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La phrase la plus excitante à entendre en science, celle qui annonce de nouvelles
découvertes, n’est pas "Eureka" (j’ai trouvé!), mais plutôt "Tiens, c’est marrant..."

The most exciting phrase to hear in science, the one that heralds new discoveries, is
not ’Eureka!’ but ’That’s funny...’

Asimov, Isaac
(1920-1992)
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Abstract

Initially, linear motors have been particularly dedicated to transportation systems. Nowadays, linear mo-
tors are meant to replace a system using a rotating motor and a transmission to realize a linear movement.
With linear motors the performances increase considerably since the mechanical limitations are removed.
This leads to a better precision, a higher acceleration and a higher speed of the moving part. Therefore,
direct drives with linear motors are increasingly used in industrial applications although these solutions
need often more investment costs.

Different linear motor structures and technologies exist. They can be either induction or synchronous
motors with a transverse or a longitudinal flux. Furthermore, linear motors may have several topologies.
They can be either long or short stator and double or single sided. All these variants may be combined
giving therefore numerous possibilities to perform a linear movement. Hence, to make the best choice
for a given application, a global methodology based on the comparison of optimized motors is presented
in the thesis. This design methodology is based on figure of merits which are bound to the specifications
of the studied application. This method differs from a conventional one since optimized motors with
the same objective function are compared. The optimized motors are obtained by an indirect method
based on an optimization algorithm (Sequential Quadratic Programming, SQP). An indirect approach
differs from the conventional deterministic one for which at least one parameter must be fixed to obtain
a motor pre design, since there are constraints and validity domain which are introduced. The proposed
methodology can be applied either to rotating or to linear motor design.

The use of an optimization program to perform motor designs requires analytical motor models.
The models developed in this thesis take into account the thermal behavior of the motors in order to
achieve more realistic results. Furthermore, the analytical models of synchronous motors are thoroughly
studied leading to several interesting conclusions. They are based on well known algorithms developed
for rotating motors. The proposed models are very accurate in comparison with the FEM program,
except for a transversal flux linear motor for which the obtained results are not worthwhile enough to be
optimized. This is caused by the structure of the motor which is close to a reluctant motor and imposes
to model the motor by a lumped magnetic scheme. Moreover, a global analysis of the windings due to
the particularity of linear motor to have an even or odd number of poles is presented in the thesis.

The methodology proposed in the thesis is successfully used for an innovative application which
deals with a multi mobile system for a lift. For this lift, several cabins travel in the same shaft implying
linear motors to move autonomously each cabin. First, by comparing the different motor technologies,
the best motor type is selected. Afterwards, the motor windings for the selected motors are analyzed
and compared in order to find the most adapted one for this application. The motor is finally optimized,
leading to a motor design proposal. This motor design takes into account the thermal behavior, the
material cost and the electrical characteristic of the linear motor.

Keywords: Linear motors, analytical models, design methodology, comparison methodology, opti-
mization processes, lift system, multi mobile system.
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Résumé

Le développement des moteurs linéaires s’est d’abord fait en relation avec des applications liées aux
systèmes de transport. Actuellement, les moteurs linéaires sont de plus en plus amenés à remplacer
les systèmes composés d’un moteur rotatif et d’une transmission. L’utilisation d’entraînements directs
augmente considérablement les performances du système puisque les limitations mécaniques sont sup-
primées. Les entraînements directs avec moteurs linéaires, bien que plus coûteux, sont caractérisés par
une plus grande précision, une plus grande accélération et une plus grande vitesse.

Les moteurs linéaires peuvent être soit synchrone ou asynchrone avec un flux transversal ou longi-
tudinal. Ils sont caractérisés par plusieurs topologies; stator court ou stator long, tubulaire ou non. Ces
différentes variantes offrent une multitude de possibilités pour effectuer un mouvement linéaire. Par
conséquent, afin de sélectionner le moteur le plus approprié, une méthodologie de dimensionnement
basée sur la comparaison de moteurs optimisés est présentée. Elle utilise des facteurs de mérite qui
sont associés à l’application. Cette méthode diffère d’une conventionnelle de part le fait que des mo-
teurs optimisés avec la même fonction objective sont comparés. Les optimums sont obtenus par une
méthode indirecte qui utilise un algorithme dédicacé d’optimisation. Le choix de l’approche indirecte
diffère d’une approche déterministe où au minimum un paramètre doit être fixé pour réaliser un dimen-
sionnement puisque ce sont des domaines et des contraintes qui sont introduits. Le moteur obtenu peut,
par la suite, être amélioré par un processus itératif. La méthodologie introduite dans cette thèse se veut
globale et peut sans autre être appliquée au dimensionnement d’un moteur rotatif ou linéaire.

L’utilisation d’un programme d’optimisation exige le développement de modèles analytiques. Les
modèles développés dans cette thèse tiennent compte du comportement thermique des moteurs afin
d’obtenir des solutions proches de la réalité. Les modèles analytiques des moteurs synchrones sont
étudiés plus en détail et apportent certaines conclusions pertinentes. Les modèles analytiques présentés
sont très précis, à l’exception du modèle d’un moteur linéaire à flux transversal pour lesquels les résultats
obtenus ne sont pas assez précis pour permettre une optimisation. Tous les modèles ont été validés par
un programme d’éléments finis. De plus, une analyse globale des bobinages due à la particularité des
moteurs linéaires de pouvoir avoir un nombre impair ou pair de pôles est proposée.

La méthodologie présentée est utilisée avec succès à une application innovante qui propose un sys-
tème multi-mobile pour un ascenseur. Pour cet ascenseur, il est prévu de faire circuler de manière au-
tonome plusieurs cabines dans la même cage d’ascenseur. Dans ce cas, la cabine ne peut pas bénéficier
d’un système de câble et contre-poids, ce qui impose le moteur linéaire comme moyen de locomotion.
Dans un premier temps, les différentes technologies de moteurs linéaires sont comparés afin de déter-
miner le moteur le mieux adapté. Ensuite, les bobinages relatifs à ces moteurs sont étudiés et comparés.
Une fois le bobinage choisi, l’optimisation peut être réalisée afin de proposer une motorisation pour cette
application. Ce dimensionnement de moteur prend en compte les aspects thermiques, de coût de matériel
ainsi que des caractéristique électrique du moteur.

Mots clés :Moteurs linéaires, modèles analytiques, methodologie de dimensionnement et de com-
paraison, processus d’optimisations, technologie pour ascenseur.
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Chapter 1

Introduction

1.1 Research Context

This thesis is result of the collaboration between the laboratory of integrated actuators (LAI) and the
company Schindler SA, active in the domain of elevators.

Nowadays, the development of elevator systems is mainly based on access control, information and
entertainment (infotainment) or remote services for maintenance personnel. All these services however
are not connected directly to the fundamental functionality of the elevator; the vertical transportation of
passengers in a building. This aspect is described in [1, 2, 3].

In traction drive, the next step in elevator technology is a multiple use of the shaft room with the
following goals: increasing the transportation capacity of the elevator installation and at the same time
reducing the cross section required by the elevator system in the building. Another relevant goal regard-
ing the passengers is the reduction of waiting- and travelling-time. The solution to achieve all these goals
is a Multi Mobile System (MMS). This is a system with several cars in the same shaft as presented on
Fig. 1.1. Depending on the traffic demand, several shafts can be dedicated to the same up or down direc-
tions to optimize the traffic exploitation. Furthermore, a horizontal transfer of the cars is needed to allow
them to change shafts. Extending this concept, the same system can be used to transport passengers in
horizontal direction inside a building. Such a system can be called a horizontal-vertical-transportation-
system (HVT). The demands for such an HVT-system are much higher than for a system providing only
vertical transportation due to the horizontal movement of passengers. The horizontal transportation of
people is not a subject of this project.

Figure 1.1: MMS principle, configurations with 2, 3 and 4 shafts [4].

1



2 CHAPTER 1. INTRODUCTION

In the future MMS, the individual cars can move autonomously. This require a ropeless elevator
system with self-propelled cars.

For the drive system a linear motor is the most promising concept. It is however crucial to reach the
highest force-density since the cars are moved without counterweight. The selection of the appropriate
motor concept and the optimal design of the motor are therefore crucial. The expected advantages of a
linear motor are the following:

• no space needed in top and bottom of the shaft neither for the drive and other mechanical systems
nor as safety space for the maintenance personnel. This is how the main idea of the machine-
roomless elevator can be achieved gaining more space savings in the building;

• reduced cross-section of the shaft due to a flat construction of the linear motor;

• the different required brake-systems can be an integral part of the linear drive making the system
simpler and cheaper;

• very high positioning accuracy of the car on the landings.

Although induction and synchronous linear motor technologies are known, there is no published
scientific work analyzing completely the advantages and disadvantages in a comparative approach. Fur-
thermore, due to volume and cost constraints the motor configurations must be considered: longitudinal
flux linear motors and transverse flux linear motors, short stator and long stator. These options must be
studied in a comparative perspective requesting method developments and design software tools. Fur-
thermore, the design methodology should satisfy certain mathematical conditions in order to be useful in
non-deterministic optimization methods. Such approach developments are new. The key scientific aims
of this thesis are defined as follows:

• to make the synthesis of linear motor variants;

• to analyze and to determine the characteristics of the variants, versus long track applications;

• to define the optimization criteria and design process;

• to determine the best linear motor solution and its spatial integration in the lift available space.

1.2 Objectives and Expected Contributions

When designing an electromechanical system, the choice of a motor type is often dominating for the
viability of the project. Therefore, in industrial applications implying a linear movement of the load, the
choice of a linear motor type permits to optimize the characteristics of the system, like e.g., minimal
costs, maximum efficiency, etc.

There are three main types of linear motors: the induction linear motor, the synchronous linear motor
with permanent magnets (PM) and reluctance motor. All these motors can be designed with a longitu-
dinal or a transverse flux linkage. Although each type of linear motor was the subject of scientific and
industrial developments, there is no methodology allowing an objective comparison of these different
motor types and their alternatives. The definition and the choice of figures of merit can allow the classi-
fication of each motor alternative and thus to realize the best technical choices. This systemic approach
is based on the application of linear motors for lift, the subject of a CTI (Innovation Promotion Agency)
project in the LAI [5, 6].

The principal objective of this thesis is to develop such a comparison method as well as a method-
ology to find the best motor for a given application. To set up this methodology, it is necessary to build
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analytical models of linear motors. Thereafter, the concept of specific figures of merit is introduced,
which are the principal tools for the motor choice. Figures of merit can be either electric factors, me-
chanical factors or even manufacturing cost factors. Furthermore, a comparative analysis can be applied
to compare different motor types for a given application.

The innovating scientific aspects brought by this thesis are at the level of the methodology of compar-
ison. To our knowledge, there is no reliable and structured method developed in this direction. Another
interesting aspect is the development of analytical motor models. Indeed, some analytical problems will
be investigated and thereafter they will be validated by finite elements simulations. This thesis will also
allow to set up a parametric study based on the figures of merit. Such a methodology of comparison and
optimization will also permit to find the physical limits of the motors studied in this thesis (surface force,
etc.)

1.3 Structures of Linear Motors

This chapter gives a brief classification of linear motors in order to present an overview of the various
possibilities to perform a linear movement [7, 8]. Several linear motors and their topologies which are of
the interest of this thesis are briefly introduced.

1.3.1 Linear Motor Classification and Topologies

It is not straightforward to give a general classification since each author has its own approach and a
divergence regarding the excitation, the supply part or other considerations can appear. In this section,
only the motors studied in this thesis are introduced. Various linear motor topologies are presented on
Fig. 1.2. A choice was made to focus only on direct drive motors and a system consisting of a rotative
motor and a ball screw to perform a linear movement is not studied. A linear motor classification is
presented on Fig. 1.3.

Assembly
topology

Flat geometry Tubular geometry

Long stator Short stator Long stator Short stator

Double sided Single sided Double sided Single sided

Figure 1.2: Linear motor topologies.

There are mainly four different approaches to produce a linear movement by an electrical way. The
first solution is to use the electrostatic properties to move a glass way. A maximum force density of about
16 N/m2 can be obtained [9]. The second solution on Fig.1.3, which is of the interest for this thesis is
to produce a movement by an electromagnetic way. The third and fourth solutions based on mechanical
friction use the piezoelectric or magnetostrictive properties to interact with a mover. The two variants
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Linear motor

Electrostatic Electromagnetic Piezoelectric

Transverse flux Homopolar Classic with PM

Brushless DC 
Motors

Induction

PM:
surface 

mounted

PM:
inset

Toothless

Synchronous

Reluctant

With teeth

PM:
surface 

mounted

PM:
inset

Magnetostrictif

Figure 1.3: Linear motor classification.

differ by their respective material. For the first one, the force is produced under an electric field source
(piezoelectric) and for the other one under a magnetic field source. The maximum force developed by
these two motors can be very high [10] and depends on the topology. However, the stroke of these motors
is very small.

Electromagnetic motors can be divided in three main groups; induction motors, synchronous motors
and DC motors. The main difference between them is the excitation mode, which is generally produced
by magnets except for the induction motor where it is self-induced. Indeed, for an induction motor the
excitation is self induced by the supply part in a conducting plate forming the secondary. The winding
arrangement produces a travelling field in the air gap, which induces currents in the conductive plane of
the secondary part of the machine. The interaction between the primary field and the secondary currents
produces the force. If the moving part has the same speed as the travelling field, the force is zero and
the motor reaches its synchronous speed. For the two other motor variants the excitation is generated by
an independent source such as magnets or brushless DC coils. The difference between a DC motor and
a synchronous motor is in the supply part. The former generates a trapezoidal electro magnetic force
(emf) waveform and is supplied with a rectangular phase current. It is generally controlled like a motor
with brushes, since a position sensor produces commutating DC-currents in the stator winding, based on
the position of the magnetic poles. On the other hand, the synchronous motor produces a sinusoidal emf
waveform and is supplied with a sinewave phase current.

Furthermore, all linear motors can be build in various topologies. Figure 1.2 introduces possible
topologies. A main topology distinction is due to their structure geometry which can be either tubular or
flat. These two geometries can be build in a long stator (LS) or in a short stator (ShS) topology. For flat
geometry, motors can be either single sided or assembled in opposite to constitute a double sided motor.

Definitions of LS and ShS are :
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Long Stator: the length of the supply part is longer than the excitation way, in most cases
the excitation part is mobile.

Short Stator: the supply part is shorter (or equal) than the excitation way. The supply part is,
in most cases, mobile.

To conclude this section, Table 1.1 summarizes the force ranges for the listed motors.

Table 1.1: Nominal force range for linear motors with a continuous duty cycle and without additional cooling.

Induction linear motor 1-2 N/cm2

Slotted PM synchronous linear motor up to 6 N/cm2

Slotless PM synchronous linear motor up to 3 N/cm2

Reluctance linear motor 1.5 N/cm2

Transverse flux linear motor 3 N/cm2

Piezoelectric linear motor depending on the topology
Magnetostrictif linear motor depending on the topology
Electrostatic linear motor 16 N/m2

1.3.2 Magnetic Ways with PM

Magnetic ways produce the excitation flux in the air gap. Magnets, which are the magnetic source, can
be either mounted or inserted in a magnetic yoke or combined to form an Halbach array [11]. These
three families of magnetic ways are presented on Fig. 1.4. The first group consists of magnets mounted
on a yoke (Fig. 1.4 a, b, c). As it is presented in Section 4.2, where the model of the magnetic way is
introduced, magnets are substituted by a current density if there is no opposite yoke or by a sum of point
currents, in presence of an opposite yoke.

Furthermore, double sided magnetic ways (Fig. 1.4 c, e, g) are used with a supply part without iron.
These motors types are sometimes called ironless motors.

Halbach array have a particularity due to the magnet placing, since they have a magnetic flux en-
hanced on one side (strong side) and cancelled on the other side (weak side).

All magnetic ways are presented in a short stator configuration i.e. the magnetic ways are fixed.
However these magnetic ways can also be mobile and therefore used in a long stator configuration.

1.3.3 Toothless Linear Motor

Toothless motors have the particularity to have a winding without teeth and therefore no cogging and
no reluctance forces. The supplied part is composed either by a distributed winding, a concentrated
winding or a Gramme’s winding [12]. Depending on the motor design specifications, the distributed and
concentrated windings can optionally be stuck to a yoke. For instance, if a motor with a high acceleration
and low force is required, the tendency will be to lighten as much as possible the moving weight in order
to reach the high acceleration. Two topologies are presented on Fig. 1.5 and Fig. 1.6. The first one
is a long stator tubular motor with two poles and the second one is a short stator double sided motor.
The latter has the particularity to have high acceleration and a higher force density compared to other
toothless motors. However, this motor needs a high number of magnets which increases its overall cost.

Regarding winding, only polyphase windings with adjacent coils will be studied in this thesis; in
particular three phase windings. The maximum coil length can not be higher than 360 edeg, as it is
discussed in detail in Section 4.4.1. Nevertheless, the presented method to model these motors can be
extended to other winding possibilities.
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c) Double sided mounted magnets 

b) Single sided mounted magnets with opposite yoke

a) Single sided mounted magnets

d) Single sided Halbach array

e) Double sided Halbach array

f) Single sided insert magnets

g) Double sided insert magnets

Figure 1.4: Different magnetic ways.
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Magnet RingExcitation winding

Yokes

Figure 1.5: Long stator tubular linear motor.

Figure 1.6: Short stator double sided linear motor.

This motor type is characterized, when it is supplied, by a low attractive force and low iron losses.
On the other hand they have a lower efficiency than motors with teeth because of their high magnetic
air gap which is the sum of the coil height and magnet(s) height. Generally due to their lightness, these
motors are often used for applications requiring a high dynamic.

In this thesis, a difference will be made between a mover made only of coils and a mover which
consists of coils sticked to a yoke. The former are called the ironless motor and the later the toothless
motor.

1.3.4 Toothed PM Synchronous Motor

This type of motor is common in the industry applications since the rare earth magnets have an attractive
price and interesting magnetic properties [13], as explained in Section 2.4.1. Compared to the toothless
motor, the supply part is in this case composed of iron laminations and winding in slots. The supply part
is normally assembled with magnetic ways like shown on Fig. 1.4 b, d, f.

Slotted synchronous motor is very powerful and compact. Unfortunately, due to magnets, a high
attractive force between the supply part and the magnetic ways appears. For the same propulsion force,
the ratio between the attractive force and the propulsion force is about 3 times with a water cooling and
about 5 times without additional cooling. Due to the high attractive force, a robust mechanical guidance
system is required to guide the moving part and to keep the air gap precise. To minimize the problem, a
double sided motor can be used. In this case, each side of the double sided motor produces two opposite
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attractive forces which cancel each other. This solution reduces the attractive force between the two
motor parts but does not eliminate the problem since only when both upper and lower air gap heights
are equal, the attractive force is cancelled. A small difference between these two heights unbalance the
attractive forces leading to an unstable system. Furthermore, due to the teeth, this motor can have a high
cogging force.

Several windings, concentrated or distributed, will be introduced in section 4.5.1.

Armature Slot

MagnetMagnetic way yoke

Figure 1.7: Toothed single sided synchronous motor.

1.3.5 Transverse Flux Linear Motor

Most linear motors can be classified as longitudinal flux machines because they have their flux flowing
in a plane parallel to the direction of motion. If the end windings are not considered, longitudinal flux
machines (Fig. 1.8) have essentially a 2D main flux pattern.

Flux distribution

Figure 1.8: Longitudinal flux linear motor.

On the other hand, transverse flux motor (TFM), have a flux flow in a plane perpendicular to the
motion direction and in this case a 3D model is required to design the motor (Fig. 1.9). This technology
has been introduced more than 100 years ago1. Recently the emergence of high remanence magnets has
contributed to its development [14, 15].

Due to their structure, TFM are often phase independent and several motor modules must be added
to form a polyphase motor. In addition to the propulsion force, TFM often have a high cogging and
reluctance force. These two additional force components impose, when a constant force is needed, to
supply the motor with a specific current form.

1First patent in 1895 by W.M. Morday.
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Displacement

Current

Armature winding

Transverse flux

Figure 1.9: Transverse flux linear motor.

1.3.6 Reluctance Linear Motor

Compared to the other motors, reluctance motor generates the propulsion force by means of the perme-
ance variation due to salient poles in both sides of the way and the supply part [13]. Therefore, without
magnetic saturation, the force is proportional to the current square and a high variation of the permeance
is needed to achieve a high force. Figure 1.10 represents a single sided reluctance linear motor. All the
magnetic parts are made of lamination stack to reduce the iron losses as much as possible.

Moving Part (Way)

Figure 1.10: Single sided reluctance motor.

The principal difficulty to design these motors is to estimate the flux path, i.e. the permeance in the
air gap between two opposite structures, and therefore to have a good model of the saturation. One of
the main disadvantages resides in the fact that this motor type is relatively noisy during its operation and
has a low efficiency for a large air gap.

1.3.7 Induction Linear Motor

This motor is mechanically very simple and consequently less expensive than the previous presented
motors. Its great advantage is its robustness coming from the simplicity of its construction. The supply
part is similar to that of a toothed synchronous motor and the difference between them is in the reaction
part. For induction motors, the way is composed of an aluminium or copper layer covering eventually
a ferromagnetic part. This electrical conducting layer or squirrel cage allows the circulation of induced
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currents produced by the stator winding MMF. The interaction of these induced currents with the winding
create a propulsion force. If the translator moves at the same speed of the travelling magnetic field in the
air gap no force is produced because no current is induced in the electrical conducting layer.

Figure 1.11 and Fig. 1.12 show a single and a double sided induction motor, respectively [16].

Figure 1.11: Single sided induction motor.

Figure 1.12: Double sided induction motor.

To achieve good performances in term of efficiency, induction motors must have a rather small air
gap (about 1 mm). Moreover, compared to a linear motor with permanent magnets, this motor needs
more energy to produce the same force.

1.3.8 Motor Structures Conclusions

To complete this chapter, Table 1.2 summarizes the advantages and disadvantages of presented motors.
This first comparison between the motors shows a tendency and is not the result of a systematic analysis.

Table 1.2: Comparative table.
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Attractive Force (I=0) small high high no no
Attractive Force (I �=0) small high high high negative
Cogging force no yes yes no no
Efficiency good very good very good less good less good
Energy recovery easy easy easy less good less good
Air gap sensitivity low high high very high very high2

2not the case in a double sided configuration
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1.4 Writing Conventions

In order to be as rigorous as possible, The CEI writing convention is adapted in the thesis. The main
typing conventions are:

• vectors bold type (Magnetic field in 2D : H)
• complex number underline (complex number : c=a+jb)
• RMS value capital letter (RMS current : I)
• instantaneous value small letter (instantaneous current : i)
• peak value capital letter with circumflex (peak current : Î)
• dimension nomenclature small letter (width : w)
• fields capital letter (Magnetic field : H)

The mathematical operators are represented as follows:

• laplacian ∇2

• curl ∇×
• divergence ∇·
• gradient ∇

Furthermore, to avoid possible errors or confusion, the three dimensions for linear motors are defined
as follows (Fig. F.1, in Appendix):

• the length is defined in the direction of motion. This dimension takes part to the active surface;

• the width is the second dimension on the active surface;

• the height is the third dimension and does not take part to the active surface.

Furthermore, a terminology inherent to linear motor must be introduced. To increase the propulsion
force several same linear motors are often mounted in series, using the same magnetic way. Therefore,
a terminology was adopted to differentiate the complete motor (number of motor in series) from the
smallest possible motor segment for a given winding. Indeed, for linear motors, a motor segment (or
module) is designed which can be multiplied to build a complete motor in order to reach the specified
propulsion force. In this way, the motor segment is defined being the smallest possible motor for a
given winding and the complete motor represents the final motor design. For all analytical models only
designs of motor segments are presented. This distinction between motor segment and complete motor
differs compared to rotative motors. It permits to have a winding configuration distributed along k · 180
electrical degrees (edeg) with k integer, whereas a rotative motor must have an even number of poles.
For this reason, linear motors can have an odd number of poles Np permitting more winding possibilities

The list of symbols and abbreviations can be found in appendix.





Chapter 2

Theory of Magnetism Applied to Linear
Motors

2.1 Introduction

This chapter presents a theoretical approach to electromagnetism, which will be further applied in motor
design. A brief review of Maxwell’s laws together with their simplifications due to the specific domain of
motor design are presented in Sections 2.2.1 and 2.2.3. Furthermore, Section 2.3 introduces several ways
to calculate the forces generated by an electrical motor and Section 2.4 discusses properties of magnetic
materials used in electrical motors.

The goal of this chapter is just to summarize the main formulas important for a motor design and not
to introduce the magnetism theory in details. For more complete information, [17, 18] can be consulted.

2.2 Review of the Maxwell’s Theory

The important contribution in the field of magnetism done by J.C. Maxwell was to regroup a set of
equations which allows to join together the electrostatic and electromagnetic theories. These equations,
reduced thereafter to four by means of the vector calculation, are presented both in differential and
integral form.

2.2.1 Differential Form

The general differential form of the Maxwell’s equations is:

∇× H = J +
∂D
∂t

+ ρc · v, (2.1)

∇ · D = ρc, (2.2)

∇× E = −∂B
∂t

, (2.3)

∇ · B = 0. (2.4)

E is the electric field , D is the electric displacement, H is the magnetic field, B is the magnetic flux
density, J is a current density, v the velocity of a fluid or plasma and ρc is the volume charge density.

13
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In motor design only quasi-static electromagnetic problems are studied and the time-derivate of cur-
rent displacement can be neglected compared to the current density. Therefore, (2.1) can be simplified
to:

∇× H = J, (2.5)

implying:
∇ · J = 0. (2.6)

Furthermore, the study of electrical field in dielectric material is not of the main interest in a motor
design, except when the insulation material is defined. Hence, (2.2) is not often used in motor design.

In addition to this set of equations, the properties of materials have to be introduced by set of con-
stitutive equations. The first equation puts in relation the flux induction B and the magnetic field H in a
material:

B = μ0 · (H + M) . (2.7)

Here, μ0 is a proportional constant called the permeability of the air, equal to 4π · 10−7 and M is the
magnetization, which can be interpreted as an internal source of flux density in a material.

The second constitutive equation puts in relation the current density and the electric field in a con-
ducting medium of a conductivity σ:

J = σE. (2.8)

This equation is known as the generalized Ohm’s law and it permits to define the electrical resistance.
Furthermore, from (2.4) by applying one property of vector calculation (the divergence of the rota-

tional of a vector is null) a magnetic potential vector A is defined as:

B = ∇× A. (2.9)

2.2.2 Integral Form

Maxwell’s equations (2.3), (2.4) and (2.5) can be formulated in the integral form as follows:∮
c

E · dl = −
∫

s

∂B
∂t

· dS, (2.10)

∮
s

B · dS = 0,∮
c

H · dl =
∫

s
J · dS. (2.11)

Equation (2.11), is called circuital law. It is deduced from (2.5) using Stoke’s theorem [19]. The path
c for the line integral is the contour bounding the surface s. To deduce (2.10), the Stoke’s theorem is also
applied to (2.3). Equation (2.11), known as the law of conservation of magnetic flux, is obtained from
(2.4) using the divergence theorem.

2.2.3 Complement to the Maxwell Equations

The magnetic flux Φ through a surface S is obtained using (2.11). Substituting (2.9) into (2.11) and
applying Stokes’s theorem the magnetic flux through a surface S is given by:

Φ =
∫

s
B · dS =

∮
c
A · dl. (2.12)
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Moreover, the voltage U which is the difference between two electrical potentials is defined as:

U12 = V2 − V1 =
∫ 2

1
E dl. (2.13)

Integrating the generalized Ohm’s equation (2.8) along a particular streamline between two points 1 and
2 will define the electrical resistance R, as shown below:

U12 =
∫ 2

1
Edl =

∫ 2

1

J
σ

dl = I

∫ 2

1

1
σS

dl = R12I. (2.14)

(2.15)

Another simplification can be made on the right term of (2.10). This equation is very difficult to
integrate on account of the partial derivate term of the time. This equation solved in [20] is equal to:

emf =
∮

c
E · dl = − d

dt

∫
S
BdS −

∮
c
(v × B) dl. (2.16)

In most motor designs, the circuit can often be studied as stationary and therefore the second term on
the right part in (2.16) is zero. Therefore, the electromagnetic force emf , which is the induced voltage,
is given by:

emf =
∮

c
E · dl = − d

dt

∫
S
B dS = −dΨ

dt
. (2.17)

Ψ is the total magnetic flux.
The last interesting simplification of Maxwell’s laws for the motor design is applied to (2.11). This

simplification is introduced by an example. Figure 2.1 shows a coil with 4 turns wound around a toroidal
ferromagnetic core. The coil wires have a current density J .

c

s

Figure 2.1: Toroidal coil with 4 turns wound around a ferromagnetic core.

A path c is defined as a circle in the middle of the ring. This path defines the surface s (hatch part).
The integral on the surface s of the current density J is given by:∫

S
J dS =

∫
S

I
Scu

dS =
4 · I · Scu

Scu
= 4I (2.18)

Scu is the surface of one conductor carrying a current I . Applying (2.18) to a coil with N turns, a general
form of the Ampere’s circuital law (2.11) is given by:∮

c
H · dl = NI. (2.19)

This equation, combined with (2.12), is the basis of the lumped equivalent magnetic circuit [13].
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2.3 Thrust Calculation

In electromagnetic problems, the total force used to produce a movement is in most cases composed of
three components: a cogging force (interaction PM/iron), a reluctance force (interaction iron + coil/iron)
and an electromagnetic force (interaction coil + iron/PM).

The cogging force is a parasite force which can generate vibration and noise. This force is produced
by interaction of the rotor (magnetic way) magnetic flux and variation of the stator magnetic reluctance,
i.e. the stator excitation is not involved in generating cogging force. In addition to the tooth ripple
component of cogging force, which exists in equivalent rotary PM machines, it exists an end component
owning to the finite length of the armature. The reluctance force is produced by interaction of stator
magnetomotive forces (mmf) and a reluctance variation produced by a toothed reactive part. This force
can be either a parasite force or the main part of the propulsion force (reluctance motor). The electro-
magnetic force is due to the interaction of the fluxes created either by rotor excitation magnets and by
coils or by rotor excitation coils and stator coils. This force is the main force in synchronous motors.

In the following sections, three approaches to calculate the forces are introduced. The goal is to give
only the key points of the methods and more details about forces calculation can be found in [18].

2.3.1 Energy Derivation Method

This method is based on a virtual work [21]. The force distribution in an electromechanical problem is
solved by using the energy or the co-energy of the whole system. The principle is to assume the electric
sources (current) constant regarding an infinitesimal displacement of the electromechanical structure.
Therefore, the force is equal to:

F = ∇Wco(x, y, z), (2.20)

F = −∇Wm(x, y, z) (2.21)

if the magnetic co-energy Wco or the magnetic energy Wm are known, respectively.
To calculate the force by using this method the magnetic energy in each part of the motor must be

calculated. The magnetic energy stored in magnetic fields is [22]:

Wm =
∫

V

∫ B

0
H(B) · dB · dV (2.22)

while the co-energy is:

Wco =
∫

V

∫ H

0
B(H) · dH · dV. (2.23)

The use of a lumped magnetic scheme permit to calculate forces by using the energy derivation
method. By simplifying as much as possible a lumped magnetic scheme, the force can be calculated
following [22]:

F =
1
2
∇Λe(x, y, z) · θ2

e , (2.24)

Λe is the equivalent permeance and θe is the equivalent magnetic source.

2.3.2 Laplace’s Law

The electromagnetic force applied on a particle of charge q and velocity v in the presence of both mag-
netic and electric fields is given by the Lorentz force law:

F (x, y) = q (E (x, y) + v ∧ B (x, y)) . (2.25)
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In electrical machines, the right part of the equation is predominant and defines the force acting on a
conductor with current in a magnetic field by the relation:

F =
∫

(Idl ∧ B) , (2.26)

l is the length of the conductor. This force is known as Laplace’s force.
The Laplace’s force is very useful to calculate the force acting on a coil in a flux density as it is the

case for toothless motors. For toothed motor, the stator mmf must be replaced by a current distribution
along the air gap to allow the use of (2.26).

2.3.3 Maxwell’s Stress Tensor

Maxwell’s stress tensor Tm gives a force per unit area produced by the magnetic field on a surface S.
Therefore, the force F acting on a surface S is given by:

F =
∮

S
TmdS (2.27)

The stress tensor Tm is composed of nine functions of space and time [20, 22]. By applying the stress
tensor to an electromagnetic problem and performing some simplifications, the normal and tangential
components (Tn, Tt) of the stress tensor acting on a surface S are defined by:

Tn =
1
2
μ
(
H2

n − H2
t

)
(2.28)

Tt = μ · Hn · Ht. (2.29)

Thereafter, these components are integrated in order to determine the resulting forces. Hn and Ht are the
components of the magnetic field acting on a surface S and μ is the permeability of the material where
Hn and Ht are calculated.

This method must be used with care following the chosen assumptions. For example, if fringing are
neglected (Ht = 0), the tangential force will be equal to zero.

2.4 Magnetic Materials

Motors consist of three types of material; ferromagnetic material, electrical conductor material and elec-
trical insulator material. The goal of this section is to give the main characteristics of ferromagnetic
materials, i.e. the magnets and the iron. The other materials, which are more commons, are not intro-
duced in this section.

2.4.1 Magnet Properties and Modelling

Electrical motors use mainly rare-earth permanent magnets. These materials are characterized by a large
hysteresis cycle and have a high coercitive magnetic field Hc. The magnetization M of PM can be
assumed constant for a given temperature if the relative permeability is assumed equal to 1. Therefore,
the characteristic of the magnet is approximated by a straight line in the B-H plane and the flux density
inside the PM is equal to:

B = Br + μ0 · μr pm · H0, (2.30)

Br is the remanent induction of the PM and μr pm its relative permeability.
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Figure 2.2 shows the linear demagnetization curve characterized by the remanent induction Br, the
coercitive magnetic field Hc and the magnetic filed H0. Furthermore, Fig. 2.3 shows the flux density
function of the magnetic field and its dependance on the temperature [23]. This graph shows also the
polarization dependence on the temperature. Generally the working point of the magnet must always be
above it, in order to avoid a magnet demagnetization.

Figure 2.2: Permanent magnet demagnetization curve.

Figure 2.3: Demagnetization curve for a 655HR permanent magnet from Vacuumschmelze. The flux density is
function of the magnetic field.

Rare-earth permanent magnets are characterized by a constant relative permeability μr pm close to 1.
In practice, NdFeB permanent magnets (discovered in the 1980s) are more frequently used than SmCo
(discovered in the 1960s). As shown in Table 2.1, NdFeB magnets have a higher remanent flux density
but are more temperature dependent (TC). Actually, permanent magnets with a Br higher than 1.4 T can
be found on the market, which permits to increase the motor performances.
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Table 2.1: Various properties of magnets.

Grade Br Hc μr Hc · Br TC (Br) TC (Hc) Manufacturer
[T] [kA/m] [-] [kJ/m3] [%/◦C] [%/◦C]

Vacodym 745HR (NdFeB) 1.44 1115 1.03 400 -0.115 -0.73 VAC
Vacodym 655HR (NdFeB) 1.28 990 1.03 315 -0.09 -0.61 VAC
N50 (NdFeB) 1.42 960 1.17 375 -0.12 -0.60 MMC
N45 (NdFeB) 1.32 955 1.1 345 -0.12 -0.60 OeMag
Vacomax 225HR (SmCo) 1.1 820 1.07 225 -0.03 -0.035 VAC
RCS28H (SmCo) 1.05 655 1.28 210 -0.035 -0.29 OeMag

To model a magnet, two different approaches are considered. The first one is to use equivalent cur-
rents or current densities and the second one is to model the magnet by an equivalent source of magnetic
pe latter model is useful if a magnet should be added in a lumped equivalent magnetic circuit.

Equivalent Currents Approach

The goal of this method is to substitute the magnet by some equivalent currents or equivalent cur-
rent densities, as shown on Fig. 2.4. In linear motors, only parallelepiped shape magnets are used and
therefore they can be replaced by equivalent currents or currents densities along the faces parallel to
the magnetization. Values of the equivalent current density Js and the equivalent point currents Is are
defined as follows:

Js =
Br

μ0
, (2.31)

Is =
Js · hpm

NIpm
. (2.32)

Here, hpm is the magnet height and NIpm is the number of equivalent current. This approximation can
be made only if the relative permeability of the magnet is assumed equal to 1. An example of this model
for NIpm = 4 is shown on Fig. 2.4).

+Js -Is+Is-Js

Figure 2.4: Model of a magnet using equivalent current densities or point currents.

A more general approach which considers non parallelepiped magnets can be found in [24].

Permeance Network Approach

PM can also be modelled by a magnetic scheme composed of a magnetic source θpm (2.33) and a
permeance Λpm in series, as presented on Fig.2.5 [22].

The magnetic source θpm and the permeance Λpm are given by:

θpm = H0 · hpm (2.33)

Λpm =
μ0 · μrpm · Spm

hpm
. (2.34)
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θ

pmΛ

h
pm

pmlpm

Figure 2.5: Permeance network model of PM.

Spm is the surface of the magnet perpendicular to its magnetization vector. The magnetic field H0 is
equal to:

H0 =
Br

μ0 · μr pm
. (2.35)

2.4.2 Iron Properties and Modelling

In an electric motor, the magnetic flux is guided by elements made of iron. If the magnetic flux to guide
has only a DC component the magnetic material can be mainly a non laminate iron alloy. However, if the
magnetic flux has a high amplitude AC component and a high frequency, the magnetic material must be
laminated in order to decrease as much as possible the Eddy current losses. Furthermore, these materials
must have the property to guide a high level of flux density, as some alloys (FeSi, FeCo or FeNi) permit
it. Saturation curves of these materials are illustrated on Fig. 2.6 and the relative permeabilities are
shown on Fig. 2.7 [25]. FeSi sheets are very widespread in the motor production because of their low
price compared to the others. FeCo is often used in applications for which the motor weight has to be
minimized and where the costs are not a restrictive factor (space applications for example).
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Figure 2.7: Relative permeability of materials used in motor.

For a linear magnetic material the magnetization is parallel and proportional to the magnetic field H.
Hence, (2.7) can be written as:

B = μ0 · μr · H. (2.36)

μr is the relative permeability of the material.
The saturation can be taken into account and modelled by various ways. A good overview of different

modelization approaches is given in [26]. Two models are interesting: the first one is an exponential
model [27] and the second one described in [28] which consists in dividing the saturation curve in three
different parts. This model will be explained more in detail in Appendix B since it is used for this thesis.





Chapter 3

Motor Design Methodology

3.1 State of the Art, Choice of a Design Method

The recent developments in computer science offer new assistance possibilities in motor design by intro-
ducing adapted softwares. These programs solve in most cases direct problems (also called determinist
approaches), i.e. the motor performances are calculated for a given motor geometry. The tendency is
now to transform the direct problems to indirect problems, for which the goal is to determine the motor
quantities (e.g. propulsion force, resistance, inductance, etc.) and geometry for required performances.
This approach is more complex since several motors which fulfill the specifications can be designed.

Specific programs developed to design motors can be grouped in three categories [29]:

1. conception software using a procedural approach;

2. conception software using optimization technics;

3. conception software based on expert systems.

These design methods are briefly discussed in Sections 3.1.1 to 3.1.3, in order to make a choice concern-
ing the methodology to apply.

To perform a design, the use of a model is compulsory. A model is a mathematical description of the
problem to solve and it can deal with various phenomena in order to build a multi physical model. In
this thesis, mechanical models are used in order to describe the dynamic of the motor; thermal models in
order to explain the heat transfer in the motor and magnetic models to determine the electrical quantities
and the forces (propulsion and attractive).

All these models can be separated in two groups:

• analytical models;

• numerical models.

Analytical models regroup explicit equations, which have the particularity to conserve an analytical
expression after their resolution, i.e. that all parameters of the model can be written as a function of
the other parameters. These analytical models are based on integral equations of Maxwell laws, image
theory or equivalent currents and on Fourier laws or on empirical formulae for thermal motor models.

On the contrary, numerical models are used when the set of equations are impossible to solve directly.
Therefore, iterative numerical methods (e.g. Monte Carlo) are used to obtain the solution (number). Most
representative examples using numerical models are the FEM.

23
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3.1.1 Design Software Using a Procedural Approach

The principle of this method is to solve the problem following a procedure defined by some sequential
stages, i.e. by a determinist method. This procedure is defined by the user and is characterized by an
iterative process caused by any no judicious choices. Such a method offers an assistance to the motor
design. The drawback is that design software using a procedural approach does not permit to explore the
problem space following a systematic approach. Moreover, the most important limit is the impossibility
to introduce a permutation of data and results. Nowadays, this method is widespread in motor design.

3.1.2 Design Software Using Optimization Technics

In this method an optimization software is assigned to the developed models. This software can use
several optimization algorithms, as shown on Fig. 3.1 under the classification "Deterministic optimizer".
An optimization problem is said to be deterministic optimized when its evolution to the solution (local
or global) is always the same for given initial conditions, giving therefore no place to the chance.
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Figure 3.1: Classification of main optimization methods [30].

Design softwares using optimization technics are generally associated with two other programs:

• an analysis program. It permits to evaluate all the parameters and the performances of the machine;
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• a program calculating the sensibility. It permits to know the evolution of the model parameters
and therefore of the motor performances. This program permits to give an optimization direction
by varying some parameters in order to find the optimized solution.

This method has the advantage, using the program calculating the sensibility, to find an optimized
design without exploring the complete problem space.

3.1.3 Design Software Based on Expert Systems

Expert systems are also often used to optimize a problem. A computer dictionary [31] gives the following
definition:

"An expert system is regarded as the embodiment within a computer of a knowledge-based compo-
nent from an expert skill in such a form that the system can offer intelligent advice or take an intelligent
decision about a processing function. Some expert systems are designed to take the place of human ex-
perts, while others are designed to aid them. Expert systems are part of a general category of computer
applications known as artificial intelligence . To develop an expert system, one needs a knowledge en-
gineer, an individual who studies how human experts make decisions and translates the rules into terms
that a computer can understand".

For this method, the direction taken to find the optimal solution is more or less stochastic following
the expert knowledge. Several methods using a Design software based on expert systems are shown on
Fig. 3.1 under the classification "Stochastic optimizer". Stochastic algorithms are based on the genera-
tions of some solutions. All these algorithms differ one from another by the choice of the new generation
of possible solutions. The most known algorithms are the genetic algorithms. They explore the motor
design variable space by means of the mechanisms of reproduction, crossover and mutation, with the
aim of producing the best motor design. A global description of the use of a genetic algorithm applied
to motor design is presented by [32], which points out that such a method requires a high number of
iterations.

3.1.4 Design Methodology Choice

The design method used in the thesis is based on optimization technics, i.e. indirect methods. Compared
to methods based on procedural approach, optimization methods offer the possibility to explore the
problem space more efficiently although they are sometimes more time consuming. Expert systems
are less straightforward to develop and they are dependent on the motor type. Therefore, optimization
deterministic methods seem to be more adapted for motor design. Moreover, they offer possibilities
which are nowadays not enough exploited in the electromagnetic problems. Optimization methods use
either numerical or analytical methods.

Analytical methods are preferred since they are less time consuming than numerical methods. The
analytical models are developed in Chapter 4 for the magnetic models and in Chapter 5 for the thermal
models.

As presented on Fig. 3.1, there are many optimization algorithms for the chosen method (optimization
technics with analytical models). An overview of these algorithms is given in [30]. In motor design, it
is interesting to have the possibility to perform optimizations under constraints. Therefore, the chosen
optimizer for this thesis is a determinist constrained optimizer with a Sequential Quadratic Programming
(SQP) algorithm. SQP is based on the computation of the gradient and the Hessian matrix. The choice of
this algorithm permits to use the program Pro@design [33] which offers several advantages compared to
others, like matlab or excel. Indeed, Pro@design permits among others to solve implicit functions and to
resolve integrals. Moreover, the generation of the gradient and the Hessian matrix is made automatically
and should not be calculated by the programmer. Furthermore, the analysis of results is straightforward.
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To summarize, the method chosen to design motors is an indirect method. It is based on a constraint
deterministic optimizer with a sequential quadratic program using analytical models.

3.2 Introduction to Motor Design

The goal of motor design is to find the best motor fulfilling the specifications for a given application.
To find the best solution, a comparison method must be introduced into the design process. These two
aspects, motor design and comparison method are the key points leading to the final choice. The com-
parison method introduces the concept of figures of merit (or merit factors), which are criteria allowing
an assistance to motor comparison. This concept is discussed in Section 3.6.

A general approach to design motors by an indirect method is presented on Fig. 3.2. The main stages,
described in the following sections, are:

1. definition of the motor specifications and the design objectives;

2. enquiry of the various possibilities satisfying the motor specifications: m technology possibilities
(i.e. synchronous motor, induction motor, direst or indirect drive, long or short stator, etc.);

3. first choice, based on the application constraints, between the m possibilities regarding the appli-
cation, i.e. reduction of the number of possibilities to n ≤ m;

4. development of the models (magnetical, thermal, mechanical, etc.) in relation to the design objec-
tives. These validated models are developed a part from the motor design process;

5. design of the n motor variants. Constraints and data validation, if necessary an iterative process is
applied to change the constraints;

6. study of the sensibility of the parameters around the solution, choice of the optimal solution;

7. comparison of the n motor designs;

8. final motor choice with the use of figures of merit;

9. design validation with a prototype or with FEM program;

10. final solution.

The first two steps are straightforward and are the basis of all design processes. They are introduced
together in Section 3.3. This stage permits to select the m possibilities which satisfy the objectives and
the specifications. The third point introduces the concept of figures of merit. This aspect is discussed in
details in Section 3.6. This first comparison reduces the number of selected machines to n ≤ m and it is
generally imposed by the application. After this choice, motor designs can be performed following the
fourth and fifth step, i.e. with the chosen design method introduced in Section 3.1.4.

After these steps, the n motor designs must be compared between each other in order to find the best
solution for the application. This aspect is discussed in Section 3.6. At last, the final design is obtained
and it is validated by the FEM.

For this thesis, three models constitute the global model which is used by the optimization soft-
ware. They are mechanical, thermal and magnetic models. The building of a motor model is shown on
Fig. 3.3[34]. The first step is to define the specifications of the motor and its constraints. They can be
either geometrical (motor dimensions, etc.), magnetical (Maximum flux density, remanent flux density,
etc.) electrical (maximum voltage supply, etc.), costs or manufacturing constraints. Materials are also
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Figure 3.2: Flow chart representing a general approach for motor design.



28 CHAPTER 3. MOTOR DESIGN METHODOLOGY

Motor configuration choice
 - Single or double sided
 - Long or short stator Winding configuration

choice
 - m:   # of phases 
 - 2p:  # of pair of poles
 - Ns:  # of slots 
 - τp:   pole pitch
 - kw:  winding factor

Motor type choice
Toothless, Induction, TFM, ...

Motor geometry choice

Material Choice

Thermal behavior
calculation

Current 
density

Imposed power 
supply
Umax
ImaxExternal characteristic

determination
Phase voltage
Phase current
Resistances
Inductances

Characteristics factors

Coil turns number 
calculation

B(H) 
curve

Stator mmf calculation
Slipping field    θ

Lineic current density 

Force 
calculation
Propulsion
Attraction

Efficiency 
calculation

Magnetic way 
mmf calculation

Hypotheses
μi = inf.
No teeth 

PM replaced by 
equivalent currents

Building of the 
lumped magnetic 

scheme
Hypotheses
Saturation

Teeth and yoke 
effect

2τp - periodicity 

Flux densities 
calculation

Bx, By

PM

Motor configuration choice
Motor type choice

Motor geometry choice

Lamination
B(H) curve

kf

Copper
Insulation 

class
Properties

PM
Properties

Conduction
Convection
Radiation

Losses
Copper

Iron

Constraints
Manufacturing

Mechanical
Electrical

Cost

Specifications
Electrical

Mechanical
Thermal

Figure 3.3: Schematic of the methodology to build a motor model.
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determined in order to fix several properties and to set new constraints, as for example the maximum flux
density in the teeth. From these constraints and specifications, a motor type is chosen depending on the
application. Then, the geometry of the motor and its winding can be parameterized.

Thereafter, by taking into account the PM and the lamination properties, the magnetic way mmf
is calculated. The effect of the saturation can be taken into account or not depending on the motor
type. Simultaneously, the stator mmf is calculated. The current density is limited by a thermal model.
By combining both mmf, the propulsion and the attractive forces are calculated. Thereafter, several
characteristics can be determined such as the resistances, the inductances, the efficiency, etc. The number
of turns per coil N is not a parameter of a pre-design process, as it is presented in Section 4.7.1. Indeed,
the number of turns per coil can always be adjusted without changing the motor geometry.

Moreover, if the constraints and the specifications are not well known at the beginning of the project,
an iterative process is compulsory.

3.3 Specifications and Objectives

Specifications and objectives to reach in design are very important and should be clearly defined before
the beginning of the study. Indeed, they permit to define a solution catalog for the realization of the linear
movement.

These two aspects, specifications and objectives, give an orientation for the model development. For
example, if the motor is not often used, the thermal model will be different than for a motor which
is continuously supplied. In other words, specifications and objectives generate the constraints of the
problem and the choice of the assumptions.

Generally, motor designers produce a design which must satisfy several criteria at the same time.
These performance objectives can sometimes conflict between them and most existing motor designs are
based on mono objective optimization. The multi-objective design can be performed after the optimiza-
tion process by the use of Pareto-optimization technics as it is presented in Section 3.5.

3.4 Variant Possibilities and First Choice due to the Application

Once the catalog of solutions is defined in relation with the specifications and objectives, a first choice
of the most adapted motors must be made since all topologies and variants cannot be studied in de-
tails. Chapter 1 gives an overview of the various topologies and motor types constituting the catalog of
solutions.

The first choice of the motor is principally related to the application and it reduces the catalog solution
to n possibilities. This first choice is generally based on experience, advantages and drawbacks specific
to different motor types.

3.5 Introduction to Optimization Problems

This section introduces the basis of an optimization problem. The problem is first mathematically in-
troduced and then an optimization methodology is proposed in which the constraints of the model and
various objective functions are discussed.

The optimization algorithms are very useful to avoid the iteration process inherent to a motor design
using a deterministic approach.
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3.5.1 Mathematical Definition of an Optimization Problem and Various Algorithms

To converge quickly to an optimum design close to the final motor design, an analytical optimization is
used as introduced in Section 3.1.4. Nowadays, pseudo optimization with FEM programs are also often
used to design motors. Unfortunately, they have the drawback to be time consuming. Moreover, in order
to correctly use FEM, an advanced knowledge in motor design is required or an existing design should
be used as a starting point.

An optimization problem (P ) is defined by the set of equations [35]:

(P )

⎧⎪⎪⎨⎪⎪⎩
min f(x) ∀x ∈ Rn

gi(x) ≤ 0 ∀i ∈ {1, ..., p}
hi(x) = 0 ∀j ∈ {1, ..., g}
xk min ≤ xk ≤ xk max ∀k ∈ {1, ..., n}

(3.1)

f(x) is the objective function, x is a vector containing the n parameters of the analytical model, gi(x)
and hi(x) are the inequality and equality constraints of the problem, xk min and xk max are the boundary
constraints. The optimization problem can either be constraint or not.

Generally, the optimization algorithms are conceived to converge to the minimum of the objective
function f(x). Therefore, if the objective function must be maximized, a new objective function can be
defined in either of two ways:

fmin(x)
{ −f(x) a)

1
f(x) b) . (3.2)

The solution a) is privileged and can be used without particular precautions in motor design. The solution
b) can generate end precision problems in the case of very high numbers.

Pro@design treats mono objective functions and gives the nearest minimum solution of the xk initial
values of the problem definition, i.e. it gives the local minimum and not the global minimum. To avoid
this problem and to find the global minimum, several optimizations are made by varying the initial
conditions. This aspect is automatically generated by the optimization software Pro@design.

Furthermore, the version of Pro@design used for this thesis does not consider a set of integer numbers
for the xk parameters. Therefore, the winding must be defined separately.

3.5.2 Optimization Methodology

Optimization softwares can be used to optimize a new design or to improve the performance of an
existing design. The approach for these two problems is the same and it is presented schematically
on Fig. 3.4. The outputs of an optimization problem are the geometry parameters and the electrical
quantities. The first step is to define the global analytical model of the problem. In the case of motor
designs, the global model is composed of specific models as a magnetic model, a thermal model, a
mechanical model and a cost model. Depending on the goal of the optimization, some of these specific
models can be omitted to build the global analytical model, e.g. for a space project the price can be
omitted and therefore the specific economical model is not introduced in the global model. These specific
models are introduced in Chapters 4 and 5.

The resolution of an optimization problem can be separated in several steps:

1. definition of the optimization target(s);

2. definition of constraints due to optimization objectives;

3. definition of the motor parameters, i.e. definitions of the most important variables for the motor
design;
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4. research of the initial conditions for the optimization algorithm;

5. first optimization with a simplified analytical model;

6. optimization with an accurate analytical model;

7. optimization analysis;

8. design choice;

9. FEM control and definition of the final motor parameters.

The relevant points of the proposed optimization process are discussed more in details in the follow-
ing subsections.

3.5.2.1 Optimization Constraints

The optimization constraints arise from three distinct aspects: constraints due to the validity domain of
analytical models, geometrical and electrical constraints specific to the motor type and constraints due to
optimization objectives. These last constraint are used to realized a pseudo multi objective optimization.

Some constraints give the validity domain for each model (magnetical, thermal, mechanical, etc.)
and they are imposed by the analytical models. These constraints are useful in order to keep the global
analytical model as precise as possible. They are the bounds of the problem and are called the bound
constraints.

The constraints due to the motor geometry or to electrical reasons can be inequality or equality
expressions. For example, the air gap in a motor is often limited to a minimum value for guidance reasons
or tolerance reasons, becoming therefore an equality constraint. Some other geometrical constraints, as
for example the slot opening, the wire diameter, etc. , are introduced as inequality constraints. These
constraints are named the constructive constraints.

The last constraints are due to the optimization objective [36]. Since the used program is mono
objective, it is sometimes interesting to constraint some other parameters in order to obtain an optimiza-
tion result which fulfills the specifications. These are the objective constraints. In some cases, several
parameters are regrouped to form the objective function. Therefore, the objective constraints could be
suppressed.

3.5.2.2 Choice of the Optimization Parameters

The choice of the optimization parameters is very important and not always straightforward. This choice
is very useful in order to reduce the complexity of the problem and to permit a better understanding of the
optimization result. Indeed, if too many parameters are used, the result cannot be efficiently analyzed and
therefore the tendency would be to adopt the optimization result without analysis of the other parameters.
Moreover, too many parameters risk to increase the number of local minima and therefore it increases
the possibility to converge to a local optimum not corresponding to the best one. Even if this drawback
can be avoided by changing the initial conditions of the problem, it is however recommended to limit as
possible the number of parameters. As an example, in Section 4.7.1, the number of turns per coil N can
be chosen arbitrary and adapted once the design is optimized.

The choice of the most important parameters can be made using the method called design of experi-
ments, which calculates the effect of the parameters and their interactions on the objective function. This
method can be time consuming and is not very useful if the problem is well-known. In motor design,
the most important parameters can be deduced from the experience. A non exhaustive list of the most
relevant parameters in the case of a toothed motor are:
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• the magnet properties and its height;

• the pole pitch;

• the slot and tooth dimensions;

• the winding configuration (number of slots per pole);

• the yoke height;

• the convection coefficient;

• the working rating point (Force, speed, etc.);

• the supply and control strategy.

3.5.2.3 Determination of the Initial Conditions

Due to local minima, the definition of the initial conditions of the problem is critical. Depending on
the optimization program, the initial conditions must be in the problem domain, i.e. they must produce
a solution where the motor parameters are located between the bound and the constructive constraints.
The software Pro@design offers the possibility to begin the optimization even if the initial conditions
lead to a solution situated outside the bound constraints.

Initial conditions can be obtained either with a short analysis of a simplified model or from an existing
design in the case of the optimization of a realized motor.

3.5.2.4 Optimization and Objective Function

As presented on Fig. 3.4 the optimization can be performed in two stages. The first optimization on a
simplified global model allows to find the geometry sensibility on the performances and to have therefore
a better overview of the problem. This simplified global model allows the possibility to easily analyze
the optimization result and gives the first interesting directions to follow in order to find the optimum.
This step, more or less useful depending on the complexity of the problem, permits also to determine the
initial conditions of the second step. The second optimization is performed with a more complex model
and the initial conditions are close to the optimum avoiding therefore as far as possible local minima.

The choice of the objective function depends of course on the optimization objectives and is realized
for the motor working point. Since the used program is mono objective, a tendency is to combine several
parameters to form the objective function. Such an approach must be used with care. The use of a sum
of several quantities, as proposed by [37], can lead to inappropriate results if the summed quantities
are not of the same order of magnitude. To avoid this problem, it is recommended to normalize the
quantities [38]. For example, if the efficiency and the cost must be combined to form an objective
function, the formulation would be equal to:

Fobj =
Costref

Cost
+

η

ηref
kweight. (3.3)

kweight is a weighting factor.
To avoid these problems of quantity combinations it is preferred to have a simple objective function

and to limit the objective constraints. For the previous example, the better way would be to define the
objective function as equal to the cost and to constraint the efficiency to a minimum value, permitting
therefore to easier analyze the result cost.
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This last approach is used in this thesis since it is more robust than the other methods. If the motor
has several distinct working points, several optimizations for each point must be made and the final
motor design will be a compromise between these optimizations by favoring the one corresponding to
the nominal working point of the motor. Another approach proposed in [39] consists to duplicate all the
parameters by the number of working points. This approach is very useful for motor design with several
working points. For example, if a given motor must work at two different speeds, the function efficiency
can be doubled in order to constraint a minimum efficiency for the two working points.

3.5.2.5 Optimization Analysis

It is interesting to optimize the same motor under several constraints and several objective functions.
Such an approach is needed since the final motor design is always a compromise between several quan-
tities, as for example mass and efficiency. Therefore, mono objective program can produce some results
which can be analyzed as the results of a multi objective program. Therefore, Pareto curves are used to
analyze the optimization results.

The definition given by [40] is the following:
"Pareto-optimization technic is set forth for solving the multi objective optimization problem in a

parametric fashion resulting in a set of optimal solution from which an appropriate compromise design
can be chosen, based on the preference of the designer. A feasible solution is Pareto-optimal if there
exists no other feasible solution that yields an improvement in any of the component design objectives
without causing a decrease in at least one other criterion".

The principle to obtain a Pareto-curve can be summarized in four steps for a bicriterial optimization:

1. choice of the two main objectives (two objective functions, f1 and f2);

2. separated optimizations of the two objective functions, defining the limits of the Pareto-curve;

3. research of the Pareto-curve by several additional optimizations;

4. compromised choice of the final solution.

The step three can be achieved in two ways. The first one is to use an objective function similar to
(3.3) by including a weighting factor which for the presented example becomes:

Fobj = kweight
Priceref

Price
+ (1 − kweight)

η

ηref
. (3.4)

The weighting factor kweight varies from 0 to 1. The second approach is to chose one of the two
objective functions and to constraint the second in order to obtain the Pareto-curve. Such a curve is given
on Fig. 3.5, for an example case where the efficiency must be maximized (f1) and the weight minimized
(f2).

At last, the final solution is chosen from the Pareto-curve.

3.5.2.6 FEM Validation

Once the optimized solution is defined, the motor is validated by the FEM program. If the analytical
solution and the FEM model are not in agreement, an iterative process is introduced to correct the model.
When the analytical optimization is consistent with the FEM results and when all the n motor types are
optimized, the design can proceed to the next step which is the motor comparison.
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Figure 3.5: Pareto-curve for the optimization of two criteria: the motor weight and the efficiency.

3.6 Comparison Methodology

Once the first steps of the motor design methodology have been performed (Fig. 3.2), the selection of
the most suitable motor for the application can be made. This stage is crucial and must be performed
with care. Flow chart presented on Fig. 3.6 gives the steps needed to perform a good comparison and
therefore a judicious motor choice. This figure introduces the notion of figures of merit which is the
basis of the comparison approach. The motor choice can be performed in several stages (two in the case
of the Fig. 3.2) as it is explained in Section 3.6.3. Before this step, the conditions required to perform a
relevant motor comparison are introduced in Section 3.6.1 and the concept of figures of merit is discussed
in Section 3.6.2.

3.6.1 Conditions for a Relevant Motor Comparison

Several conditions need to be fulfilled in order to perform a relevant comparison:

1. the constraints on the motor main parameters must be the same;

2. the hypothesis taken for one motor must have the same consequences for the other. It means that
to perform a relevant comparison, the precision of the various motor models must be of the same
order;

3. motors must have the same objective function to be compared.

These three points allow to obtain a relevant comparison. If one of these points is not respected and
the obtained results are close, the comparison must be made with care.

3.6.2 List of Main Figures of Merit

The factors (or figures) of merit represent a way of comparison for the choice of the motor for an ap-
plication. They can take into account electrical, magnetical, mechanical or also financial aspects. These
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Motor variants

Optimized motor variants

Choice of the most adapted 
optimized motors

Motor type 1 Motor type 2 Motor type 3 Motor type n

Optimization process for all the n pre-selected variants. Optimizations are made under
the same hypothesis for all motor variants.

Motor type 1 Motor type 2 Motor type 3 Motor type n

Motor comparison and selection of the most adapted motors for the application. 
Comparison made with figures of merit.

Motor type yMotor type x

Last motor choice. Introduction of aditionnal figure of merits.
(This step is optional and can be supressed if the previous choice

permits to define the final solution)

Motor type x

Figure 3.6: Flow chart of the comparison process between the n preselected variants from Fig. 3.2.

factors can be given either with quantifiable values (weight, power per weight, etc.) or by appreciation
values (complexity of maintenance, robustness of the solution, etc.).

An inexhaustive list of factors for the motor choice is presented in the following subsections [41].
They are divided in two groups. The first one is related to the motor and the second one is more adapted
to mechanical aspects. This list of figures of merit is only introduced to give an idea of the possible
factors. They are not all used for a comparison approach and several other can be added.

3.6.2.1 Motor Figures of Merit

These factors can be for example:

• massic propulsion force;

• surfacic propulsion force;

• magnetic field density in the air gap;
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• cogging force divided by the propulsion force;

• efficiency multiplied by power-factor;

• motor constant (propulsion force divided by the square root of copper losses), etc.

These factors are often combined factors of several motor quantities. The first three factors are
straightforward. The cogging force divided by the propulsion force gives an idea of the perturbation level
introduced by the cogging force. The last factor, motor constant, gives an idea of the motor efficiency
since it represents the propulsion force divided by the square root of copper losses or the square root of
copper and the iron losses. This factor is unfortunately not linear since it depends on the saturation of
the motor as well as its heating.

3.6.2.2 Guidance Figures of Merit

These factors can be for example:

• robustness;

• complexity of maintenance;

• maintenance cycle;

• installation complexity;

• life cycle of guidance;

• mean time between failures;

• cost of the guidance system, etc.

All these figures of merit are appreciation factors and have therefore only sense for a comparison ap-
proach. They are directly in relation with other quantifiable values such as e.g. the attractive force.

3.6.3 Motor Comparison

The chosen approach to compare motors consists to build a comparative table regrouping the most rele-
vant figures of merit and results for the studied application. A straightforward comparison of the motor
variants based on the selected figures of merit, often allows the elimination of several motor types. If this
first comparison does not allow to keep only one motor type, other figures of merit can be added to make
the final choice between the remaining motors. If the final choice is not straightforward, the figure of
merits can be level-headed as it is proposed by [42]. The use of level-headedness factor should permit an
automatization of the motor choice by comparison. However due to compromises which must be made,
it is suggested to perform the comparison avoiding an automatic process.

3.7 Conclusions

The method chosen to design motors in this thesis is an indirect method based on a constraint determinis-
tic optimizer using analytical models. The optimization process uses a sequential quadratic program and
the chosen software permitting such an approach is Pro@design. The design method requires a global
model which regroups, in this thesis, a mechanical model, a thermal model and a magnetic model. An
optimization based on analytical models offer the advantage to be less time consuming than a numerical
optimization.
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The introduction of Pareto-curve is useful in some cases where the specifications are not clearly
defined or if they are introduced so that a compromise between several values has to be made. On the
contrary, if the specifications and the objectives are clearly defined such an approach is not need.

The proposed design methodology will be applied on the case studied in Chapter 7 and will define the
best optimized motor for the lift application. This innovative method based on comparison of optimized
motors differs from the conventional methods based on determinist approach which is usually applied in
motor design.

The presented approach to design motors was introduced in a general way. Therefore, it is also valid
for rotative motors and can be applied when another optimization program is used.



Chapter 4

Linear Motor Models

4.1 Introduction

Nowadays, a lot of publications are related to motor design with FEM programs, which implies in most
cases a determinist approach. Although recent FEM softwares include optimization algorithms, they
have the drawback to be slow and not straightforward to use. Therefore, an analytical optimization is a
good approach to rapidly pre-design motors. In order to apply analytical optimizations, several motor
models are introduced in this chapter.

First, the magnetic models are discussed (Sections 4.2 to 4.6). These models are useful to analytically
calculate the motor parameters such as the force, the efficiency, the induced voltage, etc. The mmf of
each magnetic ways (MaW) type are separately analyzed. The notion of equivalent point current to
modelize the PM are used.

Then, the motor supply is presented in Section 4.7.3. This model is important in order to make the
link between the motor and its supply.

Finally, the motor material costs are discussed in the last part of the chapter in order to give an order
of magnitude of the material cost.

The analytical modelling is done with two goals: low and high accuracy level. The former is per-
formed in order to determine the properties of the motor type, its main advantages and drawbacks. This
approach is used when a rapid optimization of the motor is desired or to determine the initial conditions
for an optimization using the high accuracy and more complex model. The difference between these two
analytical models and their applications has been presented with more details in Chapter 3.

As mentioned, each model is validated by comparison with FEM simulations.

4.2 Magnetic Way Models, mmf Calculation

The excitation of all presented MaW is produced by PM and they are modelled applying the same ap-
proach. It consists in substituting the parallelepiped magnets by equivalent point currents or by equivalent
current densities, as it was presented in Section 2.4.1.

Therefore, to model PM the flux density distribution in the air produced by a point current or by a
current density must be known. These aspects will be studied in Sections 4.2.1 and 4.2.2 and are used
to build the analytical models of the magnetic ways. Three different configurations to determine the flux
density produced by a point current are studied:

1. a point current in the air;

2. a point current placed above an ideal infinite iron plate;

39
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3. a point current between two ideal infinite iron plates.

The flux distribution and the potential vector due to a point current in the air are calculated using
(2.9) and the Maxwell’s law (2.11) under the following assumptions:

• iron parts have an infinite relative permeability (μrir = ∞);

• plates have an infinite length and width;

• magnets have a relative permeability equal to 1 (μrpm = 1).

4.2.1 Flux Distribution in the Air Produced by a Point Current

The presented geometries are two-dimensional.

Configuration Without Iron Parts

For this case the flux distribution in the air is directly obtained from the Maxwell’s equation (2.11).
The coordinate system is in this case defined as shown on Fig. 4.1.

y

x

I

xo

yo

z

Figure 4.1: Conductor placed in the air at the position (x0, y0) with the current flow I .

The flux density at the point (x, y) is given by:

BI(x, y) =
μ0 · I
2π

· − (y − y0) + j · (x − x0)
(x − x0)

2 + (y − y0)
2 . (4.1)

The vector potential is calculated using (2.9) and therefore is equal to [43]:

AI(x, y) = −μ0 · I
2π

ln
(√

(x − x0)
2 + (y − y0)

2

)
. (4.2)

Configuration With an Iron Plate

For a conductor above an ideal iron plate (Fig. 4.2), the flux density distribution and the potential
vector can be calculated using (4.1) and (4.2) and applying the image theory [44].

The two components of the flux density distribution for the x-component and for the y-component
are given by:

Bx I1pl
(x, y) =

μ0 · I
2π

[ −y + y0

(x − x0)
2 + (y − y0)

2 +
−y − y0

(x − x0)
2 + (y + y0)

2

]
, (4.3)
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Figure 4.2: Conductor above an infinite plate with the current flow I at the position (x0, y0).

By I1p (x, y) =
μ0 · I
2π

[
x − x0

(x − x0)
2 + (y − y0)

2 +
x − x0

(x − x0)
2 + (y + y0)

2

]
. (4.4)

The complex form of these equations is given in [45]. For the vector potential, the equation is:

A(x,y) = −μ0 · I
2π

[
ln
(√

(x − x0)
2 + (y − y0)

2

)
+ ln

(√
(x + x0)

2 + (y + y0)
2

)]
. (4.5)

Configuration Between two Iron Plates

This configuration is described on Fig.4.3.

y

x

I

xo

yod

Figure 4.3: Conductor with the current flow I in the position (x0, y0) between two infinite plates separated by a
distance d.

Applying the image theory is more complex in this case because each image produces another image
in the opposite plate, resulting in a complex sum of current contributions [44]. In this topology, the
results for the two components of the flux density are:

Bx I2p (x, y) =
μ0 · I
4 · d

[
sin π·(y−y0)

d

cosh π·(x−x0)
d − cos π·(y−y0)

d

+
sin π·(y+y0)

d

cosh π·(x−x0)
d − cos π·(y+y0)

d

]
, (4.6)

By I2p (x, y) = −μ0 · I
4 · d

[
sinh π·(x−x0)

d

cosh π·(x−x0)
d − cos π·(y−y0)

d

+
sinh π·(x−x0)

d

cosh π·(x−x0)
d − cos π·(y+yo)

d

]
. (4.7)
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and for the potential vector:

AI2p (x, y) =
μ0 · I
4π

[
ln
(

cosh
π (x − x0)

d
− cos

π (y − y0)
d

)
+ ln

(
cosh

π (x − x0)
d

− cos
π (y + y0)

d

)]
.

(4.8)

4.2.2 Flux Density in the Air Produced by a Lineic Current

If several conductors with a current I are placed one beside the other in an ironless configuration, (4.1)
can be integrated either in the x-direction or in the y-direction in order to find the flux density in the air
produced by a lineic current density Js, as presented on Fig. 4.4 for the two configurations.

(x,y)

yp

yp+hj

Jsy

xp x

y

(x,y)

yp

xp+lj

Jsx

xp x

y

a) b)

Figure 4.4: Lineic current density in the air, distributed along a height hj (a) and along a length lj (b).

If the lineic current density, distributed along the height hj is parallel to the y-axis, the flux density
at the point (x,y) in the air becomes for the x and y-directions:

Bx Jsy(x, y, xp, yp) =
μ0 · Jsy

4π
ln

(
(x − xp)

2 + (y − yp − hj)
2

(x − xp)
2 + (y − yp)

2

)
, (4.9)

By Jsy(x, y, xp, yp) = −μ0 · Jsy

2π

(
arctan

(
y − yp − hj

x − xp

)
− arctan

(
y − yp

x − xp

))
. (4.10)

Similarly, if the lineic current density is parallel to the x-axis, and has a length lj the equations become:

Bx Jsx(x, y, xp, yp) =
μ0 · Jsx

2π

(
arctan

(
x − xp − lj

y − yp

)
− arctan

(
x − xp

y − yp

))
, (4.11)

By Jsx(x, y, xp, yp) = −μ0 · Jsx

4π
ln

(
(y − yp)

2 + (x − xp − lj)
2

(y − yp)
2 + (x − xp)

2

)
. (4.12)

When it is possible, the preference is given to lineic currents rather than a sum of point currents.

4.2.3 Single Sided Magnetic Way with Mounted PM

The magnetic way (MaW) shown on Fig. 4.6 is the simplest one to modelize. Therefore, it will be
studied more in details in order to explain several characteristics of magnetic ways. As the iron parts are
supposed ideal, the superposition principle is applicable for all MaW modelling.
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The flux density produced by a magnet above a plate, Fig. 4.5, is modelled using (4.9) for the x-
component and (4.10) for the y-component, respectively. These formulas are more adapted to modelize
a magnet compared to a sum of several point currents and has the advantages to be faster and to have a
better accuracy, since the flux density is not dependent on the number of point currents. The approach
to modelize a magnet above a plate is defined by two steps. The first one is to replace the magnet by
two current densities, as presented in Section 2.4.1. The second step is to apply the image theory and to
remove the iron plate. These two steps are represented on Fig. 4.5. The approach is only presented for
the y-component of the flux density which is mostly used to produce a force. The x-component can be
obtained by a straightforward analogy.

lpm

h p
m

+ -J pm J pm

lpm

h p
m

y

x

xc

Figure 4.5: Modelling approach of a magnet placed above an ideal iron plate.

Therefore, using (4.10) with the following substitutions;
yp = −hpm, hj = 2hpm due to the image theory, xp = xc − lpm/2 and Js = Jpm = Br/μ0 for left

side of the magnet and xp = xc + lpm/2 and Js = −Jpm = −Br/μ0 for the right side of the magnet,
the y-component of the flux density for one magnet is equal to:

By1pm(x, y, xc) =
μ0 · Jpm

2π

(
atan

(
y + hpm

x − xc − lpm

2

)
− atan

(
y − hpm

x − xc − lpm

2

)
+ (4.13)

+atan

(
y − hpm

x − xc + lpm

2

)
− atan

(
y + hpm

x − xc + lpm

2

))
.

Once the model of a magnet is obtained, the MaW model is straightforward to obtain. It consists to
substitute xc by xc ± k · τp in (4.13) and to alternate the magnetization direction of the magnets. For
example, the y-component of the flux density for a magnetic way with 6 PM (Fig. 4.6) is equal to:

By6pm(x, y) =
5∑

i=0

(−1)i+1 By1pm(x, y, xi) with xi = −2.5τp + i · τp. (4.14)

The analytical model of the flux density in both directions produced by the 6PM MaW is compared
to a FEM program. The obtained results are shown on Fig. 4.7 for the y-component and on Fig. 4.8 for
the x-component of the flux density. This FEM analysis is performed under the same conditions as the
analytical model, i.e. assuming an ideal infinite iron plate under the magnets. As shown, the analytical
model (circles) is in good agreement with the FEM for an ideal MaW model(cross). The analytical results
are also compared to a real MaW, i.e. the magnetic way length is no more infinite and the saturation in
the yoke is taken into account. In the presented example, the length of the magnetic way is equal to
six times the pole pitch. The comparison given on Fig. 4.7 shows that above the four magnets in the
middle of the MaW, there is no significant difference between the analytical model and the FEM. An
insignificant difference in amplitudes is due to the saturation in the yoke.
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Figure 4.6: Six PM magnetic way model.

For motors with a long stroke, i.e. with a high number of PM, it is recommended to model only a
part of the MaW, typically six PM, and to shift the function of the flux density above the two middle PM
in order to obtain the flux density along the whole MaW.

Generally, the motor should not travel above the last magnets of each end, in order to not disturb
the propulsion force due to the end effect. Nevertheless, if some constraints on the motor volume are
very restrictive, the motor must be able to work above the last magnets of each end. With the presented
analytical model (4.14), the end effects can be taken into account with a good accuracy, which is an
advantage compared to conventional approach using Fourier series. Furthermore, additional comparisons
were performed for different parameters of the MaW, validating the presented analytical model.
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Figure 4.7: y-component of the flux density 1 mm above a 6 PM magnetic way. Comparison between the analytical
model (full circles) and FEM simulation; ideal MaW (crosses), real MaW (full line).

To avoid the use of the sum in (4.14) each time when the flux density in the coordinate (x,y) must
be calculated, the flux density can be developed in Fourier series. The goal is to replace the useful part
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]

Figure 4.8: x-component of the flux density 1 mm above a 6 PM magnetic way. Comparison between the analytical
model (full circles) and an ideal MaW FEM simulation (line).

of the MaW by a Fourier series of a well known function. Three wave forms for the flux densities are
analyzed in order to find the best approximation; a square form, a pulsed form and a trapeze form (see
Appendix A). A good approximation is obtained using the fundamental of a pulsed form function, as
presented on Fig. 4.9. The amplitude B̂y for the pulsed function is equal to:

B̂y =

(
A(x,y) − A(x+τp,y)

) · wpm

lpm
, (4.15)

x

By

By

α

Figure 4.9: Flux density approximation of a MaW using a constant amplitude in the air. α is defined by (4.16)

The angle α in (A.6) corresponds, in edeg, to the distance between two consecutive magnets and is
given by:

α =
τp − lpm

2
· π

τp
. (4.16)

Then, the pulsed form can be decomposed with a Fourier serie and its first harmonic can be used in
order to design the motor. The comparison between the analytical model (4.14) decomposed in a Fourier
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serie, the approximation by a pulsed form and a FEM simulation called real MaW is given in tables
4.1, 4.2 and 4.3 for different configurations . For all presented results, the magnet height is hpm = 5 mm,
the distance between two consecutive magnets is τp − lpm = 2 mm and the pole pitch varies in relation
to the studied cases as given in the table caption.

Table 4.1: Harmonics comparison, τp = 30 mm, 1mm above the magnet surface.

Harmonic Analytical Real Approximative
order model MaW function

1 0.452 0.435 0.456
3 0.173 0.168 0.146
5 0.0793 0.0776 0.08
7 0.0395 0.0388 0.048
9 0.0196 0.0195 0.03

Table 4.2: Harmonics comparison, τp = 30 mm, 5mm above the magnet surface.

Harmonic Analytical Real Approximative
order model MaW function

1 0.297 0.284 0.27
3 0.048 0.046 0.086
5 0.0093 0.0089 0.0478
7 0.0017 0.0013 0.029

Table 4.3: Harmonics comparison, τp = 15 mm, 1mm above the magnet surface.

Harmonic Analytical Real Approximative
order model MaW function

1 0.54 0.52 0.513
3 0.11 0.108 0.141
5 0.0265 0.0253 0.052

Consequently, two models for the single magnetic way with mounted PM are given. The first model
is very precise and consists to model the magnet with point currents(4.13). This approach requires a
high number of calculations to define the flux density in a point (x,y) situated above the magnet surface.
Therefore, it is time consuming and increases the complexity during an optimization. To avoid this
problem, while maintaining a good approximation, a second model based on Fourier series has been
developed. The amplitude of the flux density to decompose in series is given using the flux flowing
through a magnet. This faster solution will be privileged for a motor pre-design since in this approach
the calculation time is more significant than the accuracy.

The problem of under-harmonics caused by the MaW ends and specific to linear motors can also be
analyzed with the proposed models. Indeed, the amplitude resulting of a decomposition in a Fourier se-
ries of the y-component of the flux density obtained for a 6PMs MaW (decomposition of the flux density
given on Fig. 4.7) is shown on Fig. 4.10. The fundamental of the useful part of the MaW is equiva-
lent to the harmonic 4. The under-harmonics have a relatively low level compared to the fundamentals
especially for a high number of magnets. Therefore, they can be neglected.
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Figure 4.10: Harmonic analysis of the flux density of a 6PM magnetic way. ν = 4 corresponds to the fundamental
of the useful part of the MaW.

4.2.4 Single Sided Magnetic Way with Opposite Yoke

Compared to the previous example of the magnetic way, this structure has a yoke in front of the magnets
(Fig. 4.11).

y

τp lpm

h p
m

x

d

Figure 4.11: 6 PM magnetic way with an infinite opposite yoke.

In this model, the magnet cannot be replaced by a current density because of the complexity to
integrate (4.6) and (4.7). Therefore, the magnets must be replaced by a sum of point sources, as shown
on Fig. 4.12.

xc

lpm

x

xc

lpm

x+I -I

y y

d d

Figure 4.12: Model of a magnet situated between two infinite ideal iron plates, with a number of point currents
Ny = 3.
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Using (4.6) and (4.7), with the current I equal to:

I =
Br

μ0
· hpm

Ny
, (4.17)

the components of flux density created by a magnet are determined as follows:

Bx 1pm 2p(x,y,xc,pos) =
Ny−1∑
i=0

(
Bx I 2p

(
x, y, xc − lpm,

hpm + 2hpm · i
2Ny

+ pos · (d − hpm)
)

−Bx I 2p

(
x, y, xc + lpm,

hpm + 2hpm · i
2Ny

+ pos · (d − hpm)
))

, (4.18)

By 1pm 2p(x,y,xc,pos) =
Ny−1∑
i=0

(
By I 2p

(
x, y, xc − lpm,

hpm + 2hpm · i
2Ny

+ pos · (d − hpm)
)

−By I 2p

(
x, y, xc + lpm,

hpm + 2hpm · i
2Ny

+ pos · (d − hpm)
))

, (4.19)

with pos being equal to 0 if the magnet is stuck on the lower plate and equal to 1 if the magnet is
stuck on the upper plate.

Simulations with several PM heights and pole pitches have been made to define an ideal number of
point currents permitting a good evaluation of the flux density and a low calculation time. As a result, a
number of Npc = hpm/3 · 10−3 is adopted as being a good compromise.

By analogy to (4.14), the analytical model of a magnetic way with a number of magnets Npm is given
by:

Bx Npm(x, y) =
Npm∑
i=0

(−1)i+1 Bx1pm 2p(x, y, xi, 0), (4.20)

By Npm(x, y) =
Npm∑
i=0

(−1)i+1 By1pm 2p(x, y, xi, 0), (4.21)

with xi = −Npm − 1
2

τp + i · τp. (4.22)

The comparison with a FEM program showing the good accuracy of the model is presented on
Fig. 4.13.

In order to reduce the calculation time, two approaches are presented. The first one is to model the
flux density using Fourier transformations of a function presented in Appendix A. As for the single
magnetic way, the Fourier transformation of the pulsed form is better adapted to model the MaW. The
amplitude is calculated using (4.15).

The second approach is to use directly the pulsed form, Fig. 4.9, to model the y component of the
flux density and to determine the amplitude Â by applying the Ampere’s law (2.19):

B̂y =
Br · hpm

d · μr pm − hpm (μr pm − 1)
, (4.23)

Br and μr pm are the PM characteristics.
This approach is only valid when the flux leakage path length is shorter than two times the linkage

flux path length (Fig. 4.14). Therefore, the following inequation must be satisfied:

d � π

2

(
ε · lpm +

τp − lpm

2

)
+ hpm. (4.24)
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Figure 4.13: Comparison of the flux density in the middle of the air gap (d−hpm)/2 (d = 14·10−3, hpm = 4·10−3

and τp = 30 · 10−3).

Figure 4.14: Leakage between two consecutive magnets.

Furthermore, by assuming μr pm = 1 and by introducing a leakage factor σf taking into account
the flux coupling between two consecutive PMs, the following expression is obtained:

B̂y = Br · 1
d−hpm

hpm
+ σf

(4.25)

σf is given for several air gap heights in [11]. It varies from 1 to about 1.08 for an air gap height
from 0.2 to 3 mm, respectively.

Three different analysis are presented to valid the models. The two first cases are done with a magnet
height of hpm = 5 mm, and an air gap of d = 10 mm, whereas the last case is with a magnet height
hpm = 2 mm and an air gap of d = 5 mm. The distance between two consecutive magnets is τp−lpm = 2
mm with a pole pitch varying following the cases as given in the table captions. These comparisons are
made using Fourier series. For this reason the approximation with a constant amplitude of the flux density
along the magnet length cannot be compared using this approach.
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Table 4.4: Harmonics comparison 1mm above the magnet surface, τp = 30 mm and d = 10 mm.

Harmonic Analytical Real Approximative
order model MaW function

1 0.483 0.469 0.487
3 0.163 0.164 0.155
5 0.074 0.078 0.085
7 0.0344 0.0395 0.052
9 0.0152 0.0198 0.032

Table 4.5: Harmonics comparison 5mm above the magnet surface, τp = 30 mm and d = 10 mm.

Harmonic Analytical Real Approximative
order model MaW function

1 0.372 0.362 0.337
3 0.0475 0.0485 0.107
5 0.0083 0.0097 0.058

Table 4.6: Harmonics comparison 2.5mm above the magnet surface, τp = 20 mm and d = 5 mm.

Harmonic Analytical Real Approximative
order model MaW function

1 0.398 0.386 0.377
3 0.064 0.065 0.113
5 0.0133 0.015 0.054

As for the single sided magnetic way, the Fourier transformation is a good solution to build a simple
and precise model.

The yoke height is calculated with the Ampere’s law (2.19) and the flux conservation (2.11) by
assuming that the magnet mmf is much higher than the coil mmf. Therefore, the result to calculate the
height of the yoke is calculated as:

hyoke =
Br · lpm · hpm

Byoke (μr pm (d − hpm) + hpm)
. (4.26)

Byoke is the flux density in the yoke. This value must be chosen in order not to over saturate the yoke.
Typically, the value is situated in the knee of the iron saturation curve.

For a motor pre-design, the relation (4.23) is privileged for its simple implementation. For a more
precise design, the relation (4.22) gives better results.

4.2.5 Double Sided Magnetic Ways

The results obtained with the single sided MaW with opposite yoke can be used to investigate a double
sided magnetic way (Fig.1.4). Therefore, magnets are modelled by a sum of Ny point currents distributed
along the magnet height hpm, as presented on Fig. 4.15.
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Figure 4.15: Distance between two consecutive point source to model the magnet.

The flux densities for a double sided magnetic way are equal to:

Bx Npm(x, y) =
Npm∑
i=0

Bx1pm 2p(x,y,xi,0) (4.27)

+
Npm∑
i=0

Bx1pm 2p(x,y,xi,1)

By Npm(x, y) =
Npm∑
i=0

By1pm 2p(x,y,xi,0) (4.28)

+
Npm∑
i=0

By1pm 2p(x,y,xi,1)

The height of the yoke is calculated with a lumped magnetic scheme and is equal to:

hyoke =
2 · Br · lpm · hpm

Byoke (μr pm (d − 2hpm) + 2hpm)
. (4.29)

The difference between the analytical model of the flux density in the y-direction and the FEM program
is represented on Fig. 4.16 with a distance between the two plates d = 10 mm, a magnets height of
hpm = 4 mm and a pole pitch τp = 30 mm.

As for the previous magnetic way, the y-component of the flux density can be modelled by a pulsed
form (Fig. 4.9) with an amplitude equal to:

B̂y =
2 · Br · hpm

d · μr pm − 2 · hpm (μr pm − 1)
. (4.30)

4.2.6 Halbach Array

Halbach array (HA) has the particularity to enhance the flux on one side (strong side) and to weaken the
flux on the other side (weak side). In contrast with others MaW, Halbach array does not need a yoke to
close the flux path between two magnets. This implies a reduction of the MaW weight [46]. Halbach
array can also be either double sided or single sided (Fig. 1.4). The former is used with no ferromagnetic
material and coils often travel between the two magnet arrays. Therefore (4.9), (4.10),(4.11) and (4.12)
can be used to define the flux density in the air produced by a lineic current. The later, can be used with
a toothless or a toothed motor. In these cases, the theory of images must be used.

Here, only the model of a single sided MaW in the air is given (Fig. 4.17), in order to give the
methodology to model a HA. The approach consists to replace all the magnets by their equivalent current
density, parallel to their magnetization direction.
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Figure 4.16: Comparison of the flux density on the air gap at the distance d/2.
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Figure 4.17: Methodology to model a 5 PM Halbach array.

Therefore, the analytical model for the x-component and the y-component of the flux density of a
HA with five PM are given by:

Bx HA = −Bx Js My(x,y,−lpmy−0.5·lpmx ,0) + Bx Js My(x,y,−0.5·lpmx ,0) + Bx Js My(x,y,+0.5·lpmx ,0) (4.31)

−Bx Js My(x,y,+lpmy +0.5·lpmx ,0) + Bx Js Mx(x,y,−lpmy−1.5·lpmx ,0) − Bx Js Mx(x,y,−0.5·lpmx ,0)

+Bx Js Mx(x,y,0.5·lpmx+lpmy ,0) − Bx Js Mx(x,y,−lpmy−1.5·lpmx ,hpm) + Bx Js Mx(x,y,−0.5·lpmx ,hpm)

−Bx Js Mx(x,y,0.5·lpmx+lpmy ,hpm),

By HA = −By Js My(x,y,−lpmy−0.5·lpmx ,0) + By Js My(x,y,−0.5·lpmx ,0) + By Js My(x,y,+0.5·lpmx ,0) (4.32)

−By Js My(x,y,+lpmy +0.5·lpmx ,0) + By Js Mx(x,y,−lpmy−1.5·lpmx ,0) − By Js Mx(x,y,−0.5·lpmx ,0)

+By Js Mx(x,y,0.5·lpmx+lpmy ,0) − By Js Mx(x,y,−lpmy−1.5·lpmx ,hpm) + By Js Mx(x,y,−0.5·lpmx ,hpm)

−By Js Mx(x,y,0.5·lpmx+lpmy ,hpm).

The flux density distribution obtained with a FEM program is given on Fig. 4.18.
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Figure 4.18: Flux distribution for a 5 PM Halbach array.

The comparison between the analytical model and the FEM program is shown on Fig. 4.19 for the
strong side and on Fig. 4.20 for the weak side. The comparisons are made in a distance of 1 mm above
magnets.
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Figure 4.19: Flux density (1mm above PM) comparison between the analytical model and the FEM program for
the strong side of a HA (hpm = 8 · 10−3, lpmx = lpmy = 15 · 10−3).

These figures show that the agreement between both methods is very good.

Depending on both magnet lengths lpmx and lpmy, the form of the flux density can vary from a sine
form to a square form. Therefore, in order to keep a rather good precision, it is decided not to develop a
simplify model based on Fourier transformation.
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Figure 4.20: Flux density (1mm under PM) comparison between the analytical model and the FEM program for
the weak side of a HA (hpm = 8 · 10−3, lpmx = lpmy = 15 · 10−3).

4.2.7 Conclusion

In general, two analytical models are proposed to modelize a MaW. The first one, based on the sum of
point currents, is a very accurate one, but complex. In order to perform a much efficient optimization
in term of calculation time, an alternative model is generally proposed. It consists in using the Fourier
transformation or in modelling the flux density with a simple form such as pulsed or square form (as
introduce in Appendix A. This last simplification gives only good results with a double sided MaW or
with a single sided MaW with opposite yoke.

To summarize this section, all the formulas used to model a MaW are listed in Table 4.7 for the
accurate model and the simplified model(s).

Table 4.7: Equations used to model the MaW.

By By By Bx

Accurate Simplified Simplified Accurate
model (Fourier) (Pulsed form) model

Single sided MaW with mounted PM (1.13),(1.14) (1.13),(1.14) — (1.9),(1.14)
(A.6)

Single sided MaW with opposite yoke (1.19),(1.21) (1.15),(1.16) (1.23) (1.18),(1.20)
(A.6) (A.6)

Double sided MaW (1.19),(1.27) (1.15),(1.16) (1.29) (1.18),(1.26)
(A.6) (A.6)

Halbach array (1.29) — — (1.28)
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4.3 Winding Configurations and Models

There are not numerous scientific papers related to motor windings and more particularly to linear motor
winding; therefore, the goal of this chapter is to give a method as general as possible to define wind-
ings [47, 48, 49].

4.3.1 Winding Factors

Each winding is characterized by its winding factor νkw. It consists of three relative coefficients: the
pitch factor νks, the distribution factor of the coils νkz and the skewing factor νksk. A fourth factor is
introduced in the thesis, the distribution factor of the turns νkzc, which is used in some particular cases
(toothless and ironless motors). It can be added or included in the distribution factor of the coils kz . All
these factors depend on the harmonic number ν related to the pole pitch. Geometrical parameters of a
coil, useful to define the winding, are given on Fig. 4.21. Other characteristics defining a coil are: its
height hcoil which does not influence the active surface, the number of turns per coil N , the diameter of
the wire dcu and the copper filling factor kcu.

For all motor designs, it is assumed that the straight part of the coil is equal to the magnet width wpm.

lint

w
pm

lcoil

Magnet

τp

Figure 4.21: Coil sizes: lcoil is the length of the coil, lint is the length of the intern turn and wpm is the active part
width of the coil.

These winding factors are related to the flux produced by the PM and crossing the winding. They are
obtained by comparison with a coil having a coil opening equal to one pole pitch.

The first step is to find the emf for one conductor travelling at the speed v above a sinusoidal flux
density distribution. The emf will be also sinusoidal and it is equal to:

νemfcond =ν B · wpm · v. (4.33)

ν is the harmonic number of the Fourier series of the flux density B.
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Thereafter, the emf of two conductors connected in series and separated by a pole pitch can be
calculated as:

νemfturn = 2 ·ν emfcond (4.34)

since each conductor is in front of the same flux density amplitude. Now, if the two conductors are
separated by a coil opening s smaller than one pole pitch (Fig. 4.22), the induced voltage in (4.34) must
be corrected by the pitch factor νks equal to:

νks =
∣∣∣∣sin(ν

s

τp

π

2

)∣∣∣∣ , (4.35)

with s the distance, taken in the middle of a slot, separating the forward conductor of the return conductor.
Although, all the turns of a coil have not the same length, the assumption that the two conductors of a
turn are separated by a distance s can be made, since all turns are connected in series.

s

γ

Figure 4.22: Shifted value γ between two consecutive turns with a coil opening s.

s =
{

lcoil
2 + lint

2 : for a toothless motor
τn : for a toothed motor

. (4.36)

Furthermore, if the coil is composed of several turns as illustrated on Fig. 4.22, two consecutive turns
are separated by a shift value γ. This value produces a shift difference between the induced voltages
generated in the wires. The distribution factor of the turns νkzc permits, in particular cases, to take into
account this phase difference. This factor depends on the harmonic number ν and it is equal to:

νkzc =
sin
(

νNxγ·π
2τp

)
Nx sin

(
νγ·π
2τp

) . (4.37)

Nx is the number of wires in the x-direction (Nx = 16 for the case presented on Fig. 4.22).
In some cases, a same phase has several coils separated by a length γc as shown on Fig. 4.23.

γc

1 2 Ncs

Figure 4.23: Phase difference γc between Ncs coils of the same phase in serie.
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If γc is not a multiple of τp, a phase difference appears between these coils. Therefore, the induced
voltage of the coils belonging to the same phase can only be vectorially summed. The distribution factor
of the coils νkz allows to consider this aspect. This factor is, by analogy to (4.38), equal to [50]:

νkz =
sin
(

νNcsγc

2

)
Ncs sin

(νγc

2

) . (4.38)

Ncs is the number of coils in series and ν an odd number.
The cogging force can be minimized in some applications by skewing either the PM or the stator

teeth by an angle α, as shown on Fig. 4.24. As a result, the flux linkage and hence the back emf are
altered. The skewing factor νksk takes this effect into account [51]. It is given by:

νksk =
sin
(

ν·α
2

)
ν·α
2

. (4.39)

α

Figure 4.24: MaW skewed by an angle α.

Therefore, by introducing (4.35), (4.37), (4.38) and (4.39) into (4.34) the induced voltage of a coil
becomes:

νemfcoil =
∑
N

νemfturn ·ν ks ·ν kzc ·ν kz ·ν ksk =
∑
N

νemfturn ·ν kw. (4.40)

The emf is proportional to the winding factor νkw. Its maximum value is equal to one and it is only
reached in some particular cases as explained in the following chapters.

4.3.2 Winding Possibilities

Windings are divided in two groups: concentrated windings and distributed windings. To classify them,
the number of slots Ns per pole per phase q is introduced:

q =
Ns

m · Np
. (4.41)

In this approach, only three phase windings (m = 3) are analyzed which implies a number of slots
multiple of 3. Furthermore, linear motors can have an odd number of Np poles, contrary to rotative
motors where the number of poles must be even (2p).

These two constraints, Ns = k · m and Np integer, are the two entrances of a table which defines all
the winding possibilities. The table of all feasible configurations can be obtained by following several
steps, as it is presented in this section.
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If the condition:
Ns

m · GCD (Ns, Np)
= k, k integer, (4.42)

is satisfied, where GCD is the highest common divisor, a m phases winding can be built for this combi-
nation of Np and Ns. The number of slots is defined by analogy to a rotative motor.

This first step permits to build a table containing all the possible windings. For example, Table 4.8
gives all possibilities for Np � 4 and k � 4.

Table 4.8: Three phases winding possibilities, generated in relation with (4.42).

Np\Ns 3 6 9 12 . . .
1 � � � � . . .
2 � � � � . . .
3 × × � × . . .
4 � � � � . . .
...

...
...

...
... . . .

Before going further on, the geometry of a toothed motor is introduced. The supply part is composed
of a stack of magnetic laminations with a number of slots Ns and number of teeth Nt, generally equal to:

Nt = Ns ± 1. (4.43)

The dimensions of the supply part are given on Fig. 4.25.

lm

h
m

lslt

h
t

nτ

Figure 4.25: Geometrical parameters of the supply part.

As mentioned previously, q permits to classify windings in two groups. To define its minimum value
several assumptions are made. It is supposed that the tooth length and the slot length are equal and that
the tooth length is smaller than the pole pitch. Therefore, the minimum number of slots per pole per
phase must be higher than:

q >
1

2 · m (4.44)

implying:
Ns > Np/2. (4.45)

This approach of finding all the combinations of Np and Ns suitable for a three phase winding is
summarized in a schematic scheme shown on Fig.4.26.

Thereafter, winding configurations are separated in two groups [52]:

1. concentrated, i.e. non-overlapping, windings;
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2. distributed, i.e. overlapping, windings.

Motors with a concentrated winding have q � 0.5, implying a distance between two consecutive
teeth equal or higher than 120 electrical degree (edeg). Nevertheless, a winding with a q> 0.5 can also be
mounted with concentrated coils, but the winding factor 1kw will not be higher than 0.866, generating a
low force density.

Np= integer Ns=k m

m=3
(4.42)

q>1/6

Concentric 
windings

Distributed 
windings

q>0.5
YesNo

N

N

Figure 4.26: Schematic of all the combinations of Ns and Np occurring to a feasible three phase winding.

These two winding possibilities, concentrated and distributed, are presented in more details in the
following sections.

The number of slots and poles has also an impact on the cogging force [53] as presented in Sec-
tion 4.3.3 and on the copper losses, Section 4.3.4.

4.3.2.1 Concentrated Windings

To maximize the efficiency of the motor and to reduce the copper losses, it is advantageous to have
short end-windings. Therefore, non-overlapping windings are often used when possible (q � 0.5).
Concentrated windings in linear motors is a good solution since no additional teeth are needed to perform
a symmetric winding, as it is sometimes the case for distributed windings (see Section 4.3.2.2). To define
a winding, the number of layers is important since for the same number of slots and poles, different
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windings are feasible. For a single-layer concentrated winding (Fig. 4.27), only alternate teeth carry a
coil (one coil per slot) and for a double-layer concentrated winding (Fig. 4.28) all teeth are surrounded
with a coil (two coils per slot).

Figure 4.27: Single-layer concentrated winding.

Figure 4.28: Double-layer concentrated winding.

To characterize these windings, winding factors are calculated. The pitch factor (4.35) is straightfor-
ward to evaluate if all tooth lengths are the same since the coil opening s is equal to:

s =
Np

Ns
· τp = τn (4.46)

During a pre design process, s can always be assumed equal to τn. The distribution factor kzc (4.37)
can be taken into account depending on the coil length.

For the calculation of the distribution factor, the two cases (single layer and double layer) are ana-
lyzed separately.

Single-layer concentrated winding

The single layer concentrated winding imposes an even number of slots. For a three phase single
layer concentrated winding the number of coils per phase Ncp is equal to:

Ncp =
Ns

2 · 3 . (4.47)

The first winding configuration consists to place Ncp adjacent coils, on alternate teeth. Coils of the other
phases are shifted by a multiple ( �=3) of 60 edeg. This winding configuration does not always lead to the
better solution since it does not take into account a possible symmetry of the winding, i.e. the number of
motor sectors (As introduced in Section 1.4). Therefore, to find the number of coils of the same phase to
mount in series Ncs, the number of motor sectors which is equivalent to the number of symmetries in a
rotative motor, must be found and it is equal to:

Nsym = GCD (Ncp, Np) . (4.48)
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Thereafter, the number of coils of the same phase mounted consecutively Ncs is:

Ncs =
Ns

2 · 3 · Nsym
. (4.49)

This permits to estimate the distribution factor kz . These Ncs coils must not be mounted in parallels,
since a current circulation would appear between them. Therefore, the distribution factor for a given
number of slots and poles can be calculated as follows:

νkz =
sin
(

ν·Ncsαd
2

)
Ncs sin

(
ν·αd

2

) , (4.50)

with αd the tooth pitch in electrical radian given by:

αd = 2
Np · π

Ns
. (4.51)

For different combinations of slot and pole numbers, Tables C.1 and C.2 in Appendix C give the
winding factors for the first and the third harmonic.

Double-layer concentrated winding

In this configuration, the number of slots can be an odd number, implying more possibilities. The
same approach as for a single layer can be followed. The number of coils per phase Ncp is, for this
configuration, equal to:

Ncp =
Ns

3
. (4.52)

Substituting (4.52) in (4.48), the number of motor sectors, equal by analogy to the number of symmetries
Nsym, can be found. Therefore, Ncs becomes:

Ncs =
Ns

3 · Nsym
(4.53)

and the distribution factor is obtained using (4.50) with

αd =
Np · π

Ns
± k · π, k = 0, 1, (4.54)

located between −π/3 and π/3. Tables C.3 and C.4 in Appendix give the winding factors for the first
and the third harmonic, for various combinations of slots and poles.

4.3.2.2 Distributed Windings

These windings, characterized by a number of poles per slot and per phase q higher than 0.5 are used
for large motors. For linear motors, these windings lead sometimes to an asymmetric distribution of the
coils. This phenomenon is illustrated on Fig. 4.29 [13] for which some slots are not totally filled with
copper.

In linear motors, the distributed winding is not often used and therefore only the winding construction
principle and calculation are introduced. Therefore, motors with such a winding are not analyzed in the
thesis.
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Figure 4.29: Full pitch distributed winding, m = 3, q = 1 and Np = 5 [13].

Distributed windings can have q integer or fractional. These two cases are discussed separately.

q integer number

The distribution factor of the turns νkz can be defined in relation with q, since q is the number of
coils in series under one pole pitch. The other coils of the same phase are shifted by a value which is a
multiple of τp. Therefore, νkz is calculated as:

νkz =
sin
(

νπ
2m

)
q sin

(
νπ

2mq

) . (4.55)

As for concentrated winding, slots with one and two layers are analyzed to determine the pitch factor
νks. Windings with one layer can only be obtained with Ns even and a shortening of the coil length is
not possible. On the other hand, for a two layer winding a shortening is possible. The distance between
two consecutive slots τn is equal to:

τn =
Np · τp

Ns
. (4.56)

The number of possibilities to make a shortening are higher with a high value of q. The coil shortening
cs, in number of slots, will fix the length of s as follows:

s =
{

τp : single layer winding
τp − cs · τn : double layer winding

. (4.57)

Therefore, the pitch factor is calculated using (4.35) and (4.57).
The shortening is also used to reduce the impact of parasitic harmonics on the induced voltage. To

eliminate the harmonic ν the following relation is used [50]:

s =
ν − 1

ν
τp. (4.58)

Hence, s cannot take all values, this equation must be coupled with (4.57) which is possible only under
the following condition:

1
ν
· Ns

Np
= Integer (4.59)

If this relation is not fulfilled the harmonic ν cannot be totaly suppressed.

q fractional number

The use of q fractional was introduced to reduce the harmonics on the induced voltage. To eval-
uate the pitch factor, the same approach as for q integer is used. This factor depends also on the coil
shortening.
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On the other hand, the distribution factor is calculated as follows [54]:

νkz =
sin
(

νπ
2m

)
γ · sin

(
νπ

2mγ

) . (4.60)

With γ the numerator of the faction q = γ/β. Furthermore, γ and β must not have a same common
divisor.

4.3.3 Impact on the Cogging Force

For toothed motors the choice of Np and Ns has a direct impact on the cogging force. The number of
cogging periods for one pole translation is given by a fractional part of the least common multiple (LCM)
of the pole and slot number

kcogg =
LCM (Np, Ns)

Np
. (4.61)

kcogg is introduced to denote the goodness of slot and pole number combination from the point of
view of cogging force. There is no direct relation between kcogg and the amplitude of the cogging force
although it has been found that the smaller the factor kcogg the larger will be the cogging force [55].
Table 4.9 gives kcogg for several combinations of teeth and poles. The bold values on the diagonal of the
table separate distributed and concentrated windings.

Table 4.9: kcogg for several combinations of teeth and poles, it corresponds to the number of periods of the cogging
force per pole.

Np\Ns 3 6 9 12 15 18 21 24 . . .
2 3 3 9 3 15 9 21 12 . . .
3 3 6 . . .
4 3 3 9 3 15 9 21 6 . . .
5 3 6 9 12 3 18 21 24 . . .
6 3 3 . . .
7 6 9 12 15 18 3 24 . . .
8 3 9 3 15 9 21 3 . . .
9 . . .
10 3 9 6 3 9 21 12 . . .
11 6 9 12 15 18 21 24 . . .
12 3 3 . . .
13 9 12 15 18 21 24 . . .
14 9 6 15 9 3 12 . . .
15 3 6 . . .
16 9 3 15 9 21 3 . . .
...

...
...

...
...

...
...

...
... . . .

In addition to the tooth ripple component of cogging force, linear motors exhibit a significant cogging
force amplitude owning to the finite length of the stator, of which is not the case in rotative machines.
The impact of these end effects are not taken into account in this analysis. This part of the cogging force
has one period per pole and introduces therefore a low cogging harmonic to the cogging force harmonic
created by the interaction of the tooth and the magnets.
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The minimization of the cogging force due to the end effect is discussed in Section 4.4.5. For values
higher than kcogg = 6 the main part of the cogging force is due to the end effect and for a predesign the
impact of the cogging force due to the interaction of the tooth and the magnets can be neglected.

4.3.4 Impact on the Copper Losses

The volume of copper and therefore the Joule losses depend on the winding type. They are equal to:

Pcu =
∫

Vcu

ρ · J2dV = ρ · J2 · Vcu. (4.62)

To compare the copper losses produced by two motor windings, a figure of merit Fcu is introduced.
By assuming that the motors to compare have the same MaW dimensions (i.e. same pole pitch and same
PM dimensions), the same force per active surface. Moreover, if Fcu is related to a pole pitch, in order
not to be influenced by the motor length, this factor is equal to:

Fcu =
Ns

Np

k2
w · kcu · Sslot

lmean
. (4.63)

Sslot is the slot area, Ns is the number of slots and lmean is the average wire length for one turn. It is
equal to:

lmean = 2 · wpm + 2 · lint + 2 (lcoil − lint) . (4.64)

The filing factor depends on the winding configuration. Typical values used in the thesis are given in
Table 4.10.

Table 4.10: Filling factors depending on the winding type.

kcu

Concentrated winding (1 layer) 0.6
Concentrated winding (2 layers) 0.55
Distributed winding 0.35÷(0.7)

The filling factors are higher for the concentrated windings than for the distributed. For this winding,
the filling factor can vary from 0.35 to 0.7 following the motor power. For a distributed winding a
filling factor close to 0.35 is more adapted in regard to the studied motor. The higher filling factor for
concentrated winding is due to the possibility to manufacture the coils outside the motor for concentrated
windings. Nowadays, the tendency is to press the coils into the slots in order to reach a high winding
factor [56].

The slot length is a multiple of k, k<1, of the tooth pitch τn given by (4.56). Furthermore, by
assuming a same slot height for all motors the slot area becomes proportional to:

Sslot ∼ k · τn =
k · τp · Np

Ns
. (4.65)

By introducing (4.65) into (4.63) the figure of merit for the copper losses becomes equal to

Fcu =
k2

w · kcu

lmean
. (4.66)

A high factor means few losses. In this relation, the importance of the winding factor is shown since
copper losses are proportional to the winding factor square. Figure 4.30 shows as an example a copper
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Figure 4.30: Copper losses figures of merit for Np = 4. Distributed windings are presented with dark plain bars,
white plain bars are for concentrated windings.

losses comparison between different number of slots for a given number of poles Np = 4. The tooth
length is assumed equal to the half tooth pitch and the PM width is the same for all cases. The winding
factors for distributed windings are assumed equal to 0.35.

This factor will have an influence on the choice of the number of slots. Nevertheless it is advised to
compare the windings with the same technology, concentrated or distributed.

4.3.5 Impact on the Attractive Force Distribution

The attractive force due to the motor winding has more importance in rotative motors than in linear
motors. However, this impact is introduced in order to present a complete approach about windings. The
winding creates an AC component of the attractive force, while the PMs create a DC component of the
attractive force.

In rotative motors, the DC attractive forces produced by each magnet are compensated by symmetry.
Therefore, if the motor is not supplied and the rotor is centered, no forces acts on it. This is a non resting
position. However, if the coils of a same phase are not uniformly distributed along the circumference,
unbalanced radial forces and magnetic noise appear when the motor is supplied [57]. Consequently, this
effect is less pronounced for higher number of symmetries (better with even symmetries). The number of
symmetries is obtained using (4.48). For example, a motor with a number of slots Ns=27 and a number
of poles Np=26 has no symmetries (Nsym=1), implying that all coils of the same phase are distributed
along one third of the air gap circumference. This results in a high unbalanced radial force when the
motor is supplied.

The unbalanced radial forces introduced for rotative motors becomes pulsed attractive forces in linear
motors. These pulsed forces, due to the motor supply, are less disturbing for the guidance system since
linear motors have a high attractive force due to the PMs. In the case of a double sided motor, where the
resulting attractive force is compensated, these pulsed forces can disturb the system if the motor is not
centered.

These AC component of the attractive force due to a supplied winding can produce vibration or
audible noise.
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4.3.6 Winding Constraints Leading to Winding Choice

The first constraint for windings has been introduced in Section 4.3.2 and it fixes a lower value of q <
1/2m. The new constraints are illustrated in Fig. 4.31 which is the extension of the Fig. 4.26.

The second constraint depends on the fundamental of the winding factor 1kw. A low winding factor
means, for a given propulsion force, high power losses (4.66). Therefore, this value is limited to a
minimum value 1kw limit, generally equal to 0.866. Hence, all combinations of slot number and poles
with a winding factor:

1kw <1 kw limit (4.67)

are eliminated. The levels of the harmonic distortion can also limited. This value is defined as:

THD =

√
Σ∞

ν=2 (νkw)2

1kw
(4.68)

A third limitation, which is due to the motor specifications, is applied on the number of poles Np.
Indeed, to reduce the iron losses, the frequency supply part is bounded with a maximum value fmax.
Therefore, for a specified maximum speed vmax for the mover, a minimum pole pitch length is given as
being equal to:

τp min =
vmax

2 · fmax
. (4.69)

Thereafter, if the motor length cannot be longer than a maximum value lm max or shorter than a
minimum value lm min, the range of the number of poles Np is defined by1:

floor∗
(

lm min

τp max

)
� Np � ceil∗∗

(
lm max

τp min

)
. (4.70)

4.3.7 Winding Choice - Discussion

The first choice in motor design concerning motor winding is often the number of poles Np which is
fixed in regards with the supply frequency (4.70) and the propulsion force. Once a range of Np is
defined, the various possibilities for the number of slots is given using the condition (4.42). Afterward,
the combinations of Ns and Np for which a low winding factor occurs, are eliminated (4.67). These three
first steps lead to a limited winding possibilities.

The next step is to choose a winding type: concentrated non overlapping winding or distributed
overlapping winding. This choice is imposed either by manufacturing reasons or by geometrical reasons,
but also by the the aid of merit factors introduced in Sections 4.3.3 to 4.3.5.

A winding type can be chosen regarding geometrical constraints. This approach can be used as a
systematic analysis. For motors with a low number of poles compared to the motor length it is more
interesting to use a distributed winding in order to have a better distribution of the conductors along the
supply part. On the contrary, for small motors with a high number of poles Np, a distributed winding
will need a lot of slots which can result in a small tooth pitch and therefore to increase manufacturing
complexity.

Therefore, the choice of a winding can be summarized by the following points:

1. range possibilities for the number of poles;

2. choice of the possibilities for the number of slots according to the tooth pitch/height;

1∗ rounds the elements between brackets to the nearest integers towards minus infinity. ∗∗ rounds the elements between
brackets to the nearest integers towards infinity.
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Figure 4.31: Constraints for the choice of winding.

3. application of the winding factor constraint (typically 1kw > 0.866);

4. choice of the winding type: concentrated or distributed.

5. comparative study based on the cogging force, the copper losses, iron losses;

6. final choice of Np and Ns.

Furthermore, concentrated windings have the particularity to produce a mmf with more harmonics
in the air gap. These harmonics will produce additional iron losses. This aspect is discussed in the
Section 4.5 for toothed motors.

4.4 Toothless Linear Motor

The analytical model of a toothless linear motor depends on the motor type and especially on the MaW
type. Several motor structures are introduced as examples on Fig. 4.32. Once the motor topology defined,
the suitable MaW model is applied (Section 4.2). Thereafter, electrical characteristics, i.e. the winding
(Section 4.4.1) and the supply command (Section 4.4.4) must be chosen. The motor model is then
build by regrouping the analytical models of these four parts. Finally, other constraints are added to the
motor model in order to take into account external influences, as for instance a thermal model or some
mechanical constraints, leading to a multi physical model.

Several assumptions are made for the analytical models:

1. the relative permeability of the iron parts are considered as infinite;

2. the relative permeability of PM is equal to 1;

3. the considered iron plates which maintain the PM of the MaW are infinite;
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Figure 4.32: Several toothless motor topologies.

4. forces due to the end windings are neglected, i.e. only the copper part of a coil above a magnet
produces a force.

The magnetic models are not dependent on the motor topology ShS or LS. The difference between
these two topologies occurs in calculation of motor efficiency, motor thermal behavior, cost estimation,
etc. , but not in the magnetic models.

4.4.1 Winding Possibilities

Only concentric windings are studied in this thesis since they are the most widespread in the industry.
This comes from the possibility to perform the coils outside the motor making them therefore easy to
manufacture. Nevertheless, the presented methodology to design toothless motors is also valid for other
windings such as Gramme’s or distributed overlapping windings in the air gap. Windings of toothless
motors are assumed to be double layers. These motors do not have skewed PM and therefore the skewed
factor νksk is equal to 1. Since the coil length lcoil can be higher than one pole pitch, the distribution
factor of the turns νkzc is taken into account. The only factor which is not dependent on the number of
coils per turns and the inner length of the coil is the distribution factor kz given in Table 4.11 for different
combinations of coils number (equivalent to the number of slots, since the winding is considered as a
double layer) and pole number.
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Table 4.11: Fundamental distribution factor 1kz for toothless motors.

Np\Ncoil 3 6 9 12
1
2 1
3
4 1 1
5 1 0.966
6 1
7 0.966 0.844
8 1 0.960 1
9

10 1 0.960 0.966
11 0.966 0.844 0.958
12 1
13 0.958
14 0.966

As shown in table, there is only three winding configurations with a distributed factor equal to 1.
These windings, studied more in detail in this section, consist of three juxtaposed coils, which form a
motor segment (Section 1.4). These three winding configurations in relation to the coil length lcoil are:

1. Ncoil = 3, Np = 2 : τp

3 (60 edeg) < lcoil ≤ 2τp

3 (120 edeg);

2. Ncoil = 3, Np = 4 : 2τp

3 (120 edeg) < lcoil ≤ 4τp

3 (240 edeg);

3. Ncoil = 3, Np = 5 : 4τp

3 (240 edeg) < lcoil ≤ 5τp

3 (300 edeg).

.

The configurations show that the coil opening varies between 60 edeg and 300 edeg. In general, the
coil opening can vary between 0 and 360 edeg. The other solutions are not studied since they are less
interesting. Indeed, a coil length higher than 360 edeg is not a good solution because a part of the force
produced by the coil is cancelled by itself. For a coil length varying between 300 edeg and 360 edeg
some areas without wires appear between two consecutive coils in order to keep a multiple of 120 edeg
between two phases. This produces a lower force per surface unit. On the contrary, a coil length smaller
than τp/3 generates very low force and therefore is not taken into consideration (low winding factor).

To avoid areas without wires, toothless motors are often designed with a coil length equal to or near
the upper value of the three possible ranges, i.e. a coil opening of 120 edeg, 240 edeg or 300 edeg.

The three winding configurations with their wound direction and their phases succession are pre-
sented on Fig. 4.33.

Other interesting windings with several juxtaposed coils of the same phase are introduced in Sec-
tion 4.4.5.

The pitch factor (4.35) is calculated with a coil opening s equal to:

s =
lcoil

2
+

lint

2
. (4.71)
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Figure 4.33: Three possibilities for toothless motors with concentric windings.

4.4.2 Model for the Induced Voltage Calculation

The induced voltage or emf is calculated using (2.16), which gives for a moving coil:

emf (xc) =
N∑

i=1

v · wpm · B (i, xi, yi) . (4.72)

Here, v is the speed of the coil, xc is the position of the coil, N is the number of turns per coil
and B (i, xi, yi) is the flux density shown by the conductor i, situated in the position (xi, yi). The flux
density is given by the expressions developed in Section 4.2 which depend on the chosen MaW. In order
to calculate the emf for a coil travelling at the speed v in a magnetic field, the flux density shown by each
conductor must be calculated either by an approximate formula or by the accurate model of the MaW. By
varying xc for a distance equal to one pole pitch, the waveform of the induced voltage and its amplitude
are determined. Generally, the number of turns per coil is not known during an optimization process and
in order to be able to find the form of the induced voltage, a fictive number of turns per coil Nf = Nx ·Ny

is chosen arbitrary, in respect with a proportionality between the x-side (Nx) and the y-side (Ny) of the
coil. With Nf , a fictive induced voltage emff is determined. Once the design is finalized and the real
number of turns per coil is defined, the real induced voltage can be calculated as follows:

emf = emff · N

Nf
. (4.73)
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Alternative method, which is faster but less accurate consists to decompose the flux density produced by
the magnetic way in Fourier series and to use winding factors. As presented in Section 4.3, the winding
factor varies in relation with the harmonic number ν of the Fourier series.Therefore, the induced voltage
is equal to:

νemfcoil =
∑
N

νemfturn ·ν kzc ·ν ks. (4.74)

This approach permits to simplify the model.
Comparison with FEM program for the two presented methods are given on Fig. 4.34. The corre-

sponding coil dimensions are given in Table 4.12.

Table 4.12: Coil dimensions for comparison with the FEM.

Coil dimensions MaW dimensions
lcoil = 40·10−3 Single sided MaW
lint = 4·10−3 with opposite yoke
hcoil = 8·10−3 τp = 30·10−3

wpm = 1 hpm = 4·10−3

Nx = 18 lpm = 28·10−3

Ny = 8 d = 14·10−3
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Figure 4.34: Comparison of calculated induced voltage between two methods and FEM analysis. Blv is related to
(4.72).

The distribution factor νkzc depends on the number of turns per coil contrary to the pitch factor νks

which can be analyzed for the three winding configurations of the Fig. 4.33. Therefore, values ranges
of the pitch factor for the first harmonic are given in Table 4.13 assuming the maximum length coil for
each case and by varying the length lint. Therefore, the coil opening s varies between lcoil max/2 and
lcoil max. The analysis of the other harmonics is not presented since they change considerably with the
coil opening s. This table shows that winding case with a coil length of 240 edeg is less dependent on
lint than other winding.
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Table 4.13: Pitch factor range for the first harmonic of the induced voltage for the three presented windings

Winding cases
lcoil max lcoil max lcoil max

120 edeg 240 edeg 300 edeg
νks ν = 1 0.5 - 0.866 0.866 - 1 0.5 - 1

With this approach, it can be demonstrated that winding with a maximum coil length lcoil smaller
than 60 edeg is not a good solution since the pitch factor varies between 0.258 and 0.5. A low value of the
pitch factor means a low induced voltage, i.e. a low propulsion force. Therefore, for a given propulsion
force a motor with a low winding factor needs a higher current density, which consequently increases the
Joule losses.

4.4.3 Model for Inductances and Mutuals Determination

The magnetic flux passing through an area can be calculated by a line integral of the vector potential A
along the boundary area c (2.12). In a two dimensional configuration [45], the flux passing through a coil
is calculated as:

φ = wpm · (A1 − A2) , (4.75)

where wpm is the coil (magnet) width and A1, A2 are the potential vectors at the two points delimiting
the coil, due to a current I flowing in it. This equation is valid if the cross section of the wire can be
neglected. The inductance is found by dividing (4.75) by the current I . If the coil has a non-negligible
section, the superposition principle can be applied (the iron is assumed ideal) to determine its inductance.
It can be calculated from the average vector potential over each winding section, as:

L = wpm

[∑
i Ai

NI
−
∑

j Aj

NI

]
, (4.76)

Ai and Aj are the potential vectors resulting of all the other conductors of the coil (Fig. 4.35).

Ai Aj

Positive currents in the
half coil of a section S1

Negative currents in the
half coil of a section S2

Figure 4.35: Definition for the calculation of the inductance.

A good approximation to calculate the inductance is to model the coil by a turn with its conductors
placed in the middle of each areas S1 and S2. Therefore, the inductance can be calculated as follows:

L =
N2

I
wpm · (A1 − A2) . (4.77)

This equation can be also used to calculate the mutual inductances Mij between the phase i and the
phase j.
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4.4.4 Force Determination

For toothless motor, the Laplace’s equation (2.26) is used to calculate the forces produced by a supplied
coil in a magnetic field. The propulsion force produced by one supplied coil is given by:

Fx coil (xcoil, i) =

hcoil∫
yc = 0

xcoil+
lcoil

2∫
xc = xcoil− lcoil

2

By (xc, yc) · Ii(xc) · dxc dyc. (4.78)

Here, Ii(xc) is the current supply of the coil i situated in the position xc (Fig. 4.36).

y

x

xcoil

hcoil

Figure 4.36: Coil position above a single sided magnetic way.

By varying xcoil from 0 to τp, the force shape and its peak value can be found. For a three phase
motor with three coils, the total force can be calculated by shifting the coils in x direction as follows:

Fx tot(x) =
3∑

i=1

Fx coil

(
xcoil + (i − 1)

2τp

3
, i

)
. (4.79)

This permits to determine the shape and the peak force of a toothless motor, depending on the current
form (sinus, square or other) and the motor position xcoil. To achieve this result, the current according
to the position must be given. The force generated by the coil in the-y direction (attractive or repulsive
force) can be found by replacing the flux density By (xc, yc) with the flux density in the x-direction
Bx (xc, yc).

For a first motor pre-design, the fundamental of Fourier series are used to reduce the complexity of
the model. The goal is to approximate the current and the flux density by a Fourier series, as presented
in Section 4.2 and to use them in (4.79). Two same harmonic orders of the current and the flux density
produce a constant force independent of the coil position xcoil. In contrary, two different harmonic
orders of the current and the flux density create a sinus pulsative force with a harmonic order equal to the
difference of their harmonic number. This pulsative force has a mean value equal to zero. The total force
is equal to the sum of all contributions. To perform a pre-design, the study of the fundamental is often
enough. Therefore, as the force is independent of the position x of the motor, it can be determined in a
particular position x, as for instance the position where the current in one phase reaches its peak value 2.

Another solution to calculate the force is based on the power emf · i produced by a supplied coil.
This solution is not introduced here.

Figures 4.37 and 4.38 show the accuracy of the model for the propulsion force and the attractive
force, respectively. These geometrical dimensions of the motor are the same as in Section 4.4.2. The
courant waveform is assumed constant during 120 edeg with a current density equal to 2A/mm2.

2The maximum force produced by a coil supplied with the peak current Î , occurs when the center of the coil is positioned
at the middle distance between to consecutive magnets consisting of a MaW.
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Figure 4.37: Propulsion force comparison between FEM and two analytical models (Using equivalent currents or
a pulsed function to model the flux density).
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Figure 4.38: Attractive force as a function of the position. Comparison between FEM and the analytical model
using equivalent current to model the flux density.
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These graphs show the difference of accuracy between the two analytical models. When the flux
density is modelled by a pulsed function, the total force calculation has a more pulsed form due to
discontinuities of the flux density. Nevertheless, this model gives a sufficient precision for a motor pre-
design.

4.4.5 Special Cases

In most cases, toothless motors do not have an attractive force and a cogging force when they are not
supplied. Nevertheless, some configurations presented on Fig. 4.39 have these particularities.

Coils

lplane

b) Single sided with opposite yoke, short stator topology.

a) Single sided with opposite yoke, long stator topology.

CoilsCoils

Figure 4.39: Toothless motor topologies which have an attractive force and a cogging force.

The cogging force cannot be suppressed, but it can be minimized in a first approach by choosing a
length of the plate lplate equal to:

lplate =
(

k +
1
2

)
τp, k = 1, 2, .... (4.80)

This length must recover of course all coils. The possibility to have an oblique shape at each plate
end reduces also the cogging force [58]. This effect is difficult to model and therefore it is not taken
into account in a pre-design model. Hence, the analysis of this effect can be performed with a FEM
programm once the pre-design is done.

To evaluate these forces, a modulation function w(x) must be superposed to the flux density expres-
sion defined for a single MaW with opposite yoke. This modulation function represents the relative
permeability seen by the MaW and is given in Appendix D. For a good approximation, a square function
can be used to find the attractive force but a better accuracy is obtained using the cos-exp function D.

These forces are calculated using (2.28) and (2.29) by substituting Hx and Hy with wx · Hx and
wx · Hy. A comparison between FEM simulation and the analytical model using a square modulation
function is presented on Fig. 4.40. The length of the plate is equal to lplate = 0.045. The graph shows a
good accuracy of the analytical model compared to FEM.

To reduce the cogging force produced by the finite length of the yoke, [59] proposes to analyze the
cogging force waveform developed at one end of the yoke and to optimize its axial length so that an
opposing cogging force waveform is developed at the other end. Therefore, it is possible to obtain nearly
zero resultant force. Unfortunately, this approach requires FEM simulations and the results are not really
better than using (4.80).
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Figure 4.40: Attractive force in the case of a toothless motor, comparison between analytical and FEM models
(τp = 0.02, hpm = 0.002 and δ = 0.01).

4.5 Toothed Synchronous Motor With Permanent Magnets

The supply part can be mounted with three different MaW. The first is a MaW with mounted PM and
in this case the model of a single MaW with opposite yoke must be used. The second is a MaW with
inserted magnets and the last is a Halbach array.

As for the toothless motor, forces due to the end windings are neglected and therefore the motor
width is equal to the magnet width wpm.

The steps to model a toothed motor are presented in this chapter for a ShS motor with mounted PM
magnetic way.

4.5.1 Winding Choice and Motor Geometry

This motor type has more winding configurations than linear toothless motors and the choice of the
winding is based on the methodology introduced in Section 4.3. The winding chosen to illustrate the
model is a two layers winding with Np = 8 and Ns = 9. This winding consists of three consecutive coils
per phase as illustrated on Fig.4.41. In a rotative machine such a winding will produce an unbalanced
attractive force on the rotor.

3 3’3 3’ 3’ 32’ 2 2 2’1 1’ 2 2’1 1’ 1’ 1

Figure 4.41: Winding configuration of a Np = 8 and Ns = 9 linear machine.

As shown, this motor does not have additional teeth at each motor end. This aspect will be further
discussed in Section 4.5.7.2. The winding factors, corresponding to integer harmonics, are listed in
Table 4.14.

For the upper harmonics (ν > 9), winding factors can be obtained by analogy since the harmonic
spectrum is periodic with a factor 9 (since Ns = 9), as shown on Fig. 4.42.
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Table 4.14: Winding factors for a linear motor with Np = 8 and Ns = 9.

harmonic winding factor
ν νkw

1 0.945
2 0.061
3 0.577
4 0.140
5 0.140
6 0.577
7 0.061
8 0.945
9 0
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Figure 4.42: Winding factor for integer harmonics for a linear machine with Np = 8 and Ns = 9.

Moreover, the mmf produced by a concentrated winding is not only composed of integer harmonics
but also of sub and fractional harmonics. For example, the subharmonic ν=1/2 have a corresponding
winding factor equal to 1/2kw=0.14 . The mmf in the air gap due to the PMs of the MaW is only
composed of odd harmonics. Therefore, only the odd harmonics created by the winding produce a
propulsion force. The other harmonics produce only iron losses in the iron parts.

The geometrical parameters and the electrical properties of the studied motor are given in Table 4.15
and the sizes are related to Fig. 4.43.

4.5.2 Propulsion Force Determination

The propulsion force is obtained form the Maxwell’s stress tensor (2.27) [60], which is equal to:

dFt = Bn · Ht · dS, (4.81)

where Bn is the normal component of the flux density created by the magnets and Ht is the tangential
magnetic field produced by the motor supply.

Bn is obtained using either (4.23) or (4.22). To use 4.81, the air gap must be increased to take into
account the slot effect. Indeed, the flux density in the air gap decreases under each slot opening due
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Figure 4.43: Geometrical parameters of a toothed motor.

Table 4.15: Geometry parameters and the electrical properties of the studied motor.

Geometry parameters values [mm]
Pole pitch τp 30
Tooth pitch τn 26.66
Magnet height hpm 5
Magnet length lpm 28
Magnet width wpm 100
Tooth length lt 12.66
Slot height hs 25
Yoke height hy 12
Air gap δ 1

Electrical, magnetic properties values
Filling factor kcu 0.6
mmf peak per coil NÎ 1000
PM remanent magnetic flux Br 1.23
PM relative permeability μr pm 1.05

to the increase of reluctance. The change in the mean magnetic flux density caused by slot openings
corresponds to a fictitious increase of the air gap. The relation between fictitious air gap δ′ and physical
air gap d is expressed with the Carter’s factor kc > 1.

4.5.2.1 Carter Factor

The Carter factor is defined by a conform representation of an infinitely deep slot with an infinite ideal
slot pitch τn. This factor is equal to [61]:

kc =
τn

τn − γ · d1
, (4.82)

d1 is the air gap for the Carter factor calculation and γ is given by:

γ =
4
π

⎧⎨⎩ ls
2d1

atan

(
ls

2d1

)
− ln

⎛⎝√1 +
(

ls
2d1

)2
⎞⎠⎫⎬⎭ , (4.83)
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γ is a factor in relation to the ratio ls/d1. For ls/d1 > 1, γ is approximated by:

γ =

(
ls
d1

)2

5 + ls
d1

. (4.84)

Depending on the authors, the Carter factor can be estimated for the mechanical air gap d1 = δ [62], for
the magnetic air gap d1 = δ + hpm [63] or for an air gap d1 equal to:

d1 =
hpm

2
+ δ. (4.85)

(4.85) can be used under the assumption that the flux lines are parallel to the magnetization of the PM
under its mid-height. It means that the flux lines under the half of the magnet are not influenced by the
slots as shown on Fig. 4.44. Thereafter, the Carter factor allows to estimate an intermediate value of the
air gap dint equal to:

dint = kc · d1. (4.86)

Figure 4.44: Flux lines distribution due to the magnets.

The various relations for the calculation of the fictitious air gap are related in Table 4.16.

Table 4.16: Various strategies for the fictitious air gap calculation applying the Carter factor.

Air gap for Carter Carter’s factor Intermediary Fictitious air gap
factor calculation d1 kc air gap dint δ′

A) mechanical air gap δ 1.6 kc · d1 dint + hpm= 6.6 · 10−3

B) magnetical air gap d 1.21 kc · d dint= 7.2 · 10−3

C) combined air gap 1 δ + hpm/2 1.31 kc · d1 dint + hpm/2= 7.1 · 10−3

D) combined air gap 2 δ + hpm/2 1.31 kc · d dint= 7.9 · 10−3

All the presented methods to increase the air gap are studied in parallel in order to make a choice on
the strategy to adopt. Moreover, the Carter’s factor does not take into account the saturation in the iron
parts, which also affects the induction in the air gap. Therefore a saturation factor is introduced to take
into account the magnetic potential in the iron parts.
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4.5.2.2 Saturation Factor

The saturation effect can be taken into account with a saturation factor ksat which increases the air gap,
like the Carter’s factor. Therefore, if the saturation is taken into account the fictitious air gap becomes
equal to:

δ′′ = ksatδ
′, (4.87)

with:

ksat = 1 +
∑

i

li · Spm

μri · Si · d · kf
. (4.88)

i is related to the iron parts constituting the lumped magnetic scheme and kf is the stacking factor. For
the studied motor, the most saturated part is situated in the end tooth at the position shown on Fig. 4.45.
As in this position the lumped scheme is symmetric, only one half can be studied. Therefore, for this

Λ2

Λ1

Λ

3Λ

δ,PM

θPM

l =li 1

l =li 2

l =li 3

Figure 4.45: Saturation at the motor end (worst case) and lumped equivalent magnetic scheme.

configuration (always valid for concentrated windings since the tooth pitch varies between 120 edeg and
360 edeg) and by solving (4.88), the saturation coefficient is equal to ksat = 1.055. This coefficient is
estimated for the worst case, i.e. no flux leakage. To take into account the flux leakage between two
magnets, an additional lumped scheme is needed and the impact can be transmitted to the surface of the
PM by decreasing it in relation with the flux leakage.

The total fictitious air gaps for the four cases are calculated and presented in Table 4.17.

Table 4.17: Fictitious air gap determination for the calculation of the normal component of the flux density.

Fictitious air gap
δ′′[mm]

A) mechanical air gap 7.0
B) magnetical air gap 7.6
C) combined air gap 1 7.5
D) combined air gap 2 8.3
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It is important to design the teeth and the yoke in the position presented on Fig. 4.45. Indeed, if the
motor is not symmetric as a rotative motor the flux is not necessarily divided in two to circulate in the
yoke. This is illustrated on Fig. 4.46.

Figure 4.46: Flux distribution in the yoke due to the PMs.

4.5.2.3 Calculation of the Propulsion Force

The normal flux densities in the air gap must be calculated with the fictitious air gaps given in Table 4.17.
If the flux density in the air gap is approximated by a pulsed form, the amplitude of the pulsed form, the
amplitude of the first harmonic of the flux density 1B̂n and its rms value 1Bn are given in Table 4.18.

Table 4.18: Normal flux densities for various fictitious air gaps.

B̂n pulsed fct 1B̂n
1Bn

Case A 0.868 1.10 0.78
Case B 0.796 1.00 0.71
Case C 0.813 1.03 0.73
Case D 0.731 0.93 0.65

The magnetic field must be now determinated in order to calculate the propulsion force. It can be
estimated with the magnetic scalar potential Θ in the air gap as:

H = −∇Θ, (4.89)

and hence the tangential magnetic field Ht is:

Ht = −dΘ
dy

. (4.90)

The magnetic scalar potential produced by the winding is defined as:

νΘ̂ =
√

2
ν · πm

Ncp · NI νkw

Np/2
. (4.91)
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Since Fourier’s series are used, the distribution of the magnetic scalar potential is sinusoidal along the
air gap and the tangential magnetic field (sometimes called current lineic density) becomes:

νĤt =
π

τp

ν
Θ̂. (4.92)

Finally, the propulsion force is given by:

F =
∑
ν,k

wpm

∫ Np·τp

0

νĤt sin
(

νπ

τp
x

)
·k B̂n sin

(
kπ

τp
x − φ

)
· dx (4.93)

This equation takes into account the current waveform (sinusoidal current supply, 120◦ current sup-
ply,etc...), by decomposing it in a Fourier’s series. For ν = k, the propulsion force is constant and for
all values ν �= k, the propulsion force is pulsed with a period equal to |ν − k| and with an average value
of zero. For a motor pre-design, only the propulsion force produced by the fundamental is calculated
and therefore for φ = 0, corresponding to a maximum efficiency if iron losses are not considered, (4.93)
becomes:

F =
wpm · Np · τp

2
Ĥt · B̂n, (4.94)

.
The use of these formulae to determine the propulsion force is not dependent on the number of

layers, i.e. the winding distribution. The method which takes into account this effect consists to replace
the winding by a lineic current in the air gap and to calculate the propulsion force by applying the Laplace
force. The lineic current density in the air gap is calculated following [64]. First, the magnetic scalar
potential created by the winding is calculated. It is assumed that the magnetic field Hδ has the wave form
presented on Fig. 4.47 for the three coils of the phase 1.

HδAδ

+ - + +- -

Figure 4.47: Lineic current density calculation for the three coils of the phase 1.

The amplitude of the magnetic field is equal to:

θδ = Hδ · δ′ =
1kw · NI

2 · ksat
, (4.95)

and the lineic current becomes equal to:

Aδ =
d

dx
θδ (4.96)

Then the propulsion force can be calculated with the Laplace’ force.
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As comparison, with a peak current of 1A, the propulsion force obtained with a FEM program is
equal to 817N by taking into account the iron saturation and 837N if the iron parts are supposed ideal.
The propulsion forces obtained with the analytical models are given in Table 4.19.

Table 4.19: Propulsion forces obtained with analytical models.

Maxwell (4.94) Laplace (4.96)
[N] [N]

Case A 934 1050
Case B 857 963
Case C 874 980
Case D 787 885

This comparison permits to eliminate case A (Application of Carter’s factor on the mechanical air
gap) and case C (Application of Carter’s factor on a combined air gap) since they result in a higher
propulsion force than the FEM results. The cases B and D are both accurate enough, but the case D is
privileged since it gives a smaller propulsion force than FEM. The higher propulsion force than FEM in
the case B can be explained by the fact that the Carter’s factor does not take into account the leakage flux
in the air gap. Indeed, with the Carter factor, it is assumed that all the flux lines go from the stator to the
rotor. Therefore, it can be assumed that the case D takes into account leakage flux in the air gap since it
has a higher air gap than the case B.

The difference occurring between Maxwell method and Laplace method results from the calculation
of the flux density: Maxwell method uses the first harmonic of the flux density whereas the Laplace
method assumes a constant flux density in the air gap. This difference explains why using the Laplace
method a higher propulsion force is obtained than using the Maxwell method. To design the motors, the
Maxwell method is applied.

4.5.3 Attractive Force at No Load

For the attractive force, the Maxwell equation (2.28) is used and the tangential component of the flux
density is considered as negligible compared to its normal component. Therefore, the mean value of the
attractive force is equal to:

Fatt =
1

2μ0
wpm

∫ Np·τp

0
B2

y(x, y) · dx. (4.97)

If the normal flux density produced by the magnets is decomposed in a Fourier series, the form is:

νFatt =
1

2μ0
wpm

∫ Np·τp

0

νB2
y(x, y) · dx. (4.98)

The magnetic flux density is evaluated in no-load and in the position y = δ′′, i.e. along the teeth
surface. The use of the equivalent current to model the magnetic way is not a good approach to determine
the attractive force. Indeed, the integral of (4.97) would be very difficult to integrate and time consuming
if this aspect is introduced as a result in an optimization process. Therefore, simplified formulae to model
the normal component of the flux density in the air gap are more suitable. If the flux density is modelled
by a pulsed form, the integral is straightforward to solve.

The calculated attractive force is not dependent on the position, although it is the case in a practical
realization. However, the model gives a good approximation on the mean attractive force as presented in
Table 4.20 where all the attractive forces for each air gap model are presented.
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Table 4.20: Attractive force comparison between FEM and analytical model.

FEM Analytical
[N] model [N]

Case A 5570 6710
Case B 5570 5650
Case C 5570 5880
Case D 5570 4770

It is shown that the privileged case to calculate the propulsion force (Case D) leads to underestimate
the attractive force. Therefore, a special attention must be made when the guidance system of the motor
is designed.

Another important value is the attractive force appearing under one tooth. This force has an amplitude
variation which can produce vibration and audible noise. To estimate this value, the attractive force is
calculated only under one tooth pitch in several x-positions. In this case, only the model using equivalent
currents to model the MaW has sense and the effect of the slot on the flux density is taken into account
by a permeance function as proposed by [65]. The attractive force on one tooth is presented on Fig. 4.48.
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Figure 4.48: Attractive force under one tooth.

4.5.4 Iron Part Model and Design

The propulsion and attractive force calculation is presented in a determinist approach, i.e. the motor
geometry is defined. In an optimization process, the stator and the MaW dimensions must be variable
and therefore a lumped magnetic scheme is introduced to parameterize the motor geometry. In order to
not increase the complexity of the model several assumptions are made:

1. only the worst case at no-load is analyzed;
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2. all the flux flowing through the magnet is closed through the stator in the next magnet, i.e. all
the flux flowing into a magnet is the same than in the MaW yoke. It is not divided in two, like in
rotative machines due to the end effect;

3. there is no slot flux leakage;

4. the flux lines are modelled with arcs and lines;

The model is the one presented on Fig. 4.45, which is the worst case. In contrast to rotative motors,
all the flux through the magnet can flow in the same direction in the magnetic way yoke. Therefore, at
no-load, the magnetic flux is equal to:

φ = Hc · hpm · Λeq (4.99)

Λeq is the equivalent permeance of the half-lumped magnetic scheme and is equal to:

Λeq =
(

1
Λ1

+
1
Λ2

+
1
Λ3

)−1

(4.100)

Thereafter, by giving an admissible range values of the flux density in all iron parts, the geometrical
dimensions can be defined. The solving of this non linear system, due to the BH curve (Appendix B), is
made by an implicit function.

The results for the flux density in the iron parts with the given motor dimensions are presented in
Table 4.21. For comparison, the flux density obtained with a FEM program is shown on Fig. 4.49

Table 4.21: Absolute values of the flux density in the various iron parts for the developed example.

FEM Analytical
Flux density in the tooth Case A 1.65 1.98
Flux density in the tooth Case B 1.65 1.86
Flux density in the tooth Case C 1.65 1.88
Flux density in the tooth Case D 1.65 1.71
Flux density in the yoke Case A 1.75 2.1
Flux density in the yoke Case B 1.75 1.96
Flux density in the yoke Case C 1.75 1.98
Flux density in the yoke Case D 1.75 1.8

Moreover, to avoid a demagnetization of the magnet, the mmf of the coil must be limited compared
to the mmf of the PM. Therefore, a demagnetization coefficient kdem is introduced and limited to:

kdem =
θpm

θcoil
=

H0 · hpm

NI
≥ 2. (4.101)

This approach is valid for a motor pre-design even if the coil mmf is not taken into account for the
calculation of the flux densities in the iron parts. For the same motor, the flux density in the teeth can
be higher if the coil mmf is taken into account, leading to more saturation in the iron part. Indeed,
following the current waveform supply and the motor position, the coil mmf can enhance or weaken the
flux flowing in the tooth due to the magnets, as presented on Fig. 4.50. This figure presents only one
tooth sinusoidal supplied travelling above two magnets.

The worst case is obtained when the tooth edge is aligned on the PM edge. At this position the coil
mmf is equal to 719 At for the presented motor. This coil mmf can be added to the PM mmf , in order to
perform a control on the tooth saturation. If this approach is applied to the case D, the flux density in the
tooth will increase to 2 T. Nevertheless, this aspect can be omitted during a pre-design optimization.
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Figure 4.49: Induction distribution in the tooth at no load (worst case).
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Figure 4.50: Influence of the coil mmf on the tooth saturation.
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4.5.5 Induced Voltage Model

There are two possibilities to calculate the induced voltage. The easiest way is to calculate it using the
propulsion force. The propulsion force given in Section 4.5.2 is equal to:

F =
3 · emfrmsIrms

v
(4.102)

Therefore, the rms value of the first harmonic of the emf is equal to:

1emfrms =
1Fv

3 ·1 Irms
(4.103)

For the presented motor with a number of turns per coil equal to N = 500, the rms value of the current
is equal to 1.414 A. These values are chosen to permit a comparison between the analytical models and
FEM. The peak values of the induced voltage obtained by this way are presented in Table 4.22.

Table 4.22: Induced voltage peak value comparison between FEM and analytical models.

model (4.103) model (4.104)
emf [V] Case D 295 262 263

Another possibility is to evaluate the induced voltage using the winding factors presented in Sec-
tion 4.3. The induced voltage is therefore equal to [64]:

1 ˆemf = 2Ncp · N · v ·1 kw · wpm ·1 B̂n (4.104)

As presented in Table 4.22 the analytical models give similar results. Therefore both formulations
can be used. In this approach, only the first harmonic of the induced voltage is used. The other harmonics
can be taken into account without difficulty. However, in a predesign process, the harmonic rangs higher
than 1 can be neglected.

4.5.6 Self Inductance and Mutual Inductance Determination

For the inductance calculation, the assumption that all self inductances are equal is made. The same
assumption for mutual inductances is admitted and they are all equal to Lm [34].

The total magnetic flux seen by the phase 1, with i1 + i2 + i3 = 0, is equal to:

Ψ1 = L11
di1
dt

+ L12
di2
dt

+ L13
di3
dt

= (L11 − Lm)
di1
dt

, (4.105)

with L11 the self inductance which is composed of the main inductance L1h and the leakage inductance
L1σ as:

L11 = L1σ + L1h. (4.106)

From (4.105) and (4.106) the cyclic inductance Ls is introduced as:

Ls = L1h + L1σ − Lm. (4.107)

This inductance is used to model the behavior of one phase as explained in Section 4.7.1.
The main inductance L1h is equal to:

L1h =
4 · μ0

π2
· τp · wpm

(Np/2) · δ′
(
Ntot · 1kw

)2
, (4.108)
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where Ntot is the number of turns in series per phase, i.e the number of turns per coil multiplied by the
number of coils per phase. The demonstration of this result is given in [64]. The leakage inductance is
composed of the the slot leakage inductance and the end-winding leakage inductance. [26] gives several
formulae for the slot leakage depending on the slot form.

Furthermore, for a three-phase motor the relation between the main inductance and the mutual in-
ductance is given as:

Lm

L1h
= −1

2
. (4.109)

for their fundamentals [22].
The inductance can also be obtained using a lumped magnetic scheme.
Table 4.23 compares the self inductances obtained using the different methods.

Table 4.23: Comparison between self inductance obtained by several methods (N=500).

FEM Analytical Lumped magnetic
(4.108) scheme

Self inductance L11[mH] 71 97.5 87.5

This table shows that the given formula can be used to estimate the order of magnitude of the induc-
tance. The result with the lumped magnetic scheme is obtained with the following assumptions:

1. the iron is ideal;

2. there is no flux leakage;

3. there is no fringe effect.

If the iron saturation is taken into account, the self inductance will decrease approaching the FEM value.
For a motor pre-design, the proposed formula (4.108) is adopted.

4.5.7 Special Cases

4.5.7.1 Tooth Crown

In such a motor, the tooth can have an end tooth crown in order to reduce the cogging force and to have
a better flux linking between the coil and the magnet. Such a tooth is presented on Fig. 4.51, where the
tooth length ls is increased to lst.

lst

lt

Figure 4.51: Tooth crown geometrical quantities.

In a linear motor the tooth crown has the following impacts on the motor design:

1. in most cases, increase of the attractive force;
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2. reduction of the stator mmf due to the decrease of the copper filling factor kcu;

3. difficult winding manufacturing.

The two last points are straightforward and are therefore not discussed here. For the presented case, if
the tooth is increased as:

lst = 1.6 · lt, (4.110)

the Carter coefficient would be equal to kc = 1.061 producing an increase of about 25% of the flux
density produced by the magnets. This would result in an increase of 56% of the attractive force which
implies more constraints for the motor guidance.

With such a tooth geometry the copper filling factor will decrease. For such a motor a value of 0.4 is
adopted. For the same slot area, the mmf would decrease by 27%. Therefore, the propulsion force would
decrease, taking into account the increase of the flux density and the decrease of the stator mmf, by 9%.

In conclusion, the tooth crown in linear motor with concentrated winding does not bring as much
advantages as for rotative motors since the attractive force is not compensated. The tooth crown is also
used in order to reduce the cogging force. As presented in Section 4.3.3 in order to have a low cogging
force it is privileged to chose a number of poles and teeth leading to a high least common multiple factor
than to try to reduce the cogging force by adding tooth crowns. For a motor with high losses in the PM,
the tooth crown can be useful to reduce the magnetic flux density seen by the PMs.

4.5.7.2 Additional Teeth at the Motor End

As presented on Fig.4.47, the studied motor has no additional teeth at each motor end. The cogging force
due to the teeth is not so relevant if the number of poles and teeth are correctly chosen (compensation
effect). However, a cogging force with a period equal to τp, due to the first and the last teeth edges ap-
pears. In order to eliminate as much as possible this parasitic force, the PMs can be skewed or additional
teeth end can be added on both sides. These additional teeth do not increase significantly the propulsion
force. However, depending on their design they can increase or decrease the effect of reluctance force.
The analysis of the cogging force due to the tooth end is very difficult to perform with an analytical
method [45] and therefore FEM are used to show their impact on the cogging force. To illustrate this
phenomena, several tooth end lengths and slot lengths (Fig. 4.52) are analyzed. The first analysis consist
to fix l2 = ls and to vary l1 and the second approach consist to fix l2 = ls/2 and to vary l1. The results
are shown on Fig. 4.53 and Fig. 4.54 for l2 = ls and l2 = ls/2, respectively.

l2l1

Figure 4.52: Tooth end quantities.

The cogging forces for theses cases are compared to the cogging force for a motor without additional
tooth end (denoted normal on figures). Generally, an additional tooth end increases the resulting cogging
force since it introduces a non linearity in the tooth distribution. This effect is more important in the case
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Figure 4.53: Cogging force with l2 = ls and with l1 variable.

-200

-150

-100

-50

0

50

100

150

200

-15 -12 -9 -6 -3 0 3 6 9 12 15

Motor position [mm]

C
og

gi
ng

 f
or

ce
 [

N
]

lt10 lt 7.5mm lt=15mm lt=12.66mm normal

Figure 4.54: Cogging force with l2 = ls/2 and with l1 variable.
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with l2 = ls since the cogging force due to this tooth end is summed with the cogging generated by one
motor tooth. This effect is maximal when the tooth end has the same sizes as the motor tooth. Therefore
if a tooth end is added, it is advised to chose it with another size than a motor tooth (l1 �= lt and l2 �= ls.
An efficient way to reduce the cogging force due to the end effect was patented by [66] and consist to
realize a slopping end. This slopping end is not straightforward to design and requires FEM. Indeed, a
poor design can result in an increase of the cogging force compared to the case without additional tooth.

If the solution with a sloping end cannot be used, the better way to reduce as much as possible the
cogging force is to chose a number of teeth and slots with a high kcogg (4.61) and to skew the PM as
proposed in Section 4.3.1.

4.6 Transverse Flux Linear Motor

4.6.1 Introduction

The main advantage of Transverse Flux Linear Motors (TFM) is the difference between the magnetic
direction of the permanent magnets and the air gap flux path direction that allows to produce a high flux
density in the air gap and therefore a high propulsion force density. Due to their topologies these motors
are generally phase independent.

Several TFM are proposed in the literature and [67] gives their categorization. The motor studied
here is a PM excitation TFM with a passive track. This motor has been designed by the "Institut für
Elektrische Machinen RWTH Aachen, Germany" [68] and a prototype has been realized by collaboration
between Schindler SA and ETEL SA. It is shown on Fig. 4.56.

This motor is composed of two motors mounted on the same way and supplied independently. Each
motor has two phases and the two independent motors are shifted by 45 edeg. Figure 4.55 and Table 4.24
give more information about the coil distribution. The coils of a same phase are connected in series.

A1 A2B2B1 D1 D2 C2C1

Figure 4.55: Four phases TFM composed by eight motor modules.

Table 4.24: TFM coil distribution of the eight motor modules.

Coil Coil distribution
[edeg]

A1 0
A2 360
B1 90
B2 270
C1 135
C2 135
D1 225
D2 45

The motor is a short stator motor. The moving part consists of coils and PMs. One motor module is
presented on Fig. 4.57 (face view) and Fig. 4.58 (bottom view).
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Figure 4.56: Four phases TFM prototype composed by eight motor modules.

The passive track, shown on Fig. 4.59, is made with toothed laminations and is segmented each two
teeth in order to avoid eddy currents in the track.

The moving part takes place in the middle of the track as presented on Fig. 4.60
This motor uses two stacks of iron and PM to produce the excitation. The stator winding goes above

the way in order to close the linkage flux. It uses four modulated air gaps, two per stack, to produce
the propulsion force. As a disadvantage two extra air gaps (Fig. 4.60) are introduced in order to be able
to create the coupling flux between both stator winding and rotor teeth. This solution brings additional
disadvantages: all the mechanical parts fixing the part must be electrically isolated in order to avoid
leakage flux in the different iron parts. Furthermore, the guidance system is very complex and noisy.
Moreover, this motor has a high cogging ripple and reluctance force. Nevertheless, it has the advantages
to have a very simple winding and a good thermal dissipation.

Construction details and geometrical parameters of the motor are given in Appendix E.
The motor model is based on a lumped magnetic scheme.
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Figure 4.57: One motor module of the studied TFM, front view.

Figure 4.58: One motor module of the studied TFM, bottom view.
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Figure 4.59: Passive track of the studied TFM.

Two extra air gaps

Figure 4.60: One module in the track.
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The results obtained with the proposed lumped magnetic scheme given in Appendix E are not enough
precise in order to be able to design correctly such a motor in this way. Moreover, the optimization
program Pro@design does not allow the use of matrices. Therefore, this motor could not be by a simple
way optimized. Hence, it was particularly studied with FEM. The model presented in Appendix E is
given in order to present the complete approach.

4.6.2 Motor Performances

The motor performances are presented in Table 4.25.

Table 4.25: TFM performances

Nominal values Peak values
Propulsion force [kN] 3.9 6
Maximum speed [m/s] 1 1
Motor power [kW] 3.9 6
Motor phase voltage [V] 250 250
Phase current (rms) [A] 12.2 19
Copper losses [kW] 1 2.4
Efficiency [%] 79.3 71.4
Voltage constant [V̂/m/s] 113 113
Force constant [N/A] 320 320

Due to their structure, TFMs have high cogging and reluctance forces. The former is presented on
Fig. 4.61 and the latter on Fig. 4.62 for the peak case (NI=3200At).
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Figure 4.61: Cogging force for the TFM (τp= 18mm). The cogging force corresponding to one phase is given for
two modules.

The resulting cogging force is not very high compared to the nominal propulsion force. Neverthe-
less, when the motor produces a low propulsion force, the cogging force can disturb significantly the
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propulsion force. This effect may be observed when the motor works at low speed at no-load. It creates
vibration and audible noise.
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Figure 4.62: Reluctance force for a supplied phase (I=19A, τp= 18mm).

The reluctance force (created by the coils only) is not as important as the cogging force but it in-
creases the ripple effect noticed at low speed and at no-load.

Therefore, if the static characteristic of the propulsion force for one module is given as a function of
the motor position and for different coil mmf, some distortion will appear for low value of the coil mmf.
Such an analysis is presented on Fig. 4.63.
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The case corresponding to a coil mmf of 2000 At is the nominal case. The propulsion force is not
close to a sine, leading to a non constant force for the motor along its displacement. As Fig. 4.64 shows
it, the induced voltage is close to a sine and therefore, the distortion on the propulsion force can be
compensated by imposing no sinusoidal currents. This solution has been applied on the prototype.
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Figure 4.64: Induced voltage for one motor module.

The presented simulation shows clearly the problem linked to TFM motors: the cogging ripple.
Moreover, the presented prototype has not an adapted guidance system. This causes frequent motor
breakdowns. The obtained experiments are not presented since they are not precise enough and interest-
ing for this thesis.

4.6.3 Conclusions and Discussions

This prototype motor was not really successful and therefore no additional effort was devoted to its
modelization. Furthermore, the choice to not develop a precise analytical model was especially due
to the studied application, for which it does not represent a convenient solution. This aspect will be
discussed in details in Chapter 7.

Due to its structure, TFM requires iron laminations for both, the moving part and the reactive part.
This implies manufacturing problems more particularly for the stack assembling. Another problem is the
guidance system which is not precise enough and rigid.

Neglecting mechanical problems, TFM could be an interesting solution for a lift system with a short
stator and counterweigh, since both, PMs and coils, are moving.

4.7 Motor Power Supply

The objective is not to have an accurate model of the converter but to define the behavior of the machine
and more particulary its power factor.

This model permits to define the number of turns per coil N , the copper wire diameter, which are not
optimization parameters, as it is discussed in Section 4.7.1.

The difference between LS supply and ShS supply will be also discussed in this Section.
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4.7.1 Motor Electrical Model

The electrical model of a motor is presented by its phasor diagram. This diagram consists on the phase
resistance, the cyclic inductance and the emf per phase. The model of one phase is presented on Fig. 4.65.

Figure 4.65: One phase electrical model of a motor.

In general, this circuit is analyzed for the first harmonic but can be extended to other harmonics.
Two main approaches to supply a motor are often used: voltage supply or current supply [22].
For a current supply, which will be the case in the application presented in Chapter 7, it is interesting

to fix the current in phase with the induced voltage. For this command strategy, the maximum force is
reached. The corresponