 3.13g). The latter is heavily affected by the amount of PM material

imposed by the selected PM design criterion, as it can be seen comparing subfigures 3.13g and

3.13h. The PM volume VPM is also affected by the maximum available space within the rotor

102



3.4. PRELIMINARY DESIGN CONSIDERATIONS

flux barriers (Vslots), shown in Fig. 3.13i.

Fig. 3.14a and 3.14b report the internal power factor of the PMaSyR machine and the

respective value obtained without the PM assistance, respectively. Although the PM-assistance

greatly improves the internal power factor respect to the pure reluctance machines, only part of

the design plane sr −mr provides the target internal power factor (i.e. 0.9). For some region

Figure 3.14: Constant loci contour plot of a) ipf and b) ipf reluctance component and c) ratio
between actual PM volume and needed one.

of the design plane, the PM volume required (V ∗
PM ) to satisfy the selected design criterion

exceeds the available space within the rotor flux barriers. Fig. 3.14c reports the ratio between the

effectively used PM volume and the ideally required value justifying this unexpected behaviour.

In particular, the ipf values differ from the target one when designing machines with high

magnetic ratio and low split ratio, as shown in Fig. 3.14a. Indeed, higher mr implies a higher

thickness of the flux guides which reduces the flux barriers radial thickness (hi
a) and so the

available space for the PMs. Similarly, lower sr implies a reduction of the rotor diameter and

so also of the flux barriers area.

Lastly, Fig. 3.15 shows the percentage difference between the module of the total flux and its

d-axis components with respect to the latter. This figure of merit quantifies the approximation

related to the assumption of neglecting the PM flux during the design of the stator tooth, yoke

and rotor flux guides thicknesses. Analysing this figure, it is straightforward to conclude that the

PM effect can be surely neglected during the magnetic design of the stator and rotor laminations.
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Figure 3.15: Constant loci contour plot of the percentage difference between the module of the
total flux and its d-axis components (in p.u. of the total flux).

However, this does not imply that the PM presence should not influence the selection of the final

machine. For example, selecting the design providing the maximum reluctance torque (shown

with ▲ in Fig. 3.13c) and adding the PM within the rotor slots (according to a certain criterion)

would lead to a sub-optimal design. In fact, the resulting machine would produce a lower torque

(1.1 Nm in this case) compared to the maximum torque design calculated considering both PM

and reluctance components (1.4 Nm showed with ■ in Fig. 3.13a).

3.5 Effects of PM insertion at increasing speed

The proposed approach has been used to design several PMaSyRMs with increasing maximum

speed without and with the permanent magnet assistance. In particular the two most com-

mon magnet families have been investigated considering a neodymium-based PM (N42UH)

and ferrite one (35H). These three classes of machines will be hereafter called SyR, NDaSyR

and FEaSyR, respectively. Table 3.1 lists the main constraints and assumptions of this design

exercise, while Table 3.2 reports the main characteristics of the selected PM materials.
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Table 3.2: PM characteristics

PM material Mass Density [kg/m3] T [deg] Brem [T]

F35H 4600 100 0.38

N42UH 7500 100 1.22

3.5.1 Torque

Fig. 3.16 reports the iso-torque loci (T ) in the sr−mr plane for 3 mechanical speeds (40, 80 and

120 krpm) and different PM-assistance. The black markers •, ▶, ■ represent the locations of the
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Figure 3.16: Torque function of split and magnetic ratio obtained considering three maximum
speeds (40, 80, 120 krpm) for the pure SyRM and for the versions assisted by NdFeB and Ferrite
magnets.

maximum torque designs for the SyR, FEaSyR and NDaSyR respectively. The white markers

◦ in the FEaSyR and NDaSyR graphs are the respective maximum reluctance torque designs.

For a given maximum speed, the torque contour and so the maximum torque design location
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obtained using ferrite magnets do not significantly deviate from the pure SyR one. On the

contrary, the constant torque loci of the NDaSyRMs are remarkably different from the respective

baseline SyR designs. In particular, the maximum torque designs tend to move towards lower

split ratio and higher magnetic ratio with respect to the position of the respective maximum

reluctance solutions.

In order to justify this behaviour, the torque components and the main variables affecting

their trends are investigated. Fig. 3.17 and Fig. 3.18 depict the reluctance (Trel) and the PM

torque (TPM ) contours of FE- and ND-assisted machines along with the location of the maxi-

mum PM, reluctance and total torque designs. As expected, both torque components decrease

as the speed increases due to the thicker structural ribs. The reluctance torque decreases due
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Figure 3.17: Reluctance (Trel) and PM (TPM ) torque components of the FEaSyRMs as function
of both design variables for three different speeds and locations of the maximum reluctance,
PM and total torque designs.

to the higher q-axis inductance while the PM torque decreases due to the higher rotor PM flux

leakage. The rate of these two decrements depends on how the rib dimensions and their satura-

tion levels change with the speed. Both quantities depend on the PM types: the rib dimension

are affected by the PM mass density, while the rib saturation is affected by the PM residual

flux density. From Fig. 3.17 and 3.18 it can be deduced that the reluctance torque shows the

same qualitative trends within the design plane as the maximum speed increases for both PM

types. On the contrary, the PM torque component shows a completely different behaviour ac-

cording to the magnet type. The higher PM torque featured by the NDaSyR machines along
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Figure 3.18: Reluctance (Trel) and PM (TPM ) torque components of the NDaSyRMs as function
of both design variables for three different speeds and locations of the maximum reluctance, PM
and total torque designs.

with its different contour shape compared to the FEaSyR ones make the total torque contour

of NDaSyRMs more affected by the PM-assistance. As a consequence, the maximum torque

design when adopting high energy density PM differs from the pure reluctance one and is the

compromise between these two torque components. This is clearly evident at 80 krpm and 120

krpm (Fig. 3.18) while it is not immediate for the 40 krpm case because the PM torque features

almost the same maximum value (1 Nm) for several combination of sr and mr of the top right

of the design plane.

3.5.2 PM torque

The PM torque contours are determined by the d-axis current (independent from the PM mate-

rial) and by the PM flux linkage (λPM ). The latter depends on the rotor geometry and PM de-

sign criterion which in this case is the achievement of a target internal power factor ipf ∗ = 0.9.

Adopting this criterion, the PM flux linkage (and so the PM volume VPM ) is a nonlinear function

of both d- and q-axis inductances, current components and target ipf ∗ as in (3.16).

The amount of PM (VPMs) required to achieve the desired power factor may exceed the

available space within the rotor flux barriers (Vslots) if low energy density magnets are adopted

or if the target speed is very high (or both); consequently, in such cases, the PM volume would

equal the available rotor barriers volume. Fig. 3.19 reports the PM torque, PM flux linkage, PM
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volume and available rotor barriers volume in the design plane sr − mr when considering a

maximum speed of 80 kprm for both PM types. It can be clearly seen that the PM volume of the
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Figure 3.19: PM torque (a, d), PM flux linkage (b, e), PM volume and rotor slot volume (c,
f) contours in the sr − mr plane when the maximum speed is 80 kprm for both FE- and ND-
assisted machines.

FEaSyRMs (Fig. 3.19c) equals the available rotor barriers space for the considered maximum

speed.

On the contrary, neodymium based PM allows satisfying the power factor target without ex-

ceeding the available space for most of the design plane (Fig. 3.19f). This justifies the different

behaviour of the PM flux, and PM torque, featured by the FE- and ND-assisted machines in

the design plane sr −mr. Indeed, the PM flux linkage contours of the FEaSyRMs follow the

trends imposed by the geometrical constraint of the maximum available space within the rotor

barriers, while the NDaSyRMs one follow the trends dictated by the PM design criterion.

3.5.3 Reluctance torque

The comparison between the PM-assisted machines and the pure reluctance ones designed for

the same maximum speed shows how the adoption of low energy density PM is not convenient
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also in terms of reluctance torque. The ratio kTrel between the reluctance torque of the PM-

assisted machines and the torque of the respective SyRMs (i.e. having equal maximum speed

and sr,mr) is higher when adopting neodymium based PM, as shown in Fig. 3.20a and d for the

80 krpm designs. The reluctance torque ratio between the PM-assisted machines and the pure

SyR ones depends on both iron rib dimensions and their saturation levels. The ferrite magnet

features a mass density lower than the neodymium one (4600 vs 7500 kg/m3) which implies a

lower increment of the iron rib dimensions with respect to the pure SyRMs. Indeed, the ratio

between the average rib sizes (kATB) of the PMaSyRMs with respect to the SyRMs, shown

in Fig. 3.20b, d) is lower for FEaSyR for a given point in the plane sr − mr. Consequently,
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Figure 3.20: Reluctance torque ratio (a, d), average total rib ratio (b, e), average ribs saturation
ratio (c, f) contours in the sr−mr plane when the maximum speed is 80 kprm for both FE- and
ND-assisted machines.

one would expect the FEaSyRMs to produce higher reluctance torque being smaller the iron rib

dimensions. However, when adopting ferrite magnets, the iron ribs saturation is much lower

than the neodymium PM one, as shown in Fig. 3.20c, f) in terms of ratio of the average flux

density of the iron ribs. A lower saturation level implies a higher q-axis flux short-circuited by

the iron ribs which in turn determines a higher torque drop. It can be concluded that, although

the neodymium-based PMs require bigger iron ribs, they allow to achieve higher rib saturation,
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therefore the reluctance torque of NDaSyRMs features a lower decrement as the speed increases

compared to the FEaSyRMs.

3.5.4 Internal power factor

Fig. 3.21 shows the internal power factor contours for the considered designs. The PM assis-

tance allows increasing this performance index but the target value (0.9) is not achieved for all

the solutions of the design plane sr − mr. As the design speed increases, the iron rib dimen-

 40 [krpm]

0.20.2 0.3

0
.3

0.4

0
.4

0.
5

0.6

0.30.40.50.6

0.5

0.6

0.7

0.8

M
ag

n
et

ic
 r

at
io

 80 [krpm]

0.2

0.20.2 0.3

0
.3

0.4
0.4 0.

5

0.30.40.50.6

0.5

0.6

0.7

0.8

 120 [krpm]

0.2
0.2

0.3

0.3

0.4

SyR

0.30.40.50.6

0.5

0.6

0.7

0.8 ipf [p.u.]

0.3 0.4

0
.4

0.5

0
.5

0.6

0
.6 0.

7

0.8

0.30.40.50.6

0.5

0.6

0.7

0.8

M
ag

n
et

ic
 r

at
io

0.3 0.4

0
.4

0.5

0
.5 0.

6

0.30.40.50.6

0.5

0.6

0.7

0.8
0.3

0
.3

0.4

0.4

0.5
FEaSyR

0.30.40.50.6

0.5

0.6

0.7

0.8

0.6

0.7
0.8

0
.8

0.
9

0.9

0.9

0.30.40.50.6

Split ratio

0.5

0.6

0.7

0.8

M
ag

n
et

ic
 r

at
io 0.5

0.6 0.7

0.
7

0.8

0
.8

0.9

0
.9

0.30.40.50.6

Split ratio

0.5

0.6

0.7

0.8 0.5
0.6

0.
6

0.7

0
.7

0.8

0
.8

NDaSyR

0.30.40.50.6

Split ratio

0.5

0.6

0.7

0.8

Figure 3.21: Internal power factor contour in the sr − mr plane for three different maximum
speeds (40, 80, 120 krpm) for the pure SyR and the two PM-assisted versions.

sions increase and this has the twofold effect of worsening the q-axis inductance and reducing

the rotor flux barriers area that can accommodate the PM material. In turn, the increment of

the q-axis inductance implies that more PM volume is needed to achieve the target power fac-

tor. Therefore, the required amount of PM increases with the speed while the available space
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decreases. When ferrite magnets are adopted, the target ipf is not reached for none of the con-

sidered speeds: in fact, the ratio between the PM volume (VPM ) and the required one (V ∗
PM ),

shown in Fig. 3.22, is always lower than one. On the contrary, when using the NdFeB magnets

the target power factor is achieved by part of the solutions in the design plane sr − mr. The
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Figure 3.22: Ratio between the PM volume (VPM ) and its required value (V ∗
PM ) as function of

both design variables for three different speeds and for both PM materials.

designs featuring an ipf = 0.9 correspond to the solutions having the ratio VPM/V ∗
PM = 1.

The deviation of the ipf from the target is proportional to the volume ratio VPM/V ∗
PM .

3.6 Performance boundaries

Fig. 3.23 reports torque and internal power factor of the maximum torque designs (identified by

the black markers in Fig. 3.16 and 3.21) as a function of the speed obtained after accurate FEA.

As expected, the PM-assistance enhances both performance indexes and the biggest improve-

ment is obtained using high energy density PMs. With neodymium based magnets, the target

ipf (0.9) can be achieved up to a certain speed (80 kprm in this case) above which it rapidly

decreases reaching 0.7 at 140 krpm. The ipf of the optimal FEaSyRMs is relatively high at low

speed (≈0.8) and constantly decreases with the speed until it reaches a value similar to the one
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Figure 3.23: Torque (a) and internal power factor (b) as a function of the speed of the selected
designs.

featured by the optimal SyR design (≈0.4) at 140 krpm.

With the adopted PM design criterion, the NDaSyR machines feature an almost doubled

torque with respect to the SyRMs for all the considered speed values. Instead, the FEaSyRMs

show a lower torque improvement, e.g. around 30% at low speed and 5% at maximum speed,

as reported in Fig. 3.23a.

Along with the pure SyR designs and both PM-assisted variants, Fig. 3.23 also shows the

performance of the PMaSyR machines obtained adding the neodymium based-PM to the max-

imum reluctance torque design (shown with the white markers ◦ in Fig. 3.16 and 3.21). These

sub-optimal designs, hereafter called SyR+ND, feature power factors similar to those obtained

by the optimal NDaSyRMs but with a considerable lower torque (30% lower for the lowest

speed design and 5% for the highest one).

