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Abstract

Nowadays the direct-on-line squirrel cage induction motor is still one of the most

commonly used electrical machine for the majority of industrial applications thanks

to its proven performance, reliability, robustness and self-starting capability. However,

the electromagnetic analysis and design still remain one of the most complex with

respect to other electrical machines due to the rotor cage structure and because of the

asynchronous nature of its operating principle. For historical reasons the design and

development of these motors is still carried out using old-fashion techniques. This has

enabled the opportunity to explore new modelling approaches and design methods

thanks to the use of modern finite element tools.

The project presented in this thesis, developed in collaboration with an industrial

partner, ABB Corporate Research, Sweden, aims at improving the performance of a

Totally Enclosed Fan-Cooled (TEFC) Squirrel Cage Induction Motor (SCIM) through

a novel electro-magnetic design method.

Being the low voltage TEFC-SCIM a high volume low cost machine, the skewed rotor

design determines a negative effect to the manufacturing process, due to the extra

time required to stack the rotor laminations. Therefore, an economical advantage can

be obtained by removing the rotor skewing and adopting an optimum rotor shape that

aims at satisfying the international standard: maximize the efficiency and simplify

the manufacturing process. Thus, the skewing elimination and the identification of

the optimum bar shape are a potential cost-effective design solution. The analyses of

the skewing effects, the methodology to achieve the optimum rotor slot shape and a

design solution to remove the skewing are the main focus of this thesis.
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0.1. THESIS OUTLINE 1

0.1 Thesis outline

The thesis structure is organized in the chapters below, offering the description of the

logical steps of the proposed work:

� Chapter 1: Introduction. The content and objectives of the PhD project are

presented and the definitions of design challenges of SCIM are provided.

� Chapter 2: Literature review. State of the art of the analysis methods for

SCIMs, the international regulation and design strategy to improve the perfor-

mance are provided.

� Chapter 3: The electromagnetic and thermal FE models. The FE analyses to

predict the SCIM performance are carried out and validated by experimental

results.

� Chapter 4: A comprehensive single-phase EC. The steady state performance of

the SCIMs are predicted by means of the single-phase EC to asses the most suit-

able set of simulations to compute the EC parameters, thus providing accuracy

with respect to the experimental tests.

� Chapter 5: Rotor bars shape optimization. A methodology to reduce the com-

putation burden to compute the steady performance is reported and a method-

ology to optimized the shape of rotor slots is provided. Given the regulation

constrains the best solutions obtained are commented.

� Chapter 6: Analytical model. A numerical resolution of the electromagnetic

equations is provided along a pure analytical expression of the results aiming

at identifying the parasitic torque components of SCIMs.

� Chapter 7: Asymmetries. A customize stator layout is designed with the aim

of reduce the parasitic torque components and avoid the skewing of the rotor

cage.



Chapter 1

Introduction

The year 1885 saw the milestone of the induction motor when the Italian professor

Ferraris successfully built the first small two-phase induction motor. Two years later,

Jonas Wenström did introduce the idea to use not only one but three alternating

currents with a mutual phase shift: the three phase system. Although he was unable

to submit his patent, his invention provided the basis for the foundation of ASEA

(General Swedish Electrical Limited Company) that merge in the 1987 with the Swiss

company BBC (Brown Bovery Electric) to form ABB (Asea Brown Boveri).

In 1887 Nikola Tesla files his first patent for a two-phase AC system consisting in

a generator, transmission system and an AC motor. In 1891, based on the ideas of

Ferraris, Tesla and Wenström the first induction motor fabricated with the rotor cage

did appear in the market. Over a span of 15 years, the materials and design techniques

to fabricate electrical machines improved quickly thus permitting to doubled the

power rating for most of the induction motors frame sizes. More than the 30 millions

induction motors were produced in the 50’s and the production increased in the

following 10 years. In 1960 the 90% of electrical machines employed in the industry

where poly-phase induction motors.

2
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Until the energy crises in the 1970s, the key objective for the design of an electrical

machines was to reduce size and cost. Such aim was partly achieved at the cost of

a reduced motor efficiency, been the latter a minor requirement but rather a conse-

quence of the maximum temperature limits. However, the rise of energy consumption

associated with CO2 emissions, in conjunction with the scientific evidence for climate

change, have become a real concern for the societies. From that moment, all interna-

tional organizations has started to introduce policies to lower down the escalation of

the energy consumption. As a consequent of that, regulatory authorities begun to in-

troduce minimum efficiency requirements by classifying electric motors also according

to their efficiency.

Nowadays, industry remains the largest energy-consuming sector. According to the

International Energy Agency IES [2], the projections for 2040 are expected to double

in energy consumption of the industry sector thus making them one of the main actors

in the challenge of reducing the energy consumption.

Considering that approximately 65% of the electricity used in industries is consumed

by electrical machines, the potentiality of reducing the electricity consumption by

increasing the efficiency standards of each single motor are enormous. In terms of

cost, electric motors are also called ”Energy using Products” (EuPs) [3]. The purchase

and the maintenance cost of electrical machines is only a fraction of the lifetime energy

cost especially for continuous duty operation. Given the above, it is evident that more

efficient electric motors can lead to both economical and environmental advantages.

The potential of improving the economic, environmental and social benefits by en-

hancing the energy efficiency is also demonstrated by the Efficient World Scenario

(EWS) developed by the International Energy Agency (IEA) in the publication named

World Energy Outlook [2]. This shows what would result if all available energy effi-

ciency measures were implemented between now and 2040. The EWS could result in

lower emissions in 2040 compared with today, despite a doubling in size of the global

economy.
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The companies developing and manufacturing electrical machines have the double

challenge of improving the efficiency performance while maintaining a low manufac-

turing costs in order keep the pace of future technologies demand and sustainability.

The electrical machine efficiency can be improved either by adopting more expensive

materials or by increasing the volume of the active components [4], however such

measures may not be economically compensated by the efficiency increment [5].

Recently, new technologies has been developed with the intention of replacing SCIMs

such as the line-start PM synchronous motors (LSPMs) that feature rotor with interior

rare-earth PMs and an auxiliary cage for line-start capability. However, they present

some drawbacks in terms of: high cost of the rare-earth PMs, challenging starting

torque and synchronization, as well as high sensitivity to power quality. Therefore,

SCIMs are still considered the best option in the market [6].

With the purpose of achieving more efficient motors, at lower cost, one of the key lever

to minimize the losses on all sort of electrical machines is the design optimization.

In the case of SCIMs an optimized electromagnetic design allows to improve the

steady state torque-speed characteristic as well as the efficiency as a function of the

load. Although the optimum standard geometries, usually adopted by the manufac-

turers, were found, these machines were designed in early time by means of analytical

methods. The optimum solutions were more dependent upon the experience and

skills of the designer and by the empirical database built, rather than an accurate

investigation of the possible geometrical configurations. Nowadays, the significant im-

provement in computational resources and capabilities allow the utilisation of modern

tools such as finite element (FE), thus enabling the adoption of modern design tech-

niques permitting to achieve the more stringent performance requirements.
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1.1 Project description and motivation

Nowadays direct-on-line SCIM is still the natural choice for the majority of industrial

applications thanks to its proven performance, reliability, robustness and self-starting

capabilities. In spite of the wide sort of electrical machines available in the market,

SCIMs are the most wide adopted technology. The long years of utilisation and

the enormous amount of literature available make SCIM one of the most consolidate

technology. However the peculiarity of the rotor cage structure makes SCIM one

of the more complex electrical machines to be design and analyse. Furthermore,

for historical reason the design of this motor has been developed with old-fashion

techniques thus permitting nowadays lots of opportunities to explorer new modelling

approach and design methodology.

This project has been developed within the Power Electronics Machines and Control

(PEMC) research group in collaboration with an industrial partner ABB Corporate

Research, Sweden. ABB is one of the key stake holders and pioneering technology

leaders in the field of industrial drives. The motivation behind this work was to

analyse and understand in depth viable aspects of the design and development of

induction motors, looking at potential techniques to define novel design strategies for

future industrial electrical machines.

This thesis project is focused on developing an improved design aimed at enhancing

the electromagnetic performance and the manufacturing process of a low voltage

direct-on-line TEFC-SCIM. The novel methodology proposed and validated for this

particular case study can be however applied to any electrical machine adopted in

other applications.

The 3D model of the SCIM considered in this thesis, a 4 poles 11 kW machine, is

shown in Figure 1.1. The rotor cage structure and the rotor slots shape, hosting the

bars, are designed to satisfy the requirements imposed by the standard regulations.
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Furthermore, this low-medium power range employ in many cases a skewed rotor

structure to reduce the parasitic phenomena related to undesired torque components.

Although the benefits of such design feature is proven to be beneficial for the self-

starting capability of the motor, it is also well known that is worsening the average

torque performance. As a consequence, this leads to a deterioration of the efficiency.

Figure 1.1: The low voltage TEFC-SCIM: Pn=11 kW, Vn=400 V, 2 pole pairs.

Being the low voltage SCIM a high volume low cost machine, the skewed rotor design

determines a negative effect to the manufacturing process, due to the extra time

required to stack the rotor laminations. Therefore, an economical advantage can be

obtained by adopting a non-skewed rotor solution and an optimum rotor shape design

that aim to satisfy the international standard, maximize the efficiency and simplify

the manufacturing process. Thus, the skewing elimination and the identification of

the optimum bar shape are a potential cost-effective design solution. The analyses of

the skewing effects, the methodology to achieve the optimum rotor slot shape and a

design solution to remove the skewing are the main focus of this thesis.
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1.2 Proposed solution

This work is introducing an innovative design approach for an improved design tar-

geting minimum modifications to the stator and rotor geometry while maintaining the

same volume. For such purpose, an automatic optimization methodology is propose

with aim of investigate the research space of the possible rotor slot shapes. The aim

is to identify the optimum slot design given a certain set of constrains and objectives.

The design solution to remove the rotor skewing, proposed in this thesis, consist in

exploring the asymmetries of the stator slot openings yet targeting the reduction of

particular harmonic orders. These have an impact on the motor performance and

are resulting in an improvement of the torque profile quality and mitigation of the

parasitic torque components that deteriorate the self-starting capability of the motor.

1.3 Aims and objectives

This thesis is focused in achieving an improved performance of a TEFC-SCIM by

proposing the enhancement of the electromagnetic design.

The geometrical features of the electrical machines are fairly replicated by adopting

2D and 3D FE models. These have been used to identify the losses distribution, pre-

dict the overall performance, investigate the effect of the skewed layout and estimate

the end winding effects. The semi-analytical approach for predicting the performance

by solving the single-phase equivalent circuit (EC) is investigated by selecting the

most suitable FE methodology to identify the lumped parameters featuring the EC.

Although, the predicted performance shows a good agreement with respect to the

experimental results, the drawbacks in term of computational cost of the analysis is

overtaken by proposing an iterative and faster solution to computed the performance.

The method is adopted systematically in genetic algorithm (GA) based optimization
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tools aiming to identify the optimum rotor slot shape given a certain number of

objectives and constrains.

Since the EC analysis is presenting some intrinsic limitation (only steady state results

are derived) and because time-stepping FE simulations are computationally heavy,

an advanced analytical model is proposed and applied for SCIMs. The analytical

model is implemented and solved numerically to asses the results accuracy. This

is done by comparing the proposed model against FE simulations as well as with

respect to experimental test, in order to highlight advantages and limitations of the

proposed approach. The FE simulations have been implemented with different level

of complexity. A full analytical resolution of the main electromagnetic equations is

also achieved with the aim to identify the torque component produced by the motor,

with particular attention to the parasitic phenomena that deteriorate the self-starting

capability.

Thanks to the findings from the analytical results, a new stator design is proposed

by tailoring the slot openings in such way that the amplitude of some harmonic order

generated by the stator windings arrangements are reduced. This is done targeting the

synchronous torque component and minimizing the deterioration the average torque

value. The optimum geometrical configuration is achieved using the GA optimization

algorithm.

One of the main novelties proposed in this thesis consist in the unconventional ge-

ometry solution. This mitigates the parasitic torque components by exploiting the

asymmetries of the stator structure, which combined with an optimum slot shape

geometry, is enabling to enhance the electromagnetic performance of the motor and

provide a potential manufacturing benefit, simplifying the assembling process. In

addition, the methodology proposed to compute the performance of SCIMs is com-

putationally efficient thus suitable for the optimization of these motor typologies. The

numerical and analytical resolution of the modelling approach applied to the SCIM is

also representing a significant contribution to the research community thus enabling
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to identify the motor behaviour with high accuracy and reduced computational time

with respect to FE analysis. The framework of the implemented mathematical model

is proposed in such way that it can be applied for any SCIM type. This is very useful

as it can be integrated when it is necessary to perform a design routine.

The main aims of this thesis project are summarized in the following:

1. Provide a full understanding of the direct-on-line TEFC-SCIM with particular

focus on:

- Electromagnetic behaviour and losses distribution;

- Rotor skewing effects upon the motor performance.

2. Propose a methodology computationally efficient and accurate to determine

the performance of SCIMs thus allowing to optimize the geometrical structure

of the motor according to international requirements in terms of steady state

characteristics.

3. Provide a full understanding of the benefits that an optimized bar shape (Boucherot-

based) can provide with respect to the international performance requirements.

4. Propose an analytical model able to predict the performance in a computational

efficient way by means of the numerical resolution.

5. Provide an analytical-flexible representation of the torque components in SCIMs

that permits to identify the harmonic orders responsible for the parasitic torque

components.

6. Propose an unconventional design solution to mitigate synchronous and ripple

torque components in order to improve the starting capability of the machine

by exploiting the geometrical asymmetries of the slot opening of the stator

structure in conjunction with a customized bar shape.



Chapter 2

Literature Review

This chapter deals with the literature review of low voltage direct-on-line squirrel cage

induction motors with the aim of better understand the state-of-the-art as a premise

to the definition of the main challenges of this work. Particular attention is given to

the methods adopted to modelling SCIMs, being this motor topology one of the most

challenging machine to be analyse. The electromagnetic design solutions, which have

been the matter of research in recent years, to fulfil self-starting capability and high

efficiency performance are reported.

Considering the aims and the objectives of this thesis, described in Section 1.3, the

literature reported hereafter is focused on the rotor cage design of SCIMs and the

effects of the skewed rotor structure to reduce parasitic phenomena and comply with

efficiency and starting capability requirements.

10
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2.1 Introduction

Squirrel cage induction motor is the most widely adopted electrical machine in ap-

plications directly fed by the main grid. The modelling and analysis, of this machine

topology has been addressed by a considerable amount of literature over the last cen-

tury. The rotor cage makes the SCIM a simple and robust construction enabling it

to operate in the most adverse conditions that require minimal maintenance whilst

giving satisfactory service [7].

In spite of a simplified rotor structure, both the steady state and dynamic motor

performance hide many challenges due to the behaviour of the rotor cage. The torque-

speed characteristic requires particular attention by the motor designers in order

satisfy the torque constrains at different operating points. Although the size of both

stator and rotor structures affects the performance, also the temperature rise of the

conductive materials impacts on the motor behaviour, by changing the resistivity of

stator and rotor windings. The thermal management has a great effects on the lifetime

of the insulation materials [8]. Reduce the temperature usually means improved the

efficiency and the lifetime of the overall machine [9]. As the squirrel cage is the key

lever to satisfy the requirements of self-starting capability and meet the efficiency,

at the rated opening point, the design routine has to consider both the thermal

and electromagnetic aspects. Therefore, during the design an accurate model that

accounts for both thermal and electromagnetic phenomena, happening in the rotor

cage, gives a great advantage to the designer in defining the right rotor slot geometry

to meet the requirements.

All the challenge described above can be nowadays analysed with electromagnetic and

thermal FE tools. These approaches allow to model the SCIM providing a very good

representation of the machine behaviour. Being the thermal and electromagnetic

analysis of SCIMs a 3D problem, a very detailed investigation can be obtained with a

full 3D FE representation. However, nowadays it is still very challenging from a com-
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putational point of view to deal at the same time with thermal and electromagnetic

dynamics, especially when the complete machine features need to be considered. It is

therefore evident that a trade-off between accuracy and reasonable computation effort

is needed, in particular during the design process that inevitably requires iterative

analysis to ensure the achievement of the optimum design.

2.2 Analyses of squirrel cage induction motors

A detailed investigation of the SCIMs performance at different operating conditions is

provided by electromagnetic transient-with-motion FEA [10,11]. However, using sys-

tematically such tool is usually considered unpractical since investigating any specific

steady-state condition can take a long computation time due to the periodic currents

induced in the rotor cage that require settling [11]. When the machine is equipped

with a skewed stator or rotor structure, an approximated multi-slice 2D-FEA or even-

tually a full 3D-FEA have to be used, further drastically increasing the computational

burden, thus making even less attractive such solution. In fact, although accuracy

is an important aspect, in practice any simulation model has to feature an adequate

computational speed to be useful during any industrial design process.

On the other hand, the most commonly used model for SCIMs is the single-phase

equivalent circuit (EC), which allows to predict the steady-state performance at dif-

ferent operating conditions under canonical symmetrical supply [12, 13]. The EC

was introduced neglecting 3-D effects, magnetic saturation and skin effect phenom-

ena. Under the above assumptions, the lumped parameters result only dependant

on the slip value. However, the analytical computation of the lumped parameters,

included in the EC, presents some issues due to complex secondary phenomena: the

non-linearity of magnetic materials and the uneven distribution of current across rel-

atively large solid conductors, such as the rotor bars. In fact, such phenomena vary

with the motor operating condition and cannot be neglected when the EC is going to
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be used to analyze a wide range of cases. The time harmonic finite element analysis

(TH-FEA) has been demonstrated to be an effective tool to improve the characteriza-

tion of the EC’s parameters related to the fundamental spatial harmonic [14–17], as it

permits to obtain accurate results with a limited computational effort. In literature

are also reported multi-harmonic equivalent circuits where the lumped parameters

are analytically computed per each harmonic order [18]. However, the calculation or

separation of such parameters, into their harmonic components by means of FEA,

has not yet been demonstrated to be an effective approach.

Furthermore, the leakage inductance and resistance of the end windings need to be

accounted in the EC. An inaccurate estimation of the phenomena, which occurs in the

end-regions, might have a significant impact on the predicted performance, in par-

ticular on the torque vs slip characteristic for grid-fed SCIMs [19]. Even tough, the

resistance calculation of stranded end windings is an easy task to be accomplished,

the leakage inductance, computed in the same same region, results in a challenging

task. On the other hand rotor cage rings, which feature a solid structure and ex-

hibit a circular shape, are affected by significant skin effect phenomena, resulting in

not uniform current density, which alters the resistance and leakage flux calculation.

Analytical formulations based on the magnetic field in the end region, achieved by

solving the Neumann integral, are proposed in [20] and [21]. These are addressing

the leakage inductance computation of the end winding in turbo-generators. More

recently, the 3-D FE analyses have been widely used to perform more accurate com-

putations, taking into account the real geometry of the machine [19, 22, 23]. An

experimental method [24] subsequently applied in FE [25,26], is based on performing

no-load test supplying twins motors featuring no rotor structure and having different

stack lengths. The flux linkage with a phase accounts for the leakage flux in the slots

(axial length dependent) and the leakage of end windings (axial length independent).

Based on those assumptions, the leakage inductance components can be split by ex-

trapolating to zero length the total flux linkage. The EC approach featuring lumped

parameters computed from FEA is therefore most the effective candidate to explore

the geometrical modification of the design. This enables to address the objective of



2.2. ANALYSES OF SQUIRREL CAGE INDUCTION MOTORS 14

improving the rated efficiency while keeping the performance constrain in term of

steady state characteristics.

However, representing the complex operating conditions of SCIMs by means of a

compact single-phase EC leads to a model presents some limitations. In fact, the

dynamic behaviour and the parasitic phenomena introduced by the rotor cage, that

can produce potentially disrupting effects, cannot be captured, thus requiring different

modelling approaches.

The development of a computationally efficient time-stepping simulation models, able

to predict the interactions between time and space harmonics including slotting ef-

fects, as well as to analyse skewed structures, is deemed to be potentially very inter-

esting. In [27] and [28], a mathematical derivation of the model for a squirrel cage

winding in dq-reference frame is presented considering the distribution of bars. More

recently, in [29] a modelling method for SCIMs based on stator and rotor windings

functions has been developed in [30] and [31], accounting for the slot openings effects

by means of permeance function implemented as reported in [32]. It has been shown

that an increased accuracy is achieved.

Three different methods to analyse and predict the performance of SCIMs can be

identify in the literature: time-stepping FEA, single-phase EC and analytical mod-

elling. It is evident that advantages and drawbacks can be found in all of them.

However, in the work proposed in this thesis, an improved design method for SCIM

is achieved. This is done by a combination of the advantages provided by each of the

above modelling techniques.
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2.3 The regulation

Typical industrial applications of SCIMs directly fed by the main include fans, pumps,

compressors, conveyors, presses, elevators, extractors, etc, with the first three covering

the majority of the market [5]. National and international standards provide a set

of minimum performance requirements for general purpose motors. The National

Electrical Manufacturers Association in US (NEMA) categorises SCIMs of a given

power in different typologies [33], according to the maximum value of the starting

current and the minimum values of the starting, pull-up and breakdown torque as

reported in Figure 2.1a).

Figure 2.1: a) General torque-slip curve with the most important operating points highlighted
(starting, pull-up, breakdown, rated). b) Torque-slip curves classi�cation of NEMA.

An overview of the NEMA classification of small-medium SCIM (power rating: 0.367-

367 kW) is reported in Table 2.1, where torques and currents are expressed in per-

centage of the respective rated values. In Figure 2.1b), a qualitative representation of

the torque-slip curves of each class prescribed by NEMA is reported. Design classes

A and B exhibit a similar trend in terms of performance requirements and they are

used whenever the starting torque demanded by the application is relatively low.

However, they differ from each other in term of the starting current requirement: the

first one does not define any limit and it is employed with the aim of obtaining higher

efficiency and breakdown torque respect to the design B. Design class C requires a

higher starting torque requirement than design class B with the same limitation in

term of starting current, at the cost of a lower breakdown and pull-up torque and a
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Table 2.1: NEMA classi�cation of SCIM, in % with respect to the rated values.

Class A Class B Class C Class D

Starting torque 70-275 70-275 200-285 275
Starting current n.d. 600-800 600-800 600-800
Pull-up torque 65-190 65-190 140-195 n.d.

Breakdown torque 175-300 175-300 190-225 275
Rated slip 0.5-5 0.5-5 1-5 >5

Rated efficiency high medium medium low

higher rated slip and a lower rated efficiency. It is used whenever starting capability

under high load is required. Motor’s design of class D guarantee a really high starting

torque at the cost of a very high rated slip and low rated efficiency. They are used in

applications with high peak loads, high inertia and very intermittent operation [34].

Table 2.1 reports the range of variation of each requirement; the lower bounds of each

torque requisite refer to high power motors while the upper to the low power ones as

shown in Figure 2.2a).

As the energy price began rising, motor manufacturers started promoting motors with

higher efficiency. Since than, regulatory authorities started to provide a classification

of electric motors according to a minimum efficiency requirement [35]. The NEMA

defines two efficiency categories: the energy efficient and the premium efficiency. In

Figure 2.2a), the minimum requirements for both classes are reported. Similarly,

the International Electrotechnical Commission (IEC) in IEC-60034-30-1 defines four

different classes of efficiency as reported in Figure 2.2b), where two of them are

essentially equivalent to NEMA levels: IE2 (Energy Efficient) and IE3 (Premium

Efficiency).

The gaps between efficiency classes are quite narrow, therefore the evaluation of the

SCIM performance during the design process requires high accuracy to appreciate

any improvements.
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(a) Torques, current and e�ciency requirements against power rating de�ned by NEMA for Class
B, 2 pole pairs, 50Hz SCIM.

(b) E�ciency levels against power rating de�ned by IEC 60034-30 for a 2 pole pairs, 50Hz SCIM.

(c) Torques requirements against power rating de�ned by IEC 60034-30 for IE2, 4 poles, 50Hz SCIM.

Figure 2.2: Steady state characteristics: Experimental test against MS-FEA
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2.4 The design of the rotor cage

Considering the specification for direct-on-line SCIMs, provided by the regulations

reported above, it is evident that the rotor cage design is crucial to meet the perfor-

mance requirements in terms of efficiency and starting capability.

Also, the number of stator slots and rotor bars have to be selected in order to

avoid parasitic torques such as asynchronous and synchronous torque components

[18,32,36]. Such phenomena can potentially determine torque dips that might reduce

the self-starting capability of the motor. Although an high number of stator slots per-

mits to reduce asynchronous torque components, by reducing the amplitude of high

order harmonics of the stator magneto-motive-force MMF [32], the wrong number of

bars can lead to a condition where the motor can not start [32].

Once the number of stator and rotor slots is selected, the rotor cage has to be de-

signed to provide a specific steady state torque-speed characteristic and comply the

efficiency requirement at the rated operating point. The design of the rotor slots is

crucial in meeting the performance requirements as the torque-speed curve is proven

to be largely dependent upon the slot shape [18, 32, 36]. Traditionally, the rotor slot

were selected from a limited set of well-known slot shapes (trapezoidal, rectangular,

rounded, Boucherot) and geometrical modification were then applied until the con-

sidered performance specifications were met [37–39]. By doing so, the quality of the

obtained design largely depends on the designer experience and on the tools used to

predict the SCIM performance. Given the performance indexes and constraints, a

way to explore that the obtained designs are not a local optimum is to perform a for-

mal optimization routine. Several SCIMs’ optimization studies have been proposed

in literature. Some of them [40] employ deterministic optimization algorithm using

aggregated cost function while others [34, 41, 42] utilize stochastic search methods

targeting specific applications.

All the proposed works lack of generality, either due to the selected rotor slot parametriza-

tion or due to the chosen objective functions. Furthermore, the performance evalua-
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tion methods adopted are either neglecting non-linearities or they are computationally

too expensive to allow a complete exploration of the research space.

For example, it has been proven that the saturation of the rotor slot bridges plays

an important role in the dependency of the leakage flux with respect to the current.

In addition, it influences the containment of the current magnitude during the start-

ing condition, and consequently the efficiency and power factor improvements can be

achieved [43].

2.4.1 Methods to improve the e�ciency

Improving the performance of a SCIM, either in terms of power rating or efficiency,

can be achieved leveraging on different factors. The ones having the highest impact

on the efficiency are [44]:

� increase the amount of active materials;

� use high performance magnetic materials;

� lower the operating temperature improving the heat transfer between the active

parts and the external ambient;

� optimize the stator and rotor geometries while maintaining the same overall

volume;

� adopt copper squirrel cage.

Techniques for improving SCIM efficiency based on the modifications of existing ma-

chine’s designs with the minimum economical impact for motor manufacturers have

been one of the key topic in this field [45,46]. Core axial lengthening and employment

of better magnetic material [47, 48] are the most effective approaches for increasing

the SCIM efficiency using existing stator and rotor laminations. Although the first
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one has been successfully implemented in recent years, to modify standard efficiency

SCIMs in IE3 machines, it shows several limitations [49]. The lengthened of the

motor must be compatible with the external frame of the original motor or with

other available frames. The modification has to be compatible also with the other

requirements because a design change intended to improve the efficiency could lead to

violation of other performance indexes, such as minimum starting, pull-up and break-

down torques [46], without considering the higher cost due to the increased amount

of material. This design approach, adopted to incrementally increase the efficiency,

presents two main drawbacks:

1. it does not guarantee that the efficiency improvement is reached with the min-

imum active material increment;

2. it becomes ineffective when large efficiency gains are required or when the IE4

class is the target.

In general, the selection of the design solution for the efficiency improvement is merely

economical, and it has to be reached comparing the cost of the core axial lengthening

with the total cost required for a complete redesign of the machine (including the cost

of a modification in the manufacturing process, for example a new punching tool).

Another design option to improve the efficiency of SCIMs is the adoption of copper

rotor cage in substitution of the more common aluminium cage [50]. Traditionally,

copper rotor designs have been applied to medium-high voltage motors and are using

pre-manufactured copper bars that are then inserted in the rotor slot and brazed

to the end-rings [51]. Small-medium power SCIMs featuring copper bars have never

been considered an economically viable solution due to its higher labour cost with

respect to the aluminium option. However, the improvement in copper die-casting

technologies (mainly the mould materials), especially in the last decade, has led to

the possibility of manufacturing die-cast rotors in copper as its has been traditionally

done with aluminium [52]. The significant reduction of the rotor joule losses achieved
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by adopting copper cages has a threefold effect on the SCIM’s efficiency. One direct

improvement thanks to the lower rotor joule losses, and two indirect ones thanks to the

consequent lower stator joule losses, and lower rotor operating temperatures [53]. The

straight substitution of the rotor cage material without modifying stator and rotor

lamination designs leads to a lower rotor resistance, which on one side improves the

efficiency, and on the other side deteriorates the starting performance, reducing the

starting torque and increasing the starting current [50]. If the efficiency improvement

has to be achieved without affecting the starting performance, a complete redesign of

the lamination needs to be carried out (or at least the rotor design) [48]. In addition,

the complete redesign can lead to higher efficiency improvement with respect to the

simple cage material substitution thanks to the better exploitation of the slot shape

hosting the copper.

2.4.2 Final considerations

Considering all the above, it can be deduced that the SCIM design is a complex multi-

objective optimization problem. In fact, more than one objective has to be considered

during the design process and most of them show an inherently competitive behaviour.

For example, the improvement of one performance index implies the worsening of

another one. Although different methods to improve the SCIM performance have

been widely proposed in literature, one of the objective of this work is to provide an

automatic design methodology to optimize SCIMs, especially to identify the optimum

rotor slot shape that meet the specific requirements. The aim of this study is twofold:

� investigate the influence of the rotor geometry on the SCIM performance adopt-

ing a generalized slot parametrization which includes a wide variety of shapes;

� evaluate the trade-off among the performance indexes;
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2.5 Skewing: bene�ts and drawbacks

The rotors of SCIMs are commonly skewed to reduce parasitic torque components

such as ripple 
uctuations, asynchronous ans synchronous torque and acoustic noise

produced by the stator and rotor slot openings [18, 32, 36]. In fact, the angular

o�set along the axial length of the stator or rotor laminations can signi�cantly reduce

the airgap harmonic spectrum and therefore the 
ux linked with the windings thus

improving the quality of torque, voltage and current waveforms.

On the other hand the skewing determines an attenuation of the fundamental MMF

produce by the windings. This, according to the skew angle, results in a reduction of

the average torque generated by the motor [54]. The skew promote also the 
ow of the

interbar current that deteriorate the e�ciency of the machine [55,56]. Furthermore,

the presence of the skew has the e�ect of producing an axial variation of the magnetic

loading [57,58], which can increase the iron losses. Although the skewing is a design

practise consolidated and widespread among the manufacturers, there is a lack of

information about the angle of skew that should be employed. In most of cases, the

rotor cage is skewed by default with an angle equal to one stator or rotor slot pitch.

2.5.1 Methods

In this context, predicting the e�ects of the skewing with a fast and accurate com-

putation is crucial during the design routine of SCIMs. The method to model the

overall e�ects of the skewing consist of performing a 3D FE computation [59{61].

However, such method is very challenging from a computational point of view. Al-

ternatively, a common approach consists of adopting a MS-FE technique, where the

continuous skew angle is modelled by representing a set of two dimensional slices,

each one featuring a di�erent rotor position along the z-axes of the motor [62]. Such

method is demonstrated to capture the main phenomena due to the skew angle of

the rotor cage in terms of the following �gures: the harmonic reduction of the 
ux
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density distribution, the magnetic unbalance along the axial position and joule and

the iron losses variation in the rotor bars and cores, respectively [10,57,63{65].

In [65, 66], it has also been proven that, for SCIMs of low-medium rated power, the

skewing a�ects signi�cantly the iron and joule losses in both rotor cores and rotor

bars. As the skew alters the machine losses, it is expected that the total losses de-

pend on the dominant loss component. However, the total losses depend upon the

size of the machine and it can potentially change according to the design solution.

An investigation case by case is therefore recommended [66].

A simpli�ed approach reported in literature that allow to evaluate the impact of the

skewing upon the steady sate performance of SCIMs consist of weighting the lumped

parameters of the EC by means of the skew factor. A comparison of di�erent methods

is provided in [67]. Although such method is faster than the MS-FE approach, the

limitations are related with the limited representation of the phenomena allowed by

EC. In fact, the EC permits to identify only the steady state performance related to

the fundamental harmonics of MMFs while some of the skew e�ects impact on the

high harmonic order.

An alternative method to compute the skewing e�ects based on an analytical mod-

elling approach is presented in [68], by exploiting the concept of the winding function.

The skewing e�ects upon the MMF harmonic spectra is accounted by means of a

proper displacement of the winding functions, however the anisotropies due to the

slot openings are not considered.

2.5.2 Final considerations

Based on the �ndings of the above methods to predict the skewing e�ects, it can be

deduced that it is fundamental during the design routine to identify advantages and

drawbacks of such structure upon the motor performance. Furthermore, the skewing

of the rotor cage can determine in some cases a deterioration of the e�ciency due
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to the reduction of the average torque and the magnetic unbalance along the axial

position.

Such phenomena are �rstly quantify for the SCIM dealt in this thesis by implementing

the classic MS-FE model. Then, an alternative solution to compute the skewing e�ects

with respect to the state of the art is proposed. With this aim, a numerical-analytical

approach based on the winding functions, considering also the stator and rotor slot

openings to predict the skewing e�ects upon the performance of SCIMs, is proposed.

After the evaluations of pros and cons of the skewed rotor structure, for the case study

considered in this thesis, and considering the economical manufacturing bene�ts in

having a straight rotor layout, an alternative stator design is proposed. This aims to

eliminate the rotor skewing by exploiting the asymmetries of the stator structure.

2.6 Asymmetries in electrical machines

Normally electrical machines are designed with a symmetrical geometry aiming to

minimize manufacturing costs and the design process complexity [36,69]. Therefore,

most commonly, symmetrical and regular stator and rotor structures are used [70].

Nevertheless, this choice comes at the cost of reducing the design degrees of freedom

which would be available if asymmetrical con�gurations were investigated. However,

more stringent requirements on power density [71], reliability [72,73] and power qual-

ity [74], driven by environmental regulations and increased demand for high e�cient

electrical machines, is pushing towards the development of new materials, innovative

manufacturing processes and alternative machine design topologies [75{81].

In this context, the adoption of asymmetrical windings and/or core structures repre-

sents an interesting alternative without necessarily compromising the cost and com-

plexity minimization goals aforementioned. For example, a symmetrical multi-layer,

fractional-slot, concentrated winding is proposed in [76], targeting a reduction of
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both the magneto-motive-force harmonics and the eddy current losses in the perma-

nent magnets (PMs). A stator topology where both the winding arrangement and the

peripheral slot pattern are unconventional is presented in [77], showing signi�cant im-

provements in terms of MMF waveform. In [75], an asymmetrically-displaced damper

cage is implemented onto a 4-MVA wound-�eld synchronous generators (SGs) to re-

duce the relevant ohmic losses induced in both no-load and load operations. In [78],

the same technique of tailoring the damping bars' position is applied to a smaller al-

ternator to improve the voltage waveforms' quality, permitting to eliminate the need

for stator slot skewing. In [79,80], asymmetric rotor 
ux barriers are implemented to

reduce the torque ripple in synchronous reluctance machines. In particular, the rotor

structure reported in [79] features an even-symmetric design with respect to two pole

pitches, i.e. the 
ux barriers' geometries relative to two adjacent poles are di�erent

to each other. The same concept is applied in [80], where asymmetric 
ux barriers

are designed in such a way that the rotor presents an odd-symmetric arrangement

with respect to one pole pitch. In [81], the cogging torque of an axial PM motor is

reduced by employing di�erent magnet spans.

These works prove that asymmetrical structures can produce a number of bene�cial

e�ects.

2.6.1 Final consideration

Typically, electrical machines feature rotor and stator winding con�gurations and core

structures which comply with both simplicity and cost requirements. Such constraints

limit the design search space and degrees of freedom, thus leading to exploit and im-

plement only standard symmetrical layouts, which therefore represent by far the most

common choice. In this work, the potential of adopting non-symmetrical geometries

in SCIMs is discussed. The perceived bene�ts are �rst detailed and then proven by

applying the concepts to the case study dealt in this thesis. A customized stator de-

sign is obtained by means of GA-based optimizations. Firstly, the stator asymmetries
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are exploited with the aim of reducing the torque ripple 
uctuations, thus permitting

to highlight the potential bene�ts of a non-symmetric layout. Secondly, the stator

structure is optimized in order to eliminate the synchronous torque, happening dur-

ing the starting operating point, thus permitting to improve the starting capability

without deteriorating the average torque.



Chapter 3

The electromagnetic and thermal

FE models

Nowadays, the electromagnetic FE method represents the most accurate tool for the

analysis and design re�nement of electrical machines. Even though the analytical ap-

proach is still in common use during the design process, the FE permits to accurately

investigate the design considering saturation e�ects, eddy currents and iron losses

computation.

The complexity of the phenomena to analyse during the design optimization phase

requires a high level of accuracy, which can be ensured only by the FE method.

In general terms, the leakage 
uxes due to the end-windings, the skewed rotor cage

and the presence of rings that short-circuit the rotor bars make SCIMs very complex

to model and analyse.

An accurate prediction of the bene�ts and drawbacks related to the skewed rotor

structure requires the use of 3D FE analysis. Furthermore, an e�ective and accurate

representation of the phenomena due to the stator end coils' connections and rotor

27
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windings imply further challenges in the FE computation, which are only possible to

address by means of a 3D FE model.

In this chapter, all the above challenges are analysed in detail. This aims to provide a

comprehensive FE study to predict the SCIM performance, subject of this work. The

corresponding results of the most important aspects of the electrical machine are then

shown in a comparative exercise against experimental measurement for validation

purposes.

3.1 General aspects

An accurate prediction of the electrical machine losses is dependent on the temper-

ature rise of the machine components. Especially in SCIMs, where the �eld sources

are the windings located in both stator and rotor structures, a good prediction of

the steady state temperatures, at the nominal operating point, is crucial to establish

the right resistance of the conductive coils and therefore the machines' performance.

As the windings temperature change, due to the losses produce by the motor, the

electrical resistivity of the conductive materials changes accordingly. Although, the

temperature of static parts of the motor can be measured, as they are easily accessible,

the rotor cage requires wireless or infra red equipment to carry out the measurement.

An alternative approach to the direct measure consist of predicting the temperature

rise of the not accessible part by means of di�erent modelling techniques:

� Analytical: lumped parameters themal network (LPTN).

� Numerical: �nite element analysis (FEA) and computational 
uid dynamics

(CFD).

Each modelling approach has bene�ts and drawbacks. Although the CFD is the most

accurate among the others it is de�nitely time consuming and it is almost impossible
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to adopt in an iterative loop that aims to de�ne the electro-magnetic and thermal

steady state performance together. On the other hand, LPTN has the bene�ts of

being computationally e�cient. One of the most common commercially available

software is Motor-CAD [82]. The thermal network is automatically generated based

on the machine geometry. The low computational time required to solve the LPTN

enables to run scenarios in real time and provides a quick prediction of heat 
ow and

temperature distribution of the electrical machine under investigation. On the other

hand, a simpli�ed thermal network might lead to uncertainties in the prediction of

the temperatures, when complex geometries are considered.

The thermal FE method provides a potential for an accurate calculation of the con-

ductive heat transfer in complex geometries by means of the discretization of the

domain to analyse. However, the FE method considers the convection heat 
ows

based on analytical/empirical formulations as it does not model the 
uid 
ow. For

this reason, the best use of the FE method can be achieved in combination with other

analysis tools.

The thermal analysis of the SCIM dealt in this thesis, is performed with a thermal-

FEA approach, thus permitting to compute the temperatures with a reasonable accu-

racy and computational e�ort. The model is at �rst compared and validated against

a CFD conjugate model (developed in [83]) for a given operating point and �xed elec-

tric conductivity of the materials. Then, the thermal FE model is implemented in an

iteration loop with the electro-magnetic model, aiming to identify the temperature

rise of both stator and rotor windings.

The SCIM considered as benchmark of the analysis reported in this thesis, features

the peculiarity of a skewed rotor layout with rotor bars short-circuited by means of

two terminals, i.e. cage rings. Even though, the machine has a relative simple struc-

ture the peculiarity described above, plus the e�ects related to the end windings of

the stator coils, makes the 3D electromagnetic FE model the ideal choice to analysis

this electrical machine. However, due to the induced nature of the rotor cage currents,

the analysis of the SCIM can be quite demanding from a computational point of view.
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As a matter of fact, the accurate performance prediction of time-dependent numeri-

cal simulation, o�ered by the FE, contrasts the electromagnetic dynamic burden to

reach the steady state conditions. Furthermore, in order to compute the performance,

once at steady state, a wide time-window to observe the low frequencies of the rotor

quantities is required (especially at low slip values).

The time-dependent 3D FE analysis is therefore not suitable as it is very demanding

from a computational point of view. However, the 3D FE model, can be adopted

to evaluate the 3D phenomena due to the end connections and represent them as

compensation factors in the 2D FE model. Finally, an accurate and less time con-

suming method to consider the skewed structure is represented by the multi-slices

approach [62].

In the following sections, after a description of the 3D FE model of the machine,

a set of static and time harmonic simulations are performed in order to evaluate

the parameters accounting for the 3D e�ects of end windings and rotor rings. The

lumped parameters computed are then employed as compensation factors within the

more computational e�cient multi-slices 2D FE model. The latter has been adopted

to perform time dependent simulations at di�erent operating points.

3.2 The software adopted

The FE model and the simulations performed in this thesis are carried out using

the softwaresMagNet and ThermNet [84]. Repetitive tasks such as drawing the

geometry, building the components, assigning materials, simulating and extracting the

results have been implemented in an automatic fashion withinMatlab environment

via ActiviX .
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3.3 The electromagnetic FE models

3.3.1 Materials and geometries

The �rst stage of building a FE model is the fairly representation of the real geometries

of the active and passive parts featuring the electrical machine and assign the related

materials properties:

� Aluminium and copper employed for the rotor cage and stator windings, respec-

tively assume a di�erent electrical conductibility according to the temperature.

Due to the total enclosed fan cooled structure of the machine, it reasonable

to expect that stator windings and rotor bars will have di�erent temperatures.

Even though the rotor bars are not accessible, the temperature gradient with

respect to the stator windings can be assessed by means of a thermal analysis

(details are provided in Chapter 3.4.1). The conductibility of the conductive

materials is therefore adjusted according to the temperatures measured during

the tests at rated operating condition.

� The stator and rotor cores are made by the commercial soft ferromagnetic SiFe

material M600-50A. Such material is considered in the FE software as a not

electric conductive material meaning that there are not eddy current induced

in the laminations that can potentially participate to the electro-mechanical

transformation. This assumption is reasonable when considering the funda-

mental frequency of 50 Hz, provided by the grid. However, the impact of the

iron losses due to the eddy currents induced in the laminations are accounted

in post processing by means of the Steinmetz equations.

� The rotor shaft and the housing/end caps of the machine are made by diamag-

netic materials, steel and cast iron, respectively. This means that their e�ects,

from an electromagnetic point of view, are negligible. However, due to the solid
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structure of this parts, some eddy currents might be induced with consequent

generation of losses.

3.3.2 The electromagnetic 3D-FE models

Once the materials and their properties are de�ned, the electrical machine is simpli�ed

in order to obtain a suitable geometry, with reduced complexity, for the FE model.

This is done by simplifying the parts that does not contribute to the electromag-

netic computation. In Figure 3.1 is shown a comparison between the 3D mechanical

drawing (Figure 3.1a)) and the simpli�ed geometry built in the FE environment (Fig-

ure 3.1b) and c)). The 3D FE model in Figure 3.1b) is achieved from command lines

written in Matlab thus allowing a full parametrization of the geometry.

Figure 3.1: Full 3D-FE model: geometrical simpli�cation of the housing.

The stator windings is the most complex geometry to be represented due to the end

windings con�guration featuring the layout shown in Figure 3.1c). The end windings,

modelled in the FE model and reported in Figure 3.1c), are built constraining them

within the volume occupied by the physical end windings of the motor under inves-

tigation. The winding arrangement consist of a single layer, full pitch con�guration

where the phase coils are placed in such way that the end winding lay one on top of
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Figure 3.2: Full 3D-FE model: end windings and rotor cage.

the other in the radial direction as shown in Figure 3.2. To simplify the numerical res-

olution of the electromagnetic model the winding is obtained by extruding the cross

section of the coil copper within the slots, i.e. neglecting the insulation and possible

modi�cation of the coil cross section along the winding path. Each machine's coil is

extruded from the stator slots and its rectangular cross section was twisted in order

to model the rounded shape of the end winding. The obtained geometry is shown in

Figure 3.2. In Figure 3.3, the �nal 3D model of the end winding is compared against

the real winding arrangement. The FE model is in indeed a fair representation of the

winding layout. The solid elements representing the stator coils are an approximation

of the real winding con�guration composed by a certain number of conductors and

each conductor via di�erent strands Figure 3.3. In order to guarantee a good repre-

sentation of the current distribution within the conductors' model, the coils are set

within the software as stranded coils, thus permitting to avoid the natural distribution

of the current density in the bulk nature of the modeled winding.

The structure of the SCIM under investigation is equipped with a rotor cage composed

by a set of b = 28 rotor bars skewed by an angle of� sk and short circuited by two

end rings. The FE model of such structure is reported below in Figure 3.4. The 3D

model domain is discretized in cells by adopting a semi-automatic meshing approach

consisting in imposing a minimum size cell for each component. A more re�ned mesh

is adopted in the regions where high accuracy is required, such as the air gap.
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Figure 3.3: End winding layout: FE model against real motor.

The mesh domain achieved is reported in Figure 3.5 where the model accounts for

a total of 1:2� 106 mesh nodes. The resolution of the full 3D model is challenging

from a computational point of view due to the dimension of the model's mesh. A

time domain analysis is de�nitely not suitable due to the electromagnetic dynamic

transient necessary to achieve the steady state and the wide electric period at nominal

slip of the rotor quantities. The full period needs to be considered to compute bar

joule losses and iron losses. A simpli�cation of the model exploiting the symmetries

is therefore recommended. However, due to the geometrical structure of any skewed

rotor cage the symmetries cannot be adopted.

In order to reduce the computational burden, an alternative method to simplify the

problem consist of employing the 3D FE model only to quantify separately the e�ects

related to end connections of the stator and rotor windings, with respect to phenom-
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Figure 3.4: 3D-FE model of the cage.

Figure 3.5: Mesh of 3D-FE model.

ena that occur in the main axial portion of the machine. The latter can be computed

in a 2D FE computation where the 3D e�ects previously estimated are accounted by

means of lumped parameters.

Although, the rotor cage layout determines the motor performance altering the rotor

bar and stator winding currents, the resistance and leakage inductance related to the

rotor rings and stator end windings may be assumed invariant with respect to the

rotor skew angle. Such assumption allows to compute such parameters by removing

the skewing and exploit then the axial symmetry of the problem. This is enable to

represent half of the model as shown in Figure 3.6. The skewing e�ects on the main

axial part of the machine is accounted with a multi-slice approach that is proposed

in Section 3.3.3.2.