Fig. 3.24 depicts the torque components of all the considered designs as function of the

speed. While the PM torque (TPM ) of optimal FEaSyR and NDaSyR machines decreases with

the speed, their reluctance torque (Trel) shows a different behaviour. Indeed, the reluctance

torque component of all PMaSyRMs is lower than the torque of the optimal SyRM designed

for the same speed. In particular, Trel decreases with the speed for FEaSyRMs whereas, for

NDaSyRMs it is almost constant up to 80 kprm and then reduces reaching 0.45 Nm at 140
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Figure 3.24: Permanent magnets (a) and reluctance (b) torque components of the selected ma-
chines as function of the speed.

kprm. This behaviour is due to two effects: the lower reluctance torque reduction with the

speed of the NDaSyRMs as explained in Section III-C and the fact that the distance between

the maximum total torque design and reluctance torque design decreases as the speed increases

(see markers in Fig. 3.16g,h,i). It is worth highlighting that the sub-optimal designs SyR+ND

feature a higher Trel and a lower TPM compared to the optimal NDaSyRMs.

Fig. 3.25 reports the mechanical power of all the considered optimal and sub-optimal solu-

tions as function of the maximum design speed. Along with the previous considerations, it is

worth to underline that the insertion of PMs within the rotor flux barrier is always beneficial

within the considered speed range.

3.7 Analysis of the optimal machines

Fig. 3.26 shows the trends of sr and mr of the optimal SyR, FEaSyR, NDaSyR designs as

function of the speed. The design variables of the sub-optimal SyR+ND solutions are also re-

ported and obviously they correspond to SyRMs ones; in fact, their geometries differ from the

pure SyR designs only in terms of rib dimensions and PMs. Fig. 3.27 reports the cross sections

of these four classes of machines at 40, 80 and 120 krpm. The optimal split ratio always de-

creases with the speed with and without PM assistance and whatever type of PM. Indeed, the
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Figure 3.25: Power as a function of the speed of the selected designs.

Figure 3.26: Design variables sr (a) and mr (b) of the optimal SyR, FEaSyR and NDaSyR
machines as function of the speed.

designs showing the highest PM and reluctance torques (markers ⋆,♦ in Fig. 3.19, 3.20) have

a decreasing split ratio as the speed increases. Lower sr implies lower centrifugal force which

in turn reduces the iron ribs increment and so the reluctance torque drop. Although lower sr

implies lower PM flux linkage (due to the lower PM amount, see Fig. 3.19), the PM torque com-

ponent increases because the d-axis current increases in the same direction. Another interesting

point to underline is that the optimal NDaSyRMs have a lower rotor diameter with respect to

SyR and FEaSyRMs. This is due to both higher mass density of the neodymium compared

to the ferrite and different contour shapes of the PM torque component for NDaSyRMs and
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Figure 3.27: Cross section of the optimal SyR, FEaSyR and NDaSyR machines and sub-optimal
SyR+ND designs at 40, 80 and 120 kprm.

FEaSyRMs.

The optimal magnetic ratio of the SyR and FEaSyR designs tends to increase with the speed

because the reluctance torque, which is the main component, increases in the same direction (as

shown in Fig. 3.17). On the contrary, the NDaSyRMs feature an almost constant trend of mr

(higher than the FEaSyR one) because the PM torque (which increases with mr) plays a major

role in defining the overall torque (Fig. 3.18). It is then possible to conclude that the optimal

NDaSyRMs feature a lower rotor diameter and bigger stator tooth, stator back iron and rotor
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flux guides with respect to FEaSyRMs, as it can be seen from Fig. 3.27. Finally, it is worth

noticing that above a certain speed (40kprm in this case), the sub-optimal designs SyR+ND

make use of more PM material compared to the optimal NDaSyRMs, as shown in Table 3.3.

It is worth to underline that also the manufacturing issues and the demagnetization risk,

which have not been considered within the analysis, could constitute a criterion of selection of

the ”optimal design” to be protopyped.

Table 3.3: PM volume (V ∗
mag) of the selected designs [cm3]

Speed [krpm] FEaSyR NDaSyR SyR+ND
40 5.8 2.6 2.6
80 4.3 2.6 3.4

120 2.7 1.8 3.2

3.8 Insight: PM design criteria comparison

In the last sections, only the ipf target criterion has been investigated. In this section, the

tool is used to compare the aforementioned PM sizing approaches considering a wide range of

operating speed. Particular attention will be posed to the implications of each design criterion

in terms of performance and machines geometries.

3.8.1 Performance vs speed analysis

The aforementioned procedure is applied to design PMaSyRMs with operating speeds in the

range [1 - 120] krpm considering the three design criteria: Natural compensation, Target ipf

and Maximum torque. The goal of this design exercise is to compare the optimal results in

terms of performance and geometries. In particular, the workflow of the last section has been

adopted and it is here briefly re-called:

1. for each considered speed and PM insertion criterion, the proposed hybrid design routine

is applied and the torque and ipf contours in the plane sr −mr are evaluated;
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2. the average torque is chosen as main performance index and the maximum torque solution

is selected from the design plane sr −mr;

3. once point 1 and 2 have been performed for each speed, the three different PM design

criteria are compared in terms of output power, torque and power factor, optimal design

variables and optimal geometries versus the rotational speed.

Fig. 3.28 reports the torque (a) and the internal power factor (b) as a function of the speed

for the Natural compensation (solid line), Target ipf (ipf ∗ = 0.8 dashed line) and Torque

maximization (dotted line) cases.
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Figure 3.28: Torque (a) and ipf (b) versus speed of the maximum torque designs

As expected, the adoption of the Torque maximisation criterion provides the highest torque

and power factor up to 80 krpm. Indeed, above these speeds the Target ipf criterion basically

provides the same results. This behaviour can be explained by geometrical considerations: the

available space for the PMs placement decreases with speed due to the iron ribs increment;

it follows that the amount of PMs required to reach a predefined ipf will coincide with the

full barrier dimensions as for the Torque maximization criterion. The Natural compensation

criterion leads to the lowest performance. The considerations regarding the torque trends can

be fully extended to the power ones, as in Fig. 3.29 which reports the power as function of the

speed. Although the 3 criteria lead to different performances, they share the value of threshold
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speed (i.e. 100 krpm) above which the output power cannot be enhanced by further increasing

the speed.
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Figure 3.29: Maximum power as function of the speed.

The above performances are clearly influenced by the selected criterion which in turn mod-

ifies the shape of the torque contour plot in sr −mr plane. It follows that the position in such

plane of the machine which maximizes the torque for a given design speed will change accord-

ing to the amount of PMs inserted within the rotor barriers. Fig. 3.30a,b show the trends of the

optimal (torque wise) design variables sr and mr as function of the speed for the 3 considered

scenarios. When the Natural compensation or the Target ipf criteria are adopted, the optimal

split ratio does not change significantly with the speed (solid blue and dashed red lines) while

it decreases when the flux barriers are filled by PMs (dotted green line). In a dual way, the

optimal magnetic ratio of the Torque maximization criterion remains almost constant with the

speed whereas the other two cases feature an optimal mr which clearly reduces as the speed

increases.

The trends of the optimal sr and mr lead to the machine cross-sections reported in Fig.

3.30c,d,e. Since the magnetic ratio in the Natural compensation and Target ipf criteria decreases

with the speed, the respective rotor designs are characterized by increasing flux barriers height

while the teeth width decreases with the speed. Conversely, the Torque maximization criterion
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Figure 3.30: Optimal split (a) and magnetic (b) ratios as function of the speed; cross sections
of the optimal machines at 60 krpm (c), 80 krpm (d) and 100 krpm (e) for the 3 considered
scenarios.

allows to obtain almost the same flux barriers height and teeth width whatever speed value is

considered.

3.8.2 sr-mr plane considerations

The reason behind the different trends of sr and mr which modify the machine geometry can

be partially explained analysing the torque components contours in the design plane for a given
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operating speed. Fig. 3.31 reports the total torque along with its PM and reluctance components

for the three considered design criteria at 60 krpm; the following considerations can be drawn.
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Figure 3.31: Total torque (a), PM torque (b) and reluctance torque (c) for Natural compensation
(1), Target ipf (2) and Torque maximization (3) design criteria at 60 krpm.

• The reluctance torque Trel (shown in Fig. 3.31a3, 3.31b3 and 3.31c3) is poorly affected

by the adopted PM design criterion. Its contour shapes are similar in the three cases

and the maximum of this torque component is obtained for low values of mr and high

values of sr (according to the chosen boundaries). However, from a numerical point of

view, Trel is slightly higher moving from the Natural compensation criterion to the Torque
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maximization one. Although it is not so appreciable, this torque reduction is due to the

increment of the structural iron ribs when increasing the PM mass in the Target ipf and

Torque maximization design scenarios, as also shown in Fig. 3.32a3, 3.32b3 and 3.32c3

which report the average width of the iron ribs in the sr − mr plane at 60krpm in the

3 cases. Indeed, the higher flux short-circuited via iron ribs implies an increment of the

q-axis inductance which in turn determines a more significant torque drop.

• Differently from the reluctance torque component, the shape of the PM torque contours

(shown in Fig. 3.31a2, 3.31b2 and 3.31c2) is greatly affected by the amount of PMs

which changes according to the adopted design criterion.

– In the Torque maximization scenario, the required PM volume VPM is equal to the

available space within the flux barriers Vslots, as shown in Fig. 3.32c1.

– On the contrary, for the Target ipf criterion, the PM flux (eq. (3.16)) is a non-linear

function of the current components, ribs saturation, desired ipf and it is also propor-

tional to the product Lq · iq which depends on the above parameters. Therefore, the

PM flux contours shown in Fig. 3.32b2 differ from the fully filled barriers case and

the PM torque contours (Fig. 3.31b2) change accordingly. It is worth to notice that

for high mr and low sr the required PM exceeds the available space Vslots there-

fore the PM flux contours resemble those obtained with the Torque maximization

approach.

– With the Natural compensation criterion, the PM flux is directly proportional to the

product Lq · Imax, therefore also the PM torque behaviour in the sr − mr design

plane will follow the one of such product as in Fig. 3.32a2 except for the regions

where the required PM volume exceeds the available space as shown in Fig. 3.32a1.

• The concomitant action of the reluctance and PM torque components leads to the total

torque contour plots reported in Fig. 3.31a1, 3.31b1 and 3.31c1. The shape of these

contours and the position of the machine providing the maximum torque are therefore
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Figure 3.32: PM volume / available barrier volume (a), PM flux (b), average width of the rotor
ribs (c) for Natural compensation (1), Target ipf (2) and Torque maximization (3) design criteria
at 60 krpm.

mainly affected by the PM torque component. Indeed, the PM torque non-linearly in-

creases moving from the bottom right to the top of the design plane when adopting the

Natural compensation approach, therefore the total torque contour will be shifted to the

top-left of the design plane with respect to the pure reluctance one. This consideration

can be partially extended to the Target ipf scenario although in such case the total torque

features a higher split ratio since the maximum of the PM component is shifted to the
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right of the design plane. Differently, the adoption of the Torque maximization approach

leads to a PM torque increasing from the bottom left to the top right of the sr−mr plane,

thus the maximum value of the total torque is obtained for higher split ratio and lower

magnetic ratio if compared to the other two criteria.

All these considerations can be fully extended to the other operating speeds, ranging from 0

to 70 krpm. Above the latter speed, the differences between the 3 approaches become less evi-

dent both in terms of performance and optimal machine location in the sr−mr plane (especially

in terms of magnetic ratio).

3.9 Publications

Some results presented in this chapter have been published by the author in [117–119].

123



Chapter 4

Surface Permanent Magnet synchronous

Machines

In this chapter, the methodology adopted for SyRMs and PMaSyRM is extended to the surface-

mounted permanent magnet synchronous motors design.

Although the design philosophy is the same as it is always based on the definition of the two

independent design variables, the rotor design drastically changes both from electromagnetic

and structural points of view.

Indeed, neither flux barriers nor structural iron bridges are present, while the permanent

magnets are located on a solid rotor surface. The structural integrity at high-speed is preserved

by designing, for each machine of the design plane, the so-called ”retaining sleeve”.

The other design assumptions and choices do not change with respect to the other two

chapters: a distributed single-layer winding and a number of pole pairs equal to 2 is considered.

The aim of this chapter is to propose a comprehensive design procedure able of considering

all the main aspects involved during the design of high speed PMSMs when a metallic sleeve is

adopted.

The proposed design approach is used to asses the maximum power capability of PMSMs for

given stator losses as the maximum design speed increases. The main aim is to assess the effects

of the performance limiting factors on both optimal torque and related machine geometry. In
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addition, the influence of the airgap thickness is also investigated in terms of trade-off between

torque and rotor losses, as well as optimal geometries.
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4.1 Analytical design procedure

The design approach resembles the one adopted for SyRMs and PMaSyRMs. Therefore, both

performance and geometry of a surface PMSM can be defined by two independent design vari-

ables: the split ratio sr and the magnetic ratio mr.

The following assumptions and constraints are also re-called for the sake of clarity:

• the external dimensions (i.e external radius rs and active axial length lfe) are imposed;

• the flux density Bfe within the stator yoke and teeth is preliminary fixed (generally close

to the knee point of the B −H curve of the stator core material);

• the cooling system capability is chosen in terms of total stator losses that can be extracted

via the outer stator surface.

The torque can be expressed as in (4.1):

T =
3

2
· p(λdiq − λqid) (4.1)

where λd and λq can be expressed as function of current components, indunctance and PM

flux as in (4.2) and (4.3).

λd = (Ldm + Ls)id + Ldqiq + λPM−d (4.2)

λq = Ldqiq + (Lqm + Ls)iq + λPM−q (4.3)

where all these magnetic quantities have been already defined in the last chapters.

It is well known that a surface-mounted PMSM is an isotropic machine which in turn means

that the flux paths due to the d and q-axis currents are basically the same. It follows that the

d-axis inductance is equal to the q-axis one.

Furthermore, the cross-coupling effects are negligible dealing with SPMSM, therefore both

the Ldq and λPM−q can be neglected in the fluxes equations.
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4.1. ANALYTICAL DESIGN PROCEDURE

Therefore, the torque produced by an isotropic synchronous PM machine can be simplified

as follows:

T =
3

2
· p · λPM · iq (4.4)

ipf = sin

[︃
π

2
− arctan

(︃
L · iq
λPM

)︃]︃
(4.5)

where λPM is equal the no-load PM flux linkage on the d-axis and L is the machine inductance.

In the following, each geometric parameter, depicted in Fig. 4.1, as well as the stator current,

flux linkage and so the torque are expressed as function of both sr and mr. All these electric and

magnetic quantities are heavily affected by the machine geometry which in turn is defined by

the combination of the design variables sr−mr and by the initial constraints and assumptions.

rs

rr

hPM

hs

(a) (b)

N
S

wt

ly

lt

Figure 4.1: Stator (a) and rotor (b) parametrization.

4.1.1 Stator design

The stator main paramaters are the tooth width wt, the yoke thickness ly and the tooth length lt.

The first one can be determined imposing the flux entering the tooth to be equal to the integral

of the airgap flux density over the slot pitch, whereas the second can be calculated imposing the

flux within the stator yoke to be equal to half of the flux per pole, thus obtaining the following

relationships [82]:

wt =
2 · π · rs
6 · p · q

· Bg−max

Bg

· sr ·mr · kt (4.6)
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ly =
αPM · π · rs

2 · p
· Bg−max

Bg

· sr ·mr (4.7)

where Bg−max is the peak value of the airgap flux density (assuming a rectangular shape of the

no-load airgap flux density) and αPM is the PM angular span.

4.1.2 Maximum current calculation

The q-axis current can be considered equal to the maximum available current Imax if only the

operation in the maximum torque per ampere condition is envisaged. As the cooling capacity is

preliminary chosen (through the factor kcool equal to the ratio between the total losses and the

external surface of the stator), the maximum current can be calculated imposing that the sum of

Joule and iron losses Pfe equal to the maximum capability of the cooling system as in (2.30).

4.1.3 Rotor design: magnetic equivalent circuit

Neglecting the tangential component of the airgap flux density, the PM height can be calculated

by solving the magnetic circuit reported in Fig. 4.2 preliminary choosing the angular span of

the PM over the pole pitch. Indeed, the peak value of the total magnetic voltage has to be equal

to the current linkage HchPM , as in (4.8):

2 · Ug + 2 · Ust + Usy + Ury + 2 · UPM = 2 ·Hc · hPM (4.8)

where Ug, Usy, Ury, Ust and UPM are the airgap, stator yoke, rotor yoke, stator teeth and PM

magnetic voltage drops. It is worth to notice that UPM is also function of the PM height:

UPM =
Hc

Br

·Bg−max · hPM (4.9)
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2hPMHc

Usy

2Ust2Ug

2UPM
Ury

(a) (b)

Figure 4.2: a) Flux path due to PMs; b) magnetic equivalent circuit.

where Hc and Br are the coercive field and residual flux density of the PM. By combining (4.8)

and (4.9), the PM height can be finally computed as:

hPM =
2 · Ug + 2 · Ust + Usy + Ury

2 ·Hc ·
(︃
1− Bg−max

Br

)︃ (4.10)

The stator yoke, rotor yoke and stator teeth magnetic voltage drops do not depend on the

sleeve thickness since the magnetic load Bfe is imposed. Conversely, as reported in (4.11), Ug is

affected by the sleeve dimension, since it is a function of the equivalent magnetic airgap (which

is the sum of the mechanical one g and the sleeve thickness hs):

Ug =
Bg−max

µ0

· (g + hs) (4.11)

4.1.4 Sleeve computation

The retaining sleeve role is twofold: secure the PMs at high speed and exert the proper pressure

on the magnets and consequently on the shaft in order to transfer the machine maximum torque.

These functionalities need to be guaranteed in any thermal operating condition. Super-alloys

are usually used when considering metallic sleeves as they feature high mechanical strength and

robust behaviour at high temperatures. Therefore, a suitable sleeve thickness should be selected

to make sure the sleeve can bear the mechanical and thermal loads.
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So, in order to achieve the proper size, sleeve’s stress should be analyzed. Generally, there

are two approaches to calculate the stress for this case: the analytical method and finite element

modelling. 2D or 3D finite element modelling is a precise method that can provide an accurate

stress distribution over the geometry but at the design level that different geometries need to be

tried and the mechanical analysis needs to be coupled to the electromagnetic analysis it could

be computationally expensive. From a conceptual point of view, sleeve, magnets and shaft

can be all considered as cylinders that interact with each other through the pressure at their

boundaries. Several analytical approaches have been proposed in literature to analyse the stress

in concentric cylinders [120,121]. Among these formulations, the plane stress in thick cylinder,

also known as Lame formula, is a good approach as not only covers both the mechanical and

thermal effects but also has an exact solution for this particular application. In order to derive

the equilibrium equations, the 2D cross-sections of the shaft, magnets, and sleeve are considered

as three cylinders, as shown in Fig. 4.3. Three set of radial and circumferential displacement

rPM

enlarged view

Shaft
Magnet

Sleeve

rr

rshaft

urs

urPM

urshaft

Preq

u𝜗s	

u𝜗PM	

u𝜗shaft

hs

hPM

Figure 4.3: Sleeve stress schematic view with coordinate system.

vectors (Ursh ,Uθsh), (Urm ,Uθm), and (Ursl ,Uθsl) have been considered for the shaft, magnet, and

sleeve, respectively. For sake of complexity, the edging stress effect between the magnets is

neglected at this stage as it is negligible and can be considered in the final detail design. The

static equilibrium equation for the isotropic thick cylinder under centrifugal body force and
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temperature gradient is:

El

1− ν2
l

(︃
d2ul

dr2
+

1

r

dul

dr
− ul

r2
− βl(1 + νl)

d∆Tl

dr

)︃
+

+ρlrΩ
2 = 0

(4.12)

where r is the radial coordinate, E is the module of elasticity, ν is the Poisson ratio, β is

the coefficient of thermal expansion, ∆T is the temperature variation function in the radial

direction, ρ is the density, Ω is the rotational speed, while the subscript l = sh, pm, s stands

for shaft, magnet and sleeve, respectively. These three ordinary differential equations have a

homogeneous and a particular solution:

url = C1lr +
C2l

r
+ βl(1 + νl)

1

r

∫︂ r

rin

∆Tlrdr+

−ρlΩ
2(1− ν2

l )r
3

8El

(4.13)

where ur is the displacement as a function of radial position, and C1 and C2 are the unknown

constants that are determined by imposing the boundary conditions. As the displacement func-

tions are three, one for the shaft, magnet and sleeve, there are six unknowns that need to be

determined. Based on the interaction at the boundaries of these parts, the following boundary

conditions have been applied to find these six unknown coefficients:

σrsh ̸= ∞@(r = 0),

σrsh = σrpm@(r = rsh),

urpm − ursh = δsh−pm@(r = rsh),

σrpm = σrs@(r = rpm),

urs − urpm = δpm−s@(r = rpm),

σrs = 0@(r = rs),

(4.14)

Four of the above equations impose conditions on the radial stress while two set the interference
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needed at the interfaces between shaft-magnet and magnet-sleeve. Since the radial stress is

required to impose the boundary conditions, displacement-strain and stress-strain relations (for

isotropic material) need to be expressed:

ϵrl =
dul

dr
, ϵθl =

url

r
, (4.15)

ϵrl =
1

El

(σrl − νσθl) + βl∆Tl,

ϵθl =
1

El

(σθl − νσrl) + βl∆Tl,

(4.16)

where ϵr and ϵθ are strain in radial and circumferential directions, respectively. By replacing the

displacement expression (4.13) into the strain relations (4.15) and (4.16), the stress expression

in radial direction can be obtained. By setting geometrical constraints, operating speed, material

properties and required interference values, a set of six algebraic linear equations is obtained

whose solution provides the six unknown constants.

The previous system of equations allows obtaining the radial and circumferential displace-

ments and stresses in all components as function of the radius for a given rotor structure (de-

fined by the external rotor radius rr, sleeve and PM thicknesses hs, hpm, and interferences

δsh−pm, δpm−s). In order to verify if the geometry under consideration represents a functional

and a reliable design, the following conditions need to be met:

1. the compressive radial stress between shaft and magnet should be more than the value

required to transmit the maximum torque;

2. the interference between magnets and sleeve should be less than 0.2mm as a higher value

would cause practical problems during the shrink fitting of the sleeve;

3. the maximum Von Mises stress in the PM should not exceed its ultimate strength and

the radial stress should be compressive rather than tensional as PM materials feature low

tensile strength;

4. the maximum Von Mises stress σVM
sl in the sleeve should be less than the material yield
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strength to avoid any plastic deformation and subsequent failure.

Fig. 4.4 shows the maximum Von Mises stress in the sleeve for a wide range of rotor ge-

ometries featuring a given outer radius and several magnet and sleeve thicknesses when the

conditions 1)-3) are satisfied.
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Figure 4.4: Maximum Von Mises stress in the sleeve as function of magnet and sleeve thick-
nesses at 80 krpm for a given outer rotor radius rr=18 mm.

In this case study, the maximum Von Mises stress in the sleeve has been set to 750 MPa and

the black markers identify the maximum permanent magnet dimensions (hPM,max) that a given

sleeve thickness can support without exceeding any limits. Repeating such parametric study for

several rotor outer radii, it is possible to derive the maximum magnet thickness as function of

the sleeve dimensions for several rotor outer radii as shown in Fig. 4.5.
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Figure 4.5: Maximum PM thickness as function of the sleeve thickness for different outer rotor
radii at 80 krpm.
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4.1.5 Iterative calculation of PM and sleeve thicknesses

Analysing eq. (4.10) and (4.11) follows that the sleeve and the PM thicknesses can not be

independently calculated as the sleeve presence affects the magnetic performance and the PM

dimensions influence the sleeve dimensions. As a consequence, an iterative procedure (sum-

marized in the flowchart shown in Fig. 4.6) is required to identify these two parameters. In

particular, first the hPM is calculated by (4.10) considering hs = 0 in (4.11). Then, the sleeve

Start

ℎ𝑃𝑀 sizing using eq. (7)

ℎ𝑠 calculation (section II-C)

N

Y

Update the 

airgap magnetic 

drop [eq. (8)] 

• Selection of 𝑠𝑟 and 𝑚𝑟
• 𝑘 = 1
• ℎ𝑠(𝑘) = 0
• ℎ𝑃𝑀(𝑘) = 0

End

|ℎ𝑠 𝑘 + 1 − ℎ𝑠 𝑘 | < 𝜀

𝑘 = 𝑘 + 1

𝑘 = 𝑘 + 1

Figure 4.6: Iterative computation of PM height and sleeve thickness.

calculation procedure of section II-D is applied so to determine the value of hs required to sus-

tain the above computed hPM for the considered rotor radius and maximum speed. The obtained

hs is then used to update the airgap magnetic voltage drop in (4.11) leading to the computation

of a new hPM still using (4.10). This iterative procedure ends when the absolute error between

134



4.2. DESIGN APPROACH VALIDATION AND ADJUSTMENT

the values of hs for two consecutive iterations becomes lower than a predefined threshold.

4.2 Design approach validation and adjustment

The proposed analytical procedure permits a fast prediction of the electromagnetic performance

for a wide range of sr − mr combinations thus allowing to compare different geometries for

a given set of design assumptions. The just described analytical procedure has been applied to

design and analyze machines starting from the constraints and assumptions reported in Table 4.1

and a maximum speed of 40 krpm.

Table 4.1: Design constraints and assumptions

Parameter Value Units

Outer stator radius 30 mm

Stack length 30 mm

Pole pairs 2 /

N° of stator slots 24 /

Maximum speed 40000 rpm

PM material Recoma 28 /

Stator material 10JNHF600 /

Rotor material 17/4 ph /

Sleeve material Inconel 718 /

PM remanence 1.06 T

Iron flux density 1.4 T

Cooling capability 23 kW/m2

PM angular span 60 mech. deg

Fig. 4.7c reports the torque contours in the sr−mr design plane evaluated with the just de-

scribed analytical model and those obtained by FEA. The visible mismatch between the results

is mainly due to the inaccuracy of the analytical model in predicting the iron losses and the PM

flux linkage as shown in Fig. 4.10a, b.
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(a) (b) (c)

Figure 4.7: Comparison between analytical results and FE ones: a) iron losses; b) d-axis flux
and c) electromagnetic torque.

The reasons behind the iron losses mismatches can be split into two causes:

• major cause: an actual non-uniform distribution of the flux density over the sr−mr plane

(i.e. the actual peak value of the flux density in yoke and teeth (Bfe) is not constant in the

sr −mr plane)

• minor cause: the influence of the harmonic iron losses.

Indeed, the imposed Bfe during the design exercise refers to a no-load condition (i.e. iq = 0),

since the magnetic equivalent circuit and the calculation of the stator tooth and yokes is per-

formed only considering the PM contribution as it is common procedure for PMSMs [82]:

indeed, considering both the PM contribution and the q-axis magnetomotive force at the same

time is a challenging from an analytical point of view (it would need several iterations and di-

vergence problems can arise).

It follows that the actual peak value of the flux density with yoke and teeth will be different in

the load operating condition. For the sake of clarity, Fig. 4.8 reports the FE-computed peak

value of flux density within yoke (a,c) and teeth (b,d) at no-load (a,b) and load conditions (c,d)

over the sr −mr plane for a 40 krpm case.

It is worth to notice that the FE no-load Bfe is actually quasi-constant over the sr −mr plane

as imposed during the design exercise for both the yoke and teeth (a tooth factor kt = 0.9 is

applied therefore the flux density within the tooth is imposed to be about 10 % higher than the

yoke one), despite the numerical values are slightly lower since the tooth and yoke widths have

136



4.2. DESIGN APPROACH VALIDATION AND ADJUSTMENT
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Figure 4.8: No load (a,b) and load (c,d) peak value of the flux density within stator yoke (a,c)
and stator tooth (b,d) in the sr −mr plane

been slightly oversized during the design routine to avoid over-saturation in load and over-load

scenarios.

Differently, in the load scenario the effects of the stator magnetomotive force due to the iq con-

tribution lead to a non-uniform distribution of the flux density.

This non-uniform distribution of Bfe is the main reason behind the qualitative iron losses mis-

matches. Indeed, the analytical iron losses shown in Fig. 4.9a clearly match those computed

using the peak value of the no-load flux density of Fig. 4.9b from a qualitative point of view

(the numerical differences are due to the oversized tooth and yoke).

On the contrary, when the peak value of the FE-computed Bfe is used in the Steintmetz

equation, the stator iron losses contour clearly has a different shape which in turn resembles

the one of the actual FE-computed iron losses; it can be concluded that the non-uniform distri-

bution in the sr − mr of Bfe within yoke and teeth is identified as the main cause of the iron

losses discrepancies; the residual mismatches are due to the minor cause (i.e. the harmonic iron
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Figure 4.9: Analytical stator iron losses (a); stator iron losses calculated using the peak value
of FE-computed Bfe at no-load (b) and load (c) conditions; actual FE iron losses (d).

losses).

With the aim of tackling the above issues, the FE-adjustment procedure reported in [108]

for synchronous reluctance machines is here extended to include the PMSM design scenario.

In particular, the machines at the corners of the design plane sr − mr are FE-simulated in

order to accurately evaluate their iron losses and so the ratio between the FE and analytical

losses. Such iron loss correction factor is then extended to the overall design plane using a

linear interpolation. The analytical design is then re-carried out by updating the stator current

(eq. (2.30)) until the iron losses error becomes negligible.

Once the iron losses of the corner machines have been identified and so their maximum

currents, the correction factors for the d- and q-axis fluxes are FE calculated. The extension

of these correction factors to the overall design plane leads to the adjustment of the magnetic

model. The comparison between the adjusted torques and the FE ones shown in Fig. 4.10b3 is

excellent as expected and it is due to a more reliable estimation of iron losses and d-axis flux

reported in Fig. 4.10b1 and b2 respectively. It is worth to underline that the corrected torque
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average error is about 2% highlighting the accuracy of the proposed approach. In addition, the

maximum error is always located away from the maximum torque region, which is the area of

final interest.

(a) (b) (c)

Figure 4.10: Comparison between analytical adjusted results and FE ones: a) iron losses; b)
d-axis flux and c) electromagnetic torque.

4.2.1 Thermal performance validation

The constant stator losses design criteria, used throughout the proposed comparative design

exercise, is meant to lead to thermal performance that do not substantially differ from one

machine to another. This statement is based on the strong assumption that the temperature

distribution within the machine mainly depend from the overall losses while their distribution

(between iron and copper) plays a minor role. Fig. 4.11a reports the winding temperature in

the sr−mr plane considering a design speed of 40krpm and an airgap thickness of 1 mm. The

thermal performance have been estimated using the commercial software [94] adopting a spiral

water jacket as cooling system whose details will be reported in the experimental section. The

winding temperature is almost constant within the design plane and the difference between the

highest and lower temperature is around 15°C (when excluding extreme machine designs at the

border of the design plane). The winding temperature contour clearly resembles the constant

loci of the ratio between iron and copper stator losses shown in Fig. 4.11b. As expected, the

winding temperature is lower in the regions of the design plane characterized by higher iron

losses and lower copper losses.
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Figure 4.11: (a) Estimated winding average temperature, (b) ratio between iron and copper
stator losses and (c) PM temperatures in the sr-mr plane at 40krpm.

Dealing with SPM, also the PM temperature TPM plays a major role since it influences the

PM magnetic characteristic and, therefore, the average torque. Fig. 4.11 shows TPM in the

sr − mr at 40 krpm. The maximum value is around 120 degrees. This is an acceptable value

which in turn does not modifies significantly the B-H curve of the PM material.

It can be concluded that the constant stator losses design criteria constitutes a valid approach as

it leads to machine designs with comparable thermal performance without directly evaluating

the latter within the design workflow.

4.3 High speed designs

The proposed design procedure is hereafter used to investigate the influence of the maximum

speed and the airgap thickness on the machine performance. The parameters which do not

change within all the analysis are those listed in Table 4.1; the remaining ones are calculated

for each sr − mr combination according to the procedure described in section II. Fig. 4.12

reports the constant torque loci in the sr −mr plane for different rotational speeds (40, 60 and

80 kprm) and airgap thickness (0.5, 1, 1.5 and 2 mm), along with a marker highlighting the

maximum torque design (hereafter called optimal design). As expected, the torque is negatively

affected by the speed and airgap increase. This is mainly due to the increment of the iron losses

(affecting the stator current) and to the sleeve thickness which widenes the equivalent magnetic
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Figure 4.12: Torque constant loci contour plot in the sr −mr plane at (1) 40krpm, (2) 60krpm
and (3) 80krpm when the airgap thickness is a) 0.5 mm, b) 1 mm, c) 1.5 mm and d) 2 mm

airgap, leading to a higher flux leakage for a given combination of sr and mr. As the speed

increases, for a given airgap thickness, the optimal design moves towards lower magnetic ratios

while the split ratio remains almost constant; the same trend is observed moving from small to

large airgap, for a given maximum speed. In the following two subsections, the reasons behind
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such behaviours are investigated.

4.3.1 Airgap thickness effects

The torque trend with respect to the airgap thickness can be explained analyzing eq. (4.4) and

Fig. 4.13 which reports the PM flux and the q-axis current at 60 kprm for three different airgap

thicknesses. Indeed the torque contour and so the maximum torque location are defined by these

Figure 4.13: Contour plot of PM flux (a, b, c) and q-axis current (d, e, f) when the airgap
thickness is 0.5 mm (a, d), 1 mm (b, e) and 1.5 mm (c, f) at 60 krpm.

two quantities which present different shapes in the sr−mr plane. In particular, the maximum

current is located at the bottom-left of the design plane, whereas the PM flux shows an opposite

trend. For a given couple of design variables sr − mr, the PM flux decreases with the airgap

while the current increases. The first behavior can be explained considering that a wider airgap

implies higher flux leakages, therefore a lower PM flux linkage for a given first harmonic of the

airgap flux density. For the same reason, iron losses decrease when the airgap is higher and, as

a consequence, the current increases.
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4.3. HIGH SPEED DESIGNS

According to the above considerations, for a small airgap the PM flux has a major influence

on the maximum torque location, whereas the stator current contribution is more significant

when the airgap is increased. As a consequence, the maximum torque is located at high mr

when considering low airgap thickness and moves towards lower magnetic ratio for a thicker

airgap, as the role of the current contribution becomes more significant. Differently, the optimal

sr remains constant for different airgap levels because PM flux linkage and q-axis current have

opposite trends when moving horizontally in the design plane.

4.3.2 Maximum speed effects

The reasons behind the trend of the electromagnetic torque with respect to the speed, for a given

airgap thickness, can be inferred by analyzing the contours of the PM flux linkage and the q-axis

current shown in Fig. 4.14 for 40, 60 and 80 krpm.
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Figure 4.14: Contour plot of PM flux (a, b, c) and q-axis current (d, e, f), when the speed is 40
krpm (a, d), 60 kprm (b, e) and 80 krpm (c, f) for an airgap thickness equal to 1.5 mm.

Higher rotational speeds imply a reduction of both PM flux and stator current. The first one

decreases due to the higher leakage flux caused by the increment of the magnetic equivalent
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airgap; the latter due to the higher iron losses, which reduce the allowable maximum current.

The maximum torque design features lower magnetic ratio as the speed increases since the rate

of decrement (with the speed) of the PM flux is lower than that of the q-axis current. Also in

this case, the split ratio of the optimal design remains constant as the speed increases due to the

opposite trends of the PM flux and q-axis current when moving horizontally in the design plane.

4.3.3 Independent assessment of the high speed limiting factors

In this section the effects of the structural and loss limitations are separately analyzed. In partic-

ular, for a given airgap (e.g. 1.5 mm), the design exercise in the sr−mr plane is performed first

neglecting the influence of the stator iron losses in the stator current calculation and then ne-

glecting the sleeve increment as the speed increases. Although the superimposition principle is

not applicable since the non-linear behavior of the machine does not allow such approximation,

this analysis could give some qualitative insights about the trends of the design variables.

Fig. 4.15 reports the optimal split ratio (a) and magnetic ratio (b) as function of the operating

speed when only the structural limitations (solid line), loss ones (dash line) or both of them (dot

line) are considered within the design workflow.
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Figure 4.15: Optimal split (a) and magnetic (b) ratios as function of the speed.

It is worth to notice that the optimal split ratio tends to decrease when only the structural

limitations are considered, while it increases when the design exercise only accounts for the
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iron losses increment. On the contrary, sleeve or iron losses increase leads to a reduction of the

optimal magnetic ratio as the maximum speed increases.

The reason behind the decrement of the split ratio when only the structural limitation are

considered above 60 krpm can be explained considering the sleeve thickness influence and Fig.

4.16 which shows the PM flux (a,b,c) and sleeve thickness (d,e,f) contours in the sr − mr

plane at 40 (a,d), 60 (b,e) and 80 (c,f) krpm. On one hand, a higher split ratio implies a higher
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Figure 4.16: Costant loci contour plot of PM flux (a, b, c), sleeve thickness (d, e, f) and stator
iron losses (g, h, i) when the speed is 40 krpm (a, d, g), 60 kprm (b, e, h) and 80 krpm (c, f, i)
and for an airgap thickness equal to 1.5 mm.

rotor radius which in turn leads to an increment of the sleeve thickness. The sleeve thickness

increment implies an increment of the PM height hPM to reach the same airgap flux density Bg.
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On the other hand, lower split ratios result in lower PM flux (since the pole pitch in meters is

reduced). Until 60 krpm none of these two competitive behaviors is preponderant with respect

to the other one and the split ratio basically remains constant. Differently, above 60 krpm, the

influence of the sleeve increment plays a major role and therefore the optimal split ratio tends

to decrease.

Differently, when only the iron losses are considered, the optimal split ratio above 60 krpm

increases since in that direction the iron losses tend to decrease as shown in Fig. 4.16g, h and i.

The optimal magnetic ratio always tends to decrease whatever the limitation (structural, thermal

or both) is considered. The reason behind such decrement has been explained in section IV-B:

indeed, the rate of the decrement of the PM flux with the speed is lower than the one of the

q-axis current (see Fig. 4.14).

It can be concluded that the trends of the optimal split and magnetic ratio depend on con-

current needs of the structural and iron losses effects. In other words, they depend on the sleeve

and soft magnetic material affecting the rate of increment of the sleeve and iron losses with the

speed.

4.4 Optimal designs

4.4.1 Performance

The trend of the optimal designs in terms of torque and output power as function of the speed

are shown in Fig. 4.17a and 4.17b. The markers in the same figure represent the FE-evaluated

performance, confirming an excellent agreement with the prediction of the proposed method.

As previously pointed out, the torque always decreases with the speed due to the increment

of iron losses and sleeve thickness. This trend is more pronounced at low speed, when the

magnetic equivalent airgap almost coincides with the mechanical one. At high speed, the sleeve

thickness plays a major role in the definition of the magnetic airgap, therefore the maximum

torque designs tend to provide similar performance regardless the airgap thickness.

146



4.4. OPTIMAL DESIGNS

0 20 40 60 80 10
0

Speed [krpm]

0.1

0.35

0.6

0.85

1.1

1.35

T
or

qu
e 

[N
m

]

g = 0.5 mm
g = 1 mm
g = 1.5 mm
g = 2 mm

0 20 40 60 80 10
0

Speed [krpm]

0

1

2

3

4

5

P
ow

er
 [

kW
]

(a) (b)

g = 0.5 mm
g = 1 mm
g = 1.5 mm
g = 2 mm

Figure 4.17: Torque (a) and power (b) as function of the speed.

Regarding the power, the speed increase is beneficial up to 80 krpm for this particular case

study whose details are defined in Table 4.1. Beyond this speed the power reaches a plateau

or starts to decrease depending on the considered airgap thickness. The improvement of the

output power as the maximum speed increases and the airgap decreases comes at the cost of

higher rotor losses. Indeed, Fig. 4.18 shows the sleeve and PM losses evaluated with FEAs.

As expected, the rotor losses increase with the speed and decrease with the airgap. On one
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Figure 4.18: Rotor losses of the optimal designs as function of the speed.

hand, the rotor losses increase with the speed, due to the higher fundamental frequency of the

flux density. On the other hand, the increment of the sleeve thickness drastically increases the

magnetic equivalent airgap which in turn determines a reduction of the eddy currents in the
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rotor components.

4.4.2 Machine geometries

The trends of the magnetic and split ratio of the maximum torque designs reported in Fig. 4.12

and justified in the previous section are confirmed by the respective machine cross sections

shown in Fig. 4.19 and whose main parameters are also reported in Table 4.2. Obviously, the

Figure 4.19: Cross section of the optimal machines at (1) 40krpm, (2) 60krpm and (3) 80krpm
when the airgap thickness is a) 0.5 mm, b) 1 mm, c) 1.5 mm and d) 2 mm

optimal machines share the same rotor radius and feature decreasing tooth and yoke dimensions

as the magnetic ratio decreases (with both speed and airgap increment).
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Table 4.2: Optimal machine geometrical parameters (in mm)

Design Variable g=0.5mm g=1mm g=1.5mm g=2mm

40krpm

wt 2.44 2.18 2.14 2.05

ly 5.96 5.34 5.23 5.02

hPM 2.58 3.21 4.27 4,50

hs 0.22 0.25 0.31 0.35

60krpm

wt 2.44 2.18 2.00 1.91

ly 5.96 5.34 4.91 4.67

hPM 4.55 4.45 4.09 4.46

hs 0.83 0.76 0.76 0.81

80krpm

wt 2.12 1.96 1.86 1.66

ly 5.18 4.79 4.55 4.06

hPM 5.31 4.56 4.84 3.95

hs 1.63 1.71 1.76 1.81

The trend of PM height with the speed depends on selected airgap thickness. Indeed, hPM

tends to increase with the speed for g up to 1 mm, whereas it remains almost constant when

g = 1.5 mm and it tends to decrease when g = 2mm. The reason of these behaviours can be

inferred considering (4.10) and (4.11). The magnet dimension hPM is directly proportional to

the magnetic voltage drop in the airgap Ug; the latter is in turn proportional to both the equivalent

magnetic airgap thickness (sum of the mechanical airgap and sleeve thicknesses) and the airgap

flux density Bg. As a consequence, as the speed increases, the magnet thickness is defined by

the tradeoff between the decrement of the airgap flux density and the increment of the sleeve

thickness. In fact, when the mechanical airgap thickness is small, the sleeve thickness increment

has a major effect on Ug, therefore hPM increases. On the contrary, when the mechanical airgap

thickness is higher, the sleeve thickness influence on Ug is less pronounced (i.e. even at 100

krpm g is comparable with hs), thus the reduction of Bg plays a major role and hPM tends to

decrease.
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4.4.3 Thermal performance

The comparative design exercise among different airgap thicknesses and design speeds has been

carried out considering the same stator losses. As shown in Fig. 4.11, the thermal behavior of

the machine in the sr−mr plane is approximately the same. This consideration is also valid as

the speed increases as shown in Fig. 4.20a which reports the winding temperatures of the opti-

mal designs. As expected, higher design speed implies a reduction of the Joule losses, therefore

g = 0.5 mm g = 1 mm g = 1.5 mm g = 2 mm
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Figure 4.20: Winding (a), rotor (b), sleeve (c) and magnet (d) temperatures of the optimal
designs at rated conditions.

the winding temperature tends to decrease with the speed as the iron losses are easier to be

dissipated.

It is worth to underline that the rotor losses are not considered within the design process, there-

fore the temperature of the rotor components need to be verified in a second stage. Fig. 4.20b,c

and d reports the rotor, sleeve and magnet temperatures of the optimal designs. As expected,

the temperatures of those rotor components tend to increases with the speed and decreases with
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the airgap thickness. Except for the lower airgap thickness (i.e. 0.5 mm), such temperature lie

within a small range.

4.5 Publications

Some results presented in this chapter have been published by the author in [122].
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Chapter 5

Comparison among technologies

In this chapter a final comparison among three machine topologies (SyR, PMaSyR and SPM)

is presented. The comparison is carried out considering the following assumptions, constraints

and choices.

• The outer envelope and the axial length are both fixed to 30 mm.

• The magnetic load is fixed to the knee value of the stator material BH curve.

• A laminated rotor is selected for the SyRM and PMaSyRM cases, while a solid one is

adopted in the SPM scenario.

• The three machine topologies share the stator material (10JHNF600).

• A single layer distributed winding featuring a number of slot equal to 24 is adopted and

the number of pole pairs is 2 for all the designs.

• The number of flux barriers is set to 3 for the SyR and PMaSyR designs.

• The acceptable temperature is below 150 degrees for the winding and the PMs.

• In the PM-assisted scenario, the PM are sized using the natural compensation criterion

and the adopted PM material is NdFeB-40, featuring a residual flux density equal to 1.22

T for the considered temperature range.
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• The PM material adopted for the SPM case is SmCo28, featuring a residual flux density

equal to 1.06 T for the considered temperature range.

According to the above specifications, the comparison is carried out considering different

airgap thickness and cooling system capability so to infer the influence of these two parameters

on the machine performance.

The methodology resembles the one of the last 3 chapters:

• for each machine topology, design speed, cooling system and airgap thickness, the hybrid

analytical procedure is applied and the torque and power factor in the split ratio/magnetic

ratio plane are evaluated;

• from the design plane, the maximum torque solution is selected and all the machine can-

didates are compared in terms of torque, power factor, power and geometry.

5.1 Overview on the design process

The design methodology is here briefly re-called. It starts with the definition of two independent

design variables, namely split and magnetic ratios.

For a given outer envelope (i.e. rs and the active axial length lfe are fixed) and for a given

magnetic load Bfe the combination of sr −mr defines the complete stator and rotor geometry

reported in Fig. 5.1. Indeed, the stator can be defined by 3 main parameters: the tooth width,

yoke thickness and tooth length. The first two parameters can be easily determined as follows:

wt =
2 · π · sr · rs

6 · p · q
· Bg−max

Bfe

(5.1)

ly =
1

2
· 2π · sr · rs

p
· Bg−avg

Bfe

(5.2)

where the formulation of Bg−max and Bg−avg changes according to the machine type. In

SyR or PMaSyR cases, the airgap flux density is due to d-axis magnetizing current, therefore it
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Figure 5.1: Stator (a) and rotor (b,c,d) parametrizations.

is assumed to be sinusoidal and its average value can be calculated as follows:

Bg−avg =
2

π
·Bg =

2

π
·mr ·Bfe (5.3)

while its maximum value Bg−max coincides with Bg.

Differently, in the SPM case, the no-load airgap flux density can be approximated with a

rectangular shape and its average value calculated as follows:

Bg−avg = αPM ·Bg−max (5.4)

where Bg−max is the peak value of the rectangular waveform:

Bg−max = αPM · π

4 · cos
[︃
π · (1− αPM)

2

]︃ ·Bg =

= αPM · π

4 · cos
[︃
π · (1− αPM)

2

]︃ ·mr ·Bfe

(5.5)
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5.1.1 Rotor design

The main difference between SyR based machines and SPM ones is related to the rotor design.

In the first case, the rotor design include the flux barriers, iron ribs and, possibly, the PM within

the rotor slots as reported in chapters 2 and 3; the magnetic circuit reported in Fig. 5.2 is

often used to properly design the PMs according to a specified criterion (PMaSyRMs case)

and compute the q-axis flux (SyRM and PMaSyRM cases). Differently, a SPM rotor can be
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Figure 5.2: q-axis magnetic equivalent circuit before (a) and after (b) the Thèvenin transforma-
tion.

described by the PM radial thickness and span over the pole pitch and by the sleeve thickness as

well explained in chapter 4; the PM and sleeve thicknesses design can be performed adopting an

iterative procedure which includes both the electromagnetic (i.e. the needed airgap flux density

at no-load) and structural (i.e. centrifugal forces and thermal expansion) issues.

The following rules for the rotor design are briefly re-called for the sake of clarity.

• The SyR and PMaSyR rotors are designed so to obtain an uniform distribution of the

equivalent rotor slots and flux barriers sharing the same permeance; the iron ribs are

sized according to a simplified formulation which accounts for the steady-state centrifugal

forces.

• The PMs design is the PMaSyR case is performed adopting the Natural compensation

criterion.
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• The PMs in the SPM case are designed so to reach the desired flux density for each

combination of sr−mr in the design plane; in particular, the angular span is fixed while

the only variable is the PM radial thickness hPM .

5.1.2 Comparison setup

The comparison between the three machine topologies is performed in terms of design speed,

airgap thickness and cooling system capability. it is worth to underline that a constant stator

losses scenario is hereafter consider, therefore the maximum current is computed as in (5.6).

Imax =
1

3Ns

√︄
kfillAslots

2ρcu(lfe + lew)
(2πrslfekcool − Pfe−st) (5.6)

where all the variables and parameters have been defined in the last chapters.

In particular. the following workflow is adopted:

• for each machine type, airgap thickness, design speed and kcool the main performance in

the sr−mr plane are evaluated and the maximum torque solution is selected; an example

is reported in Fig. 5.3.

(a) (b) (c)

Figure 5.3: Example of torque in sr −mr plane for SyR (a), PMaSyR (b) and SPM cases (c).

• by doing so, it is possible to compare the three machine technologies in terms of:

– maximum torque/power as function of the speed for a given airgap thickness and

cooling system;
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– evaluate the influence of the cooling capability and the airgap thickness with respect

to the machine type;

– analyze how the optimal design variables sr and mr change with respect to the

machine type, cooling system, speed and airgap thickness.

5.2 Performance vs speed

Fig. 5.4 shows the power of the optimal (torque wise) designs as a function of the speed,

for the three different machine topologies. The lowest power, and therefore also the lowest

power density since the outer envelope is fixed, is provided by the SyR machine, whereas the

highest one is given by the SPM machine type. This expected result does not depend either

on the airgap thickness or the cooling system. Differently, the rate of the power improvement

is actually affected by airgap thickness: lower g implies more comparable results between the

three cases, while SPMs clearly outcompete the other two machine types for higher g. It can

be also noticed that the higher airgap thickness values do not result in power decrements only

when considering the SPM case, while SyR and PMaSyR performance are greatly affected by

g.

This behavior can be explained by electromagnetic and geometrical considerations.

• In the SyR case, for a given sr −mr combination (i.e. given stator and rotor design) the

increment of the airgap thickness leads to an increment of the id current since Bg (imposed

by the magnetic ratio) is inversely proportional to g; this behavior can be observed in Fig.

5.5 where the d-axis current in the sr − mr plane is reported for three different airgap

thickness. In such figure of merit, the cooling system and the speed are given and are

equal to 50kW/m2 and 40krpm. Clearly, id increases moving from 0.3 mm (Fig. 5.5a)

to 1 mm (Fig. 5.5b) and 1.5 mm (Fig. 5.5c) and the rate of such increment is almost

inversely proportional to the g one.

However, increasing the d-axis current implies a reduction of the q-axis one (since the
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Figure 5.4: Power of the optimal (torque wise) designs vs speed for different airgap thicknesses
and cooling system capabilities.
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Figure 5.5: SyRM id in the sr − mr plane for a given speed (40 krpm) and cooling system
capability (50 kW/m2) when considering an airgap thickness equal to (a) 0.3 mm, (b) 1 mm
and (c) 1.5 mm
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cooling system capability is fixed), thus ”compensating” the d-axis current increment, as

shown in Fig. 5.6 which shows the iq constant loci in the sr − mr for a given cooling

system and design speed, when considering an airgap equal to 0.3 mm (Fig. 5.6a), 1 mm

(Fig. 5.6b) and 1.5 mm (Fig. 5.6).
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Figure 5.6: SyRM iq in the sr − mr plane for a given speed (40 krpm) and cooling system
capability (50 kW/m2) when considering an airgap thickness equal to (a) 0.3 mm, (b) 1 mm
and (c) 1.5 mm

However, the saliency ratio (Ldm/Lqm) decreases with the airgap thickness, as shown in

Fig. 5.7 which reports the saliency ratio over the sr −mr for a given speed and cooling

system capability in the three airgap cases. Such reduction of the saliency ratio is given by

the decrement of the d-axis inductance (Fig. 5.8) whereas the q-axis one remains almost

constant (Fig. 5.9). The decrement of the d-axis inductance with the airgap thickness is

due to the fact that, since the Bg is imposed for a given sr − mr combination, also the

d-axis flux does not change with g; it follows that, since the d-axis current increases with

g, the d-axis inductance, given by (5.7), has to decrease.

Ldm =
λdm

id
(5.7)

In 5.7, λdm is the magnetizing flux (which does not include the leakage fluxes) and it is

independent by g for a given sr −mr combination.

Conversely, the q-axis inductance remains almost constant since the reduction of the q-
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Figure 5.8: SyRM d-axis magnetizing inductance in the sr − mr plane for a given speed (40
krpm) and cooling system capability (50 kW/m2) when considering an airgap thickness equal
to (a) 0.3 mm, (b) 1 mm and (c) 1.5 mm

axis current leads to a proportional decrement of the q-axis flux (being the q-axis airgap

flux density not imposed). Clearly, since higher g implies higher flux leakages, the reduc-

tion of the q-axis flux is slightly higher than the q-axis current one, therefore also Lqm

tends to slightly decrease with the airgap.

• The above point also applies to the PMaSyRM case, but in this case the presence of the

PMs always leads to a power improvement with respect to the SyRM case; however, the

power density achievable with a PM assisted machine is clearly affected by the PM inser-
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Figure 5.9: SyRM d-axis magnetizing inductance in the sr − mr plane for a given speed (40
krpm) and cooling system capability (50 kW/m2) when considering an airgap thickness equal
to (a) 0.3 mm, (b) 1 mm and (c) 1.5 mm

tion design criterion (see chapter 3 for more details). Adopting the natural compensation

criterion allows to increase the constant power speed range (CSPR) but not the maximum

torque (which could be reached by filling the flux barriers with PMs).

• Differently, when considering the SPM case, there is not a magnetizing current (id = 0),

therefore for a given sr −mr combination increasing g leads to an increment of the PM

height, without affecting the q-axis current thus keeping almost unchanged the output

power. Clearly, the increment of the leakage fluxes and the impact of the geometrical

constraints (e.g. shaft radius) result in a slightly power reduction as g increases also in

the SPM case.

• Finally, while in the SPM case there are always feasible machines in the considered range

of kcool and g, SyRM and PMaSyRMs do not provide any possible machine geometry for

lower values of the cooling system capability and higher values of the airgap thickness.

This is to the fact that high g and low kcool lead to an increment of the d-axis current and a

reduction of the maximum one, thus greatly reducing the q-axis component of the stator

current.

Fig. 5.10 reports the internal power factor of the optimal (torque wise) designs as a function

of the speed, for the three different machine topologies. The following considerations can be
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Figure 5.10: Internal power factor of the optimal (torque wise) designs vs speed for different
airgap thicknesses and cooling system capabilities.

deduced:

• the highest ipf is always provided by the SPM case, regardless the airgap thickness or

the cooling system capability. Higher g emphasizes such behavior. Indeed, the ipf for-

mulation for an isotropic machine with id = 0 can be written as follows:

ipf =
λPM√︁

λ2
PM + (L · iq)2

(5.8)

where λPM is the PM flux and L is the inductance. The increment of g leads to an in-

ductance decrement, thus allowing a power factor improvement. From the same figure,

one can notice that, as the speed increases, the ipf tends to increase only when consider-
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ing the lowest airgap thickness, while it remains almost constant or starts to decrease for

higher airgap thicknesses.

The first behavior can be explained according to the previous inductance consideration:

increasing the design speed implies a wider sleeve thickness which in turn increases the

equivalent magnetic airgap and therefore an inductance decrement is detected; differently,

λPM does not change since a more demanding structural need results in a higher PM ra-

dial thickness keeping unchanged the airgap flux density Bg.

This kind of reasoning is clearly valid as long as the increment of the sleeve thickness

does not imply geometrical issues: indeed, higher mechanical airgap thickness leads to

wider PMs height which in turn increases the sleeve thickness; if the latter becomes large

enough, the available space for the PM placement could be reduced thus leading to a λPM

decrement and, as a consequence, also the power factor starts to decrease.

Differently, for a given design speed and airgap thickness, the ipf tends to slightly de-

crease with the cooling system capability kcool; also this behavior can be explained using

eq. (5.8): higher kcool implies higher q-axis current, thus reducing the power factor.

• In the SyR and PMaSyR cases, the ipf present similar trends, despite the adoption of the

PM-assisted technology clearly allows to increase its absolute value. The latter tends to

decrease with the design speed and with the airgap thickness. Although not immediate,

the reason behind such trend can be explained according to the classical ipf formulation:

ipf = sin

[︃
arctan

(︃
iq
id

)︃
− arctan

(︃
λq

λd

)︃]︃
(5.9)

where λq and λq are the current and flux components in the d-q reference frame. The

latter depends either on the inductance and, in the PMaSyR case, also on the PM flux:

λd = (Ldm + Ls)id (5.10)

λd = (Lqm + Ls + Lrib)iq − λPM (5.11)
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if the cross-coupling influence is neglected. As the speed increases, Lrib increases thus

leading to increment of the q-axis flux which in turn determines a flux angle increment

since the d-axis flux does not change with the speed. Furthermore, the maximum current

decreases with the speed according to eq. (2.30) while its d-axis component remains con-

stant, thus leading to a q-axis current decrement. It follows that the current phase angle

tends to decrease for a given sr − mr combination as the speed increases. The above

two trends (flux and current phase angles increment and decrement) clearly reduce the

internal power factor according to eq. (5.9).

A similar consideration can be extended to ipf trend with respect to the airgap thickness.

Indeed, higher g imply lower current angle (id increases while iq slightly decreases as in

Fig. 5.5 and Fig. 5.6) while the flux one does not change significantly.

Dealing with PMaSyR designed using the natural compensation criterion, the above rea-

soning can be still applied. Indeed, the PM contribution only increase the absolute value

of the ipf , while its trends basically resemble the SyRM case ones.

Differently from the SPM case, both in the SyRM and PMaSyRM ones, the ipf tends to

slightly increase with the cooling system capability for a given design speed and airgap

thickness. This trend can be explained considering that the increment of kcool leads to a iq

increment too which in turn determines an higher current phase angle in eq. (5.9); how-

ever, the flux phase angle tends to slightly increase according to the iq increment (such

increment is mitigated by the reduction of the q-axis inductance caused by the saturation):

it follows that the difference between the current and flux phase angle remains almost

constant or slightly decreases according to trade-off between current and flux phase angle

increments.

5.3 Optimal machines analysis

The optimal designs, i.e. the ones providing the maximum torque in the design plane, can

clearly feature different geometries since the combination sr−mr which maximizes the torque

164



5.3. OPTIMAL MACHINES ANALYSIS

for a given airgap thickness, cooling system and maximum speed is the result of several com-

promises among structural, thermal and electromagnetic needs.

Different sr −mr combinations imply different stator and rotor geometries. Indeed, the sr

mainly influences the rotor radius and structural parameters (iron ribs and sleeve) whereas the

mr basically defines the iron parts, including the teeth and yokes width. Higher mr leads to

higher iron parts width, and viceversa.

The rotor radius of the optimal designs as a function of the speed, for the three different

machine topologies, is shown in Fig. 5.11, whereas Fig. 5.12 reports the tooth width of the

same designs.

Figure 5.11: Rotor radius of the optimal (torque wise) designs vs speed for different airgap
thicknesses and cooling system capabilities.

The rotor radius tends to remain constant or slightly increases with the speed, when the
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Figure 5.12: Tooth width of the optimal (torque wise) designs vs speed for different airgap
thicknesses and cooling system capabilities.

airgap thickness is equal to 0.3 mm, regardless the machine topology or the cooling system.

Such trends also apply to the other airgap thicknesses when considering the SyR and SPM

cases. Differently, rr slightly decreases with the speed in the PMaSyR case.

Conversely, the tooth width decreases with the speed for all the machine topologies, cooling

system capabilities and airgap thicknesses.

The reason behind such trends have been deeply analyzed in the last chapters for the three

machine topologies.

Fig. 5.13, 5.14 and 5.15 reports the cross-sections of the above optimal machines thus vi-

sually confirming the rotor radius and tooth width considerations. It is worth to underline that

the optimal machines’ shapes of PMaSyR resemble the ones of the SyR case. This behavior

is heavily affected by the adopted PM design criterion: indeed, the Natural compensation ap-
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proach leads to rotor configurations with low amount of PM within the rotor slots. It follows that

the PM torque does not influence substantially the total torque in the sr −mr plane, therefore

the maximum torque solution is near to the one providing by the pure SyRM machine.

The tooth width, yoke and flux guide thicknesses clearly decrease as both the airgap thick-

ness and maximum speed increase but, while the rate of decrement with the speed is similar for

the three machine topologies, the decrement with the airgap thickness is less pronounced in the

SPM case. This is due to the less strict limits for the SPM rotor design, whose PM height can

be increased to reach a higher magnetic ratio and therefore a higher torque too.

40krpm

0.3mm

1mm

1.5mm

60krpm 80krpm

(a) (c)(b)

(d) (f)

(g) (i)(h)

(e)

Figure 5.13: Cross sections of the optimal SyR machines at (a,d,g) 40 krpm, (b,e,h) 60 krpm
and (c,f,i) 80 krpm when the airgap thickness is (a,b,c) 0.3 mm, (d,e,f) 1 mm, (g,h,i) 1.5 mm
and d) 2 mm for a cooling system capability equal to 40 kW/m2.
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Figure 5.14: Cross sections of the optimal PMaSyR machines at (a,d,g) 40 krpm, (b,e,h) 60
krpm and (c,f,i) 80 krpm when the airgap thickness is (a,b,c) 0.3 mm, (d,e,f) 1 mm, (g,h,i) 1.5
mm and d) 2 mm for a cooling system capability equal to 40 kW/m2.
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Figure 5.15: Cross sections of the optimal SPM machines at (a,d,g) 40 krpm, (b,e,h) 60 krpm
and (c,f,i) 80 krpm when the airgap thickness is (a,b,c) 0.3 mm, (d,e,f) 1 mm, (g,h,i) 1.5 mm
and d) 2 mm for a cooling system capability equal to 40 kW/m2.
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Chapter 6

Experimental results

This chapter describes the experiment tests performed on four different machine prototypes.

In particular, the proposed hybrid design approach and subsequent considerations have been

validated with experimental tests on two SyRM prototypes:

• the first one is based on the constraints, assumptions and choices reporte in Table 2.1 and

whose stator and rotor laminations are composed by a CoFe alloy (Vacodur 49), whose

first variant was presented in [31];

• the second one is based on the constraints, assumptions and choices reporte in Table 2.4

and whose stator and rotor laminations are made of a SiFe alloys (10JNHF600 for the

stator and 35HXT780T for the rotor, i.e. the best material combinations of the section 2.6

at 80krpm).

The two machines present different maximum speeds: 50krpm and 80krpm respectively. Sev-

eral tests will be shown, aiming at fully characterizing the machine behavior under different

operating conditions.

Then, the extension of the design methodology to the PM-assisted scenario has been vali-

dated by the selection of a particular machine from the optimal results of chapter 3. Then, after

a more in dept description of a design refinement stage, which includes the re-distribution of

the PMs and the structural iron ribs optimization, the machine has been tested so to identify its
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magnetic model and to evaluate its high-speed behavior.

Finally, the design considerations about the SPM case have been validated against experi-

mental findings on a 4.2 kW prototype.
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6.1 SyRM

6.1.1 CoFe machine

The 5kW-50krpm machine was designed with a multi-objective optimization algorithm target-

ing the average torque and the torque ripple using different lamination materials. Fig. 6.1

reports a comparison between the optimal designed machine (c3 machine of Fig. 2.25) and the

prototype, in terms of position in the sr − mr plane (6.1a) and overall geometry (6.1b). The

Figure 6.1: Comparison between optimal designed machine and actual prototype.

prototype has a split ratio and magnetic ratio of 0.58 and 0.42, respectively, while the optimal

design has sr = 0.56 and mr = 0.48. Although not identical, these two machines are very

similar, and for this reason the existing prototype has been used to validate the presented design

methodology.

The rotor structural design, i.e. the positioning of the iron ribs, was performed via a struc-

tural sensitivity FEA and the cross section of the manufactured machine is reported in Fig. 6.2d.

In particular, an electromagnetic optimization of the rotor geometry was performed according

according to [123].

The optimization routine is performed so to maximize the average torque and minimize the

torque ripple, by varying the barriers’ thicknesses shape, position and orientation at the airgap,
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Figure 6.2: a) Inverter and dSpace board , b) Back-to-back motors, c) Experimental set-up
layout, d) Top view of the laminations stack.

considering one operating condition (i.e. the rated one) and by also optimizing the current

phase angle to easily evaluate the MTPA without further simulations. Such design optimization

procedure and its effectiveness have been deeply investigated and validated in [124].

The total rib thicknesses per barrier are equal to the ones calculated with the proposed an-

alytical approach (since it was designed using the same analytical mechanical formulation). In

particular the outermost barrier shows higher tangential iron ribs with respect to the designed

one, in order to avoid the manufacturing of the respective radial rib (whose width is too close

to the mechanical tolerances). The final radial iron ribs of the middle and innermost barrier are

rotated and splitted in two as shown in Fig. 6.1b.

Fig. 6.2c shows the experimental test set-up consisting of two identical SyR motors mechani-

cally coupled (Fig. 6.2b) whose cross-section of the laminations stack is shown in Fig. 6.2d, a
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20-kHz back-to-back IGBT 2-level converter fed by a dc voltage source (270V) and a dSPACE

1006 board (Fig. 6.2a) where the vector control strategy is implemented. Two different experi-

ments have been performed, the first one aimed at identifying the flux-current relationship with

the method presented in [125]. while the second aimed at verifying the dynamic behaviour of

the system at the maximum speed. In the former, several combinations of id and iq have been

considered.

During the magnetic model identification test, one machine is speed controlled, whereas the

other one, whose model has to be identified, is torque controlled. Indeed, this experimental

identification technique does not rely on the stator resistance knowledge (which changes with

the temperature), does not make use of the voltage measurements, and does not need any inverter

non-linearities compensation. It allows the identifications of the fluxes for every point in the

d-q axis current plane via a sequence of two tests carried at constant speed in motoring mode

(−m) and generating mode (−g). Imposing two complex conjugate current vectors, the machine

produces two complex conjugate flux linkage vectors; manipulating the vector voltage equations

in these two operating conditions allows estimating the flux components:

λd =
vq−m + vq−g

2 · w
λq = −vd−m − vd−g

2 · w
(6.1)

where the w is the test electrical speed. Figure 6.3 shows currents, voltages, speed and torque

recorded with the control platform during the experimental identification of one point of the d-q

current plane.

The variables used to estimate the flux linkages have been averaged over the time window

(mechanical period) placed in the last part of each operating mode in order to consider only the

fundamental harmonics.

The identification tests performed on the prototype machine have shown a non-negligible

mismatch between the experimental and FE-computed fluxes leading to an electromagnetic

torque lower (0.7 Nm) with respect to the FE one (0.99 Nm), as reported in Fig. 6.4a. The

experimental torque has been measured with a torque-meter and also estimated by the crossing
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Figure 6.3: a) Reference and measured currents, b) measured speed, c) reference voltages,
and d) measured torque transients during the experimental identification test of one d-q current
combination.

product between current and fluxes. This latter value have been used for the comparison. This

discrepancy can be mainly ascribed to the manufacturing tolerances. In fact, when simulating a

rotor geometry considering the worst case scenario in terms of manufacturing tolerances (iron

ribs increases of 0.05mm), then the error becomes much smaller, as reported in Fig. 6.4c and

6.4d. These sub-figures highlight a good agreement between the measured d- and q-axis fluxes

and the ones FE-calculated when considering the manufacturing tolerances. Consequently, a

good match is also achieved in terms of average torque as reported in Fig. 6.4b. The remain-

ing mismatch between FE and experimental q-axis flux, which leads to the torque mismatch

reported in Fig. 6.4b, can be ascribed to several reasons, e.g. the residual geometric differences

between the prototype and the FE model, different magnetic behaviour (in terms of BH curve)

of the material. Re-evaluating the performance with the analytical model leads to a torque of

0.79 Nm compared to the FE one of 0.75 Nm and the experimental one of 0.7 Nm, as reported

in the inset of Fig. 6.4b. In the same operating condition, the FE-computed internal power fac-

tor is 0.41 whereas the experimental one is 0.40. Fig. 6.5a shows the result of an acceleration

test from zero to 50 krpm without load torque, whereas Fig. 6.5b reports the reference voltages

during the same test.
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Figure 6.4: (a,b) FE-computed torque vs experimental one a) neglecting the mechanical toler-
ances b) considering the mechanical tolerances; (c,d) Magnetic identification in the id−iq plane
(a,b).

6.1.2 SiFe machine

To validate the proposed design approach and the considerations regarding the soft magnetic

material selection, a prototype of the optimal machine at 80 krpm with the material combination

M3 of section 2.6 has been developed and tested. Before commencing the manufacturing, the

rotor optimal geometry needs a structural FE refinement. In fact, the proposed design approach

allows restricting the range of promising solutions, but once a geometry is chosen, its rotor

needs to be structurally optimized. Indeed, the distribution of the iron ribs along the barriers
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have to be optimized trying to keep the total iron bridge thickness per barrier as close as possible

to the analytical estimated values. By doing so, the average torque would not change being not

affected by the ribs position along the barrier but mainly by their thickness. A comprehensive

description of the adopted structural design procedure is reported in [93], while Fig. 6.6 reports

the Von Mises stress distribution of the final rotor geometry along with the photo of the EDM

manufactured rotor lamination stack prior the shaft and end-caps assembly.

Figure 6.6: a) Von Mises stress distribution of the final rotor design, b) rotor stack prior the
shaft assembly.

Fig. 6.7 shows a section view of the overall prototype highlighting the main components

along with a photo of the assembled system. The cooling system consists in a single spiral water
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jacket covering the whole stator axial length with a rated flow rate of 20 litre/min [126]. The

same figure also depicts the bearing housing featuring inlet and outlet channels for the air-oil

mist lubrication of the selected bearings.

Figure 6.7: a) Section drawing of the built prototype showing the most important components,
b) side view of the complete machine mounted on the bracket of the test rig.

The prototyped SyR machine was coupled, via a gearbox (ratio 1:5.975) and a 3.5 Nm

torque sensor, to a load motor (37 kW - 20 krpm IM) supplied with a four-quadrant regenerative

drive. An in-house designed three-phase full-bridge converter featuring SiC power modules

has been used to supply the machine under test. The control platform used to implement the

control algorithm is based on a Xilinx Zynq7020 SoC. A high ratio between the switching and

the fundamental frequency was guaranteed setting the switching frequency to 40 kHz.

To confirm the FE-calculated performance and implement an accurate vector control, the

flux–current relationships of the SyR prototype have been identified adopting the procedure

presented in [125]. Fig. 6.8 reports the results of this experimental identification over the entire

d-q current plane with a satisfactory agreement with the FE prediction.

After measuring the d- and q-axis fluxes, it is possible to derive the torque and inductances

along the maximum torque per ampere trajectory needed to tune and implement the standard

vector control scheme. After some preliminary tests, several motoring no-load tests have been

performed imposing a trapezoidal speed reference with increasing maximum values. Fig. 6.9

reports the measured and the reference speed, d- and q-axis currents and reference voltages

during a no-load test up to 35 krpm. After verifying the safe operations up to a certain speed, an
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extensive campaign of generating load tests has been performed at different speeds and loads.

For every considered speed and load (up to 30 krpm at full load, 28A), the tests were carried
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rents during a motoring no-load test.

out reaching the thermal steady state and acquiring several electrical, mechanical and thermal
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variables. Fig. 6.10 shows the transient behaviour of the speed, torque, voltage and currents (in

the d-q reference frame) during the current step between 21 and 28 A at 30 krpm. The same

figure also reports the steady state phase currents, dc link voltage, duty cycles and torque. This

condition correspond to the machine producing the rated torque (Trated = 0.77 Nm). Above
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Figure 6.10: Transient and steady state acquisitions during the load test at 30 krpm in which the
current module increases from 21 to 28 A.

30krpm (at load) and 35krpm (at no load), the measured vibrations exceeds the acceptable

limits and, for the sake of safety, tests at higher speed have not been performed. An in depth

analysis of the vibration spectrum at the different rotating speeds leads to the conclusion that

a shaft misalignment (or a non-perfect alignment of the bearings within their housings) is the

most probable cause of this behaviour.

The last figure (Fig. 6.11) outlines the measured temperatures experienced by the winding

during the load tests (with torques from 1/4Trated to the rated value with a step of 1/4Trated) at

30 krpm. The thermal model used during the comparative design exercise has been used to

estimate the thermal performance of the prototyped machines at 30 krpm and the rated torque.
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The average winding temperature predictions, also shown in Fig. 6.11, are underestimated

(about 10%) with respect to the measured ones.
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Figure 6.11: Measured winding temperature during the load tests at 30 krpm compared with the
estimated ones at steady state.

6.2 PMaSyRM

The design approach and outlined general design insights for PMaSyRMs have been experimen-

tally validated prototyping and testing an 80 kprm machine. Although designing a PMaSyRM

first optimizing the reluctance torque and then adding high energy density permanent magnets

leads to a sub-optimal design (see chapter 3), the solution SyR+ND, shown in Fig. 3.27b4, has

been selected as final candidate to be manufactured and tested. This design solution produces

less torque using more magnet material, but it eases the manufacturing of the rotor. Indeed,

the optimal NDaSyRM at 80 kprm features rotor flux barrier thicknesses lower than 1 mm.

This makes the cutting of the rotor lamination a challenging task when considering standard

manufacturing techniques commonly used for low-volume production, e.g electrical discharge

machining (EDM) or laser cutting. On the contrary, the sub-optimal SyR+ND design have big-

ger flux barrier dimensions, therefore the lamination cutting, the PMs manufacturing and their

insertion into the rotor are all simplified. It is worth to underline that this manufacturing chal-

lenge is due to the small outer diameter required by the specific application under consideration.
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6.2.1 Design refinement

This section describes the design refinements carried out on the selected solution before its

manufacturing. In particular, first the structural optimization of the rotor iron ribs distribution

is detailed and then the PMs are redistributed within the rotor flux barriers in order to minimize

the torque ripple.

a. Structural optimization

The proposed design approach allows fully defining the stator and rotor geometries except for

the iron ribs distribution. Indeed, the simplified mechanical formulation, used in the analyti-

cal design, estimates only the radial iron rib dimensions and not their distributions along the

respective flux barriers. Given the complexity of the rotor structural behaviour, the ribs alloca-

tions can only be defined via a structural FE-based study, i.e. either a sensitivity analysis or an

optimization. The structural integrity of a PMaSyR is guaranteed only if the rotor maximum

von Mises stress σmax
vm at the maximum speed is below the yield strength of the lamination mate-

rial (σy = 822 MPa for the considered rotor material). Unfortunately, this condition is satisfied

by several iron rib dimensions and distributions. As a consequence, another criterion needs to

be defined in order to select the most performing geometry. A possible solution, first reported

in [32] and then in [33], consists in minimizing the iron rib dimensions subject to the constraint

on the maximum von Mises stress experienced by the rotor at the highest speed. In this case, a

FE-based optimization has been carried out solving the following problem:

min ATR

s.t. σmax
vm ≤ ks · σy

(6.2)

where ks is a safety factor (0.8), while ATR:

ATR =
1

n

n∑︂
i=1

(2 · TRi + 2 · LRi + CRi) (6.3)
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is the average total rib of the n flux barriers, being TRi, CRi and LRi the tangential, central and

lateral rib sizes, all depicted in Fig. 6.12a. It is worth to underline that during the structural FE

optimization the flux barrier heights hi
a and their angular positions at the airgap ∆αi, reported

in red in Fig. 6.12a, are kept constant to the respective values obtained with the proposed hybrid

design procedure. Solving this constrained one-objective optimization problem (6.2), involving

Figure 6.12: a) Full rotor parametrization, b) Von Mises stress distribution of the optimal at
80krpm.

8 geometrical variables to identify, indirectly leads to the solution featuring the highest possible

torque for a given stress limit (ks · σy). The adoption of this structural design approach lies on

two hypotheses:

• the decrement of the average torque caused by the increment of an iron rib has to be

independent from its position (which can be either on the tangential, lateral, or central

rib);

• the iron rib dimensions and their distribution should have a negligible effect on the torque

ripple.

Although the first hypothesis can be considered always verified, the second is definitely

a strong assumption and needs to be verified case by case. Both these two aspects will be

investigated in the following.

The problem (6.2) has been solved using a stochastic optimization algorithm (differential

evolution) with 80 elements evolving for 150 generations. In order to obtain the most conserva-
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tive design, the structural optimization has been carried out considering the flux barriers fully

filled of PMs, even though the initial solution (Fig. 3.27b4) has lower PM material in the two

outermost rotor slots. A minimum rib thickness of 0.1 mm has been considered during the opti-

mization as manufacturing constraint; both central and lateral ribs are not drawn if their optimal

values fall below this threshold.

Fig. 6.12b reports the Von Mises stress distribution of the optimal rotor geometry while

Table 6.1 lists its iron rib dimensions. As expected, the optimal geometry features increasing

central ribs from the outermost to the innermost barrier. However, this does not hold true for

the tangential ribs as the optimal geometry does not have the lateral ribs on the middle barrier.

It is worth underlining that the total rib per flux barrier along with their average obtained with

the structural FE optimization are similar to the respective values analytically estimated with

the proposed design methodology as reported in Table 6.1, thus indirectly validating the iron

ribs design approach.

Table 6.1: Iron ribs dimensions of the optimal design [mm]

Flux barrier TR CR LR total total analytical
1 0.33 0.20 - 0.86 0.43
2 0.57 0.37 - 1.51 1.3
3 0.30 0.51 0.55 2.21 2.4

ATR 1.52 1.38

b. PM redistribution analysis

The average total ribs (ATR) obtained with the structural optimization is slightly higher than

the expected one as shown in Table 6.1. As a consequence, the average torque of the mechanical

optimized design is lower than the expected value albeit it is less than 5% at the MTPA (Max-

imum torque per Ampere) condition as shown in Fig. 6.13a. This figure reports both average

torque and torque ripple for the rated current as function of the current phase angle. The torque

oscillation of both analytical design and structural optimized one is above 20%. This is caused

by several phenomena not included in the design workflow such as the local saturation effects
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and the influence of having different tangential ribs thicknesses. With the aim of reducing the

torque pulsation, an electromagnetic FE sensitivity analysis has been performed redistributing

the PMs within the rotor flux barriers keeping unchanged the overall PM volume (equal to the

optimal value V ∗
mag analytically obtained and reported in Table 3.3).
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Figure 6.13: Average torque and torque ripple as function of the current phase angle for the
electromagnetic optimum geometry, the structural one, and the final prototype.

Fig. 6.14 reports the results of such analysis in terms of PM volume placed in the outermost

barrier (Vmag1), average torque and torque ripple as function of the PM volumes placed in the

two innermost rotor barriers (Vmag2, Vmag3). The PM volumes are expressed in per unit of the

respective maximum volumes. Obviously, as both Vmag2, Vmag3 increase, Vmag1 (Fig. 6.14a)

decreases until it reaches zero when Vmag2 = Vmag3 = 1 since Vmag1 + Vmag2 + Vmag3 =

V ∗
mag. As expected, the average torque maximum variation is less than 3% being the total PM

volume kept constant during the analysis (Fig. 6.14b). On the contrary, the torque ripple changes

significantly with the PM distributions (Fig. 6.14c) and the maximum range of variation is

about 20%. In particular, the structural optimized solution (shown with the marker ⋆) features

a torque ripple at the rated MTPA condition of 20% while the minimum torque ripple PM

distribution is about 5.2% (red marker ◦). The performance of the solution featuring the lowest

torque ripple are also reported in Fig. 6.13 (labeled as Final design). While the average torque

variation between the optimal structural design and the final one is negligible, the torque ripple

is significantly improved over a wide range of current phase angle and not only at the MTPA
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Figure 6.14: PM re-distribution FE analysis: a) PM volume of the outermost PM, b) average
torque, and c) torque ripple as function of the per unit PM volumes placed in the two innermost
flux barriers.

condition. The optimal PM distribution is characterized by an empty outermost barrier and two

fully filled innermost barriers. This PM allocation further facilitates their insertion being the

outermost slot the smallest one. For the sake of clarity, Fig. 6.15 shows the rotor geometries

and PM distributions obtained with the proposed analytical design methodology (a), after the

FE structural optimization (b) and after the PM redistribution FE sensitivity analysis (c).

Figure 6.15: Design refinement evolution.

6.2.2 Experimental findings

The final design obtained as described in the previous sections has been prototyped and tested

on an instrumented test rig.
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a. Prototype and test rig setup

Both stator and rotor were manufactured by EDM and Fig. 6.16 shows two top view photos of

the rotor lamination stack before and after the magnets and shaft insertion. The stator and rotor

were assembled into custom designed housing featuring a single spiral water jacket and the inlet

and outlet channels for the air-oil mist bearings lubrication, as can be seen on the right side of

Fig. 6.17.

Figure 6.16: Top view of the rotor lamination stack before (a) and after (b) magnets and shaft
insertion.

Figure 6.17: Experimental setup layout.

The test rig configuration is the same of the last section and include the prototyped machine

cooupled to a load motor via a gearbox, as also shown in Fig. 6.17. An in-house designed three-

phase full-bridge converter featuring SiC power modules was adopted to supply the machine
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under test [127]. The control platform used to implement the control algorithm is based on a

Xilinx Zynq7020 SoC [128].

b. Test results

The first experiment carried out on the prototype is a series of generating no load tests at various

speeds aimed at measuring the back electromotive force (bemf). Fig. 6.18 reports a screenshot

of the scope during the no-load voltage test at 24 krpm while Fig. 6.19 compares the mea-

sured and FE-predicted bemf profiles. A good match is evident although small discrepancies

are present mainly due to the different behaviour of the tangential iron ribs. Indeed, a small

variation of their sizes due to the manufacturing tolerances causes a different saturation levels

and so a discrepancy between the expected and measured voltage profiles.

Figure 6.18: Scope capture while measuring the phase-to-phase voltages during the no-load test
at 24 krpm.

To confirm the FE-calculated performance, the torque and the internal power factor have

been measured implementing the procedure presented in [125]. Fig. 6.20 reports the results of

this series of experimental tests carried out for several current modules and current phase angles.

A satisfactory agreement with the FE prediction is clearly visible, although the measured torque

is 5% lower when considering a light overload at MTPA condition (i.e. current amplitude 30 A

in Fig. 6.20). Also the internal power factor at the rated MTPA operating point is slightly lower
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Figure 6.19: Comparison between measured and FE phase-to-phase no-load voltages at 24
kprm.

than expected, i.e. 0.8 instead of 0.845. These small discrepancies can be ascribed to the effects

that the manufacturing tolerances have on the performance of a small scale prototype.
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Figure 6.20: Comparison between estimated (colored lines) and measured (dashed black lines)
average torque (a) and internal power factor (b) as function of the current phase angle and for
different peak current amplitudes.

After measuring the torque and inductances along the maximum torque per ampere trajec-

tory, the PI regulators of a standard vector control scheme [129] can be tuned. After some

preliminary tests, several motoring no-load tests have been performed imposing a trapezoidal

speed reference with increasing maximum values. Fig. 6.21 reports the measured and the refer-
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ence speed, d- and q-axis currents and reference voltages during a no-load test up to 50 krpm.

After verifying the safe operations up to a certain speed, several load tests have been per-
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Figure 6.21: Motoring no load test up to 50 krpm: a) speed, b) voltages, c) currents.
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Figure 6.22: Load test at 30 krpm and the rated torque: a) duty cycles and dc-link voltage, b)
phase currents, and c) torque and speed, all acquired with the control platform at 40 kHz.
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Figure 6.23: Scope capture while measuring the phase-to-phase voltages and phase currents
during the rated load test at 30 krpm.

formed and Fig. 6.22 shows the duty cycles, dc-link voltage, speed, torque and phase currents

all acquired with the control platform during the test at the rated torque at 30 krpm. The phase

currents and phase-to-phase voltage profiles captured with the scope during the same test are

shown in Fig. 6.23.

Above 50 and 30 krpm at no load and load respectively, the measured vibrations exceed the

acceptable limits and, for the sake of safety, tests at higher speed have not been performed. The

reason behind such vibrations is the same of the SiFe SyRM test rig: a shaft misalignment (or a

non-perfect bearings assembly within their housings).

6.3 SPMM

6.3.1 Selection of the final design

For the considered assumptions listed in Table 4.1, the speed maximizing the power density is

either 80 or 100 krpm depending on the airgap thickness. The selection of the latter has been
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carried out considering the rotor losses. Fig. 6.24a and 6.24b show the output power and the

rotor losses at 80 and 100 krpm as function of the airgap thickness. It can be seen that the

(a) (b)

Figure 6.24: Power (a) and rotor losses (b) as function of the airgap thickness at 80 and 100
krpm.

reduction of the airgap thickness (from 2 to 0.5mm) produces a power improvement (circa 7%)

as well as a significant increment of the rotor losses (circa 2000%). Although it does not feature

the highest power density, the machine with an airgap thickness of 1.5 mm has been selected as

final candidate. Indeed, it provides a higher output power with respect to the design reaching

100 krpm guaranteeing also low rotor losses.

The permanent magnet array of the final design has been re-arranged prior the prototyping

stage. In particular, a quasi-Halbach configuration featuring the same airgap flux density of the

optimal design has been adopted which also allow to decrease the used magnet volume. This

change has been done in order to avoid filling inter-polar spaces between the magnets of the

standard array to ease the assembly process.

6.3.2 Experimental findings

The final 4.2kW-80krpm design described in the previous section has been prototyped and tested

on an instrumented test rig.
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a. Test layout and setup

A view of the main components together with the assembled rotor is reported in Fig. 6.25, while

the stator lamination with and without the winding is shown in Fig. 6.26.

Figure 6.25: (a) Rotor assembly process; b) assembled rotor.

Figure 6.26: a) Top view of the stator laminations; b) stator after the winding assembly.

As for the latter two experimental cases, the SPM manufactured stator and rotor have been

encapsulated within a custom designed housing featuring a single spiral water jacket as shown

in Fig. 6.27 and the inlet and outlet channels for the air-oil mist bearings lubrication, as can be

seen in Fig. 6.27. The latter also reports the complete test rig. It can be seen that the prototype

is connected to a load motor via a gearbox (ratio 1:5.975) and a 3.5 Nm torque sensor.

Also the adopted power electronic converter is the same of the SiFe SyR and PMaSyR test

rigs.

b. Test results

Several tests have been performed to fully characterize the machine behavior under different

operating conditions.
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Figure 6.27: Experimental setup layout.

First, the back electromotive force has been measured by a series of no-load tests. Fig.

6.28a shows the phase to phase voltage measured at 30 krpm, whereas the excellent comparison

between the FE-computed and measured profiles is reported in Fig. 6.28b. Fig. 6.29 reports

the measured torque compared to the FE-one for several current amplitudes (up to 2 times the

rated one). A good agreement can be observed. The maximum error is about 3% and it can

be mainly ascribed to the impact of the manufacturing tolerances which can play a significant

role in the final performance indicators when designing high-speed small-size machines. Fig.

6.30a shows the comparison between the FE-computed and measured internal power factor at

MTPA condition, while the efficiency map in the speed-current plane is reported in Fig. 6.30b.

Both power factor and efficiency have been measured using a power analyzer. It is worth to

notice that both power factor and efficiency are in good agreement with FE estimations. Indeed,

the maximum error is about 1.4% for the power factor, while the average efficiency error is

1.5% (the maximum error is about 15%); these mismatches can be ascribed to several factors

including the manufacturing tolerances and the behavior of the magnetic materials [130].
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Figure 6.28: back emf test at 30 krpm: (a) scope capture showing the the phase-to-phase volt-
ages during the no-load test; (b) comparison between measured and FE phase-to-phase no-load
voltages.

Fig. 6.31a reports an acceleration test at no-load up to 38 krpm, while Fig. 6.31b shows the

d- and q-axis voltages during the same test. Above 38 kprm, the measured vibrations exceeded

the safety limits, therefore tests at higher speed have not been performed; by analysing the vi-

bration spectrum, a non-perfect alignment of the bearings within the housing has been identified

as the most probable cause of such vibrations, which are neither related to the final design nor
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Figure 6.30: Comparison between (a) FE computed and measured power factor at MTPA con-
dition and (b) FE computed and measured efficiency in the speed-current plane.

to the test rig.

Finally, the thermal behavior of the machine at rated conditions and for different operating

speed is shown in Table 6.2, where the measured winding maximum temperature is compared

to the one estimated using a commercial solver [94]. A good match can be observed for all the

considered operating points.
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b) d- and q-axis voltages.

Table 6.2: Comparison between measured and FE average winding temperatures.

Temperatures [deg.]

6krpm 12krpm 18krpm 24krpm 30krpm

FE 55 56 56 57 58

EXP 47 50 52 52 56
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Chapter 7

Conclusions and future work

In this thesis an improved design approach for high speed synchronous reluctance machines

with and without permanent magnet assistance and surface mounted permanent magnet syn-

chronous machines, based on an analytical model, has been proposed. This is able to fully

consider the high speed limiting design factors, i.e. the increasing structural limitation and iron

losses. The accuracy of the analytical model has been compared with the FE results and a de-

tail analysis of the roots of their mismatch has been investigated at both low and high speeds.

In the SyR and PMaSyR cases, the saturation of the d-axis flux path, the cross-saturation, the

iron losses and the non-linear behavior of the q-axis magnetic circuit have been identified to be

the main causes of inaccuracy in the analytical performance estimation. A new computational

efficient approach has been then proposed in order to adjust the identified pitfalls of the analyt-

ical model. Indeed, by FE-simulating a subset of design solutions it is possible to correct the

mismatch between analytical and FE performance for the whole set of design solutions.

7.1 Results’ summary

In the second chapter and after the full FE validation, the proposed design method has been

used to study the limiting phenomena taking place as the operating speed increases when con-

sidering a pure synchronous reluctance machine case. It has been shown that both iron ribs
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and iron losses increments limit the maximum power that can be achieved by increasing the

speed. Indeed, above a certain value is definitely not convenient to further increase the speed.

This speed threshold is higher if only the structural limitations are considered letting the over-

all losses increase (implicitly assuming an increment of the cooling capability with the speed).

Considering the maximum torque design the trends of torque, internal power factor, optimum

split and magnetic ratio as function of the speed depend on the selected lamination material.

However, mainly the rate of decrement of the optimal performance is affected by the materials.

Therefore, several general conclusions regarding the worsening of the maximum torque design

solution as the speed increases can be drawn.

• The iron ribs affect more the q-axis inductance and so the power factor rather than the

torque.

• The iron losses increment heavily influences the maximum current and so the torque

capability for a certain level of the total losses, and slightly improves the power factor.

For the first considered lamination material (a cobalt-iron alloy with good magnetic perfor-

mance and standard structural characteristic), the optimal split ratio tends to remain almost

constant as the speed increases while the optimal magnetic ratio tends to decrease. Clearly this

behavior is highly dependent on the lamination material and so the balance between the iron

losses and iron ribs effects.

Indeed, an in-dept analysis on the material selection showed that adopting CoFe alloys leads

to machines that outperform the SiFe counterpart up to a certain speed, which for the considered

case study is about 60 krpm. Above this speed, machines with SiFe provide better performance.

In the lower speed range, the effect of the higher saturation flux density of the CoFe alloys

allows achieving better performance. On the contrary, for higher design speeds, the higher

iron losses and low yield strength of the CoFe materials outweigh the advantage of the higher

saturation level and make the SiFe adoption more convenient. Using materials (either SiFe or

CoFe) with a higher yield strength for the rotor, always leads to better performance despite

their higher iron losses. The analysis of the optimal machines showed that the split ratio and
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magnetic loads decrease as the speed increases with a higher decrement rate when adopting

materials with low yield strength for the rotor.

The thermal analysis of the same set of machines has confirmed the validity of the imple-

mented design approach. In particular, keeping invariant the total machine losses for all the

design speeds allows a comparison on a fair basis, i.e. with the same cooling system. Al-

though the distribution of the losses varies as the design speed increases, the maximum winding

temperatures of all designs lie within an acceptable range, indeed.

It has been found that the magnetic exploitation of the lamination materials (especially when

considering CoFe alloys) has to be selected according to the maximum operating speed of the

machine. Indeed, when designing machines in the low-medium speed range, the optimal per-

formance are obtained when selecting the magnetic load close to the knee point of the material

B−H curve. At low speeds, the iron losses influence on the overall losses is negligible and it is

more convenient to maximize the magnetic load in order to increase the saliency ratio. On the

contrary, when designing high speed SyR machines, it is better to reduce the magnetic exploita-

tion of the adopted soft magnetic materials. In fact, the rate of the torque decrement associated

with the maximum current reduction (needed to keep constant the overall losses) is higher than

the rate of the torque decrement due to the saliency ratio reduction (associated with the lower

magnetic load).

In the third chapter the analysis has been extended to the PM assisted design scenario. In

particular, the resolution of the q-axis equivalent magnetic circuit has been proposed to calculate

both q-axis inductance and PM flux linkage taking into account the non-linear behavior of the

rotor iron ribs. Then, an iterative procedure has been proposed to design the PM dimensions, to

achieve a pre-defined performance index (e.g. the power factor, the torque, the CPSR), and to

calculate the q-axis performance taking into account the electromagnetic non-linear behavior of

the iron ribs which are sized also considering the mechanical effect of the additional weight of

the PMs. After FE validating the analytically predicted torque and power factor, a computational

efficient FE-based approach has been implemented in order to enhance the accuracy of the

analytical performance estimation.
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The proposed hybrid analytical-FE design approach has been then applied to a specific

case study to draw some preliminary design considerations. It has been shown how the PM-

assistance can be neglected during the magnetic design of the stator and rotor laminations, and

how this heavily affects the selection of the optimal machine.

It has been shown that, for a given maximum speed, the maximum torque solution when

adopting ferrite PM is geometrically similar to the maximum reluctance torque design. On the

contrary, adopting high energy density PM, the maximum total torque design differs from the

maximum reluctance one. This difference is mainly due to the bigger PM torque component

obtained with neodymium-based PMs and its different behavior in terms of split and magnetic

ratio dependencies.

As a consequence, if neodymium-based PMs are chosen, the selection of the optimal design

(torque-wise) should consider both PM and reluctance torque components. In other words, the

design procedure of adding neodymium-PM to the maximum reluctance torque design leads to

a sub-optimal solution (i.e. 30% lower output power in the considered case study).

The four chapter has investigated the surface mounted PM synchronous machine case. Also

in this case, the rise of the iron losses and sleeve thickness limit the maximum power that can

be achieved increasing the speed. Indeed, there is a speed value above which the power density

does not increases anymore. Such threshold speed is slightly reduced when considering thicker

airgap thickness. The increment of the latter also leads to a torque decrement since a wider

airgap implies higher flux leakages.

As the speed or airgap thickness increases the maximum torque design moves towards lower

magnetic ratios, since in that direction there is the optimal compromise between the competitive

needs of maximizing the PM flux linkage and the q-axis current which are the variables affecting

the torque behavior. On the contrary, the optimal split ratio is neither affected by the speed nor

by the airgap thickness; indeed, it remains almost constant. Such behavior is determined by the

competitive needs of the sleeve increment (which would lead to a lower rotor radius) and the iron

losses increment (which would lead to higher radius). In conclusion, the change with the speed

of the machine geometry featuring the highest torque depends on the selected soft magnetic and
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sleeve materials which define the rate of change of iron losses and sleeve thickness.

A final comparison among technologies has been reported in chapter 5, where the three

machine topologies have been compared in terms of power, ipf and optimal geometries con-

sidering a wide range of maximum speed, cooling system capability and airgap thickness, thus

obtaining some insights about the different trends.

In order to validate the design considerations, experimental measurements 4 different pro-

totypes have been provided in chapter 6.

First the design considerations about the SyR scenario have been validated against experi-

mental results on two different SyR prototypes, whose stator and rotor laminations are made of

CoFe and SiFe alloys respectively.

Then, an 8.5kW-80kprm NdFeB-PM-assisted synchronous reluctance machine has been

prototyped and tested. Both structural and electromagnetic design refinement stages prior the

manufacturing have been fully detailed justifying all the design choices. The prototype has

been fully tested up to 50 krpm at no load and up to 30 krpm at load in both generating and

motoring operating modes. No-load voltage profile at a fixed speed, average torque and inter-

nal power factor as function of current module and phase angle have all been compared to the

respective predicted values. Such comparison shows an acceptable agreement endorsing both

design methodology and general considerations.

Finally, the design approach and considerations of the chapter 4 have been validated by

manufacturing a 4.2kW-80kprm surface permanent magnet synchronous machine. The ratio-

nale behind the selection of the final design have been discussed including the influence of the

rotor eddy current losses. Several experimental tests have been reported including no-load volt-

age profile at a fixed speed, average torque as function of current module. The comparison of

such variables with the respective predicted values shows an acceptable agreement endorsing

both design methodology and general considerations.
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7.2 Outlook

The proposed method has been validated for three machine topologies and it is suitable to be

used as a general approach to perform an initial design stage of a high-speed synchronous

machine. The method is capable of taking into account all the non-linearities involved during

the machine operations and can be considered as a multi-physics approach since it deals with

both the electromagnetic, thermal and structural needs.

Therefore, this thesis opens the possibility of performing several further investigations,

which can be summarized as follows.

• Inclusion of the high-frequency copper losses within the design workflow: indeed, the

increment of the Joule losses with the speed due to the skin effect and circulating current

phenomena has not been investigated in this thesis. The inclusion of such phenomena

within the design routine is a challenging task but could allow to compare different types

of winding such as Hairpin, Litz wire o random wound ones, both from a thermal and

electromagnetic points of view. Analytical and/or FE procedures could be adopted.

• Extension of the above procedure to traction applications, where selection of the number

of poles, winding layout, a large constant power speed range and PM demagnetization

issues play a major role.

• The analytical magnetic model can be improved so to better consider the saturation of the

d- and q-axis flux paths, especially dealing with SyRMs and PMaSyRMs. Indeed, a better

magnetic model would allow to better calculate the machine performance at overload

conditions, including the PM demagnetization and the short-circuit current effects. The

latter concepts are of paramount importance in traction applications.
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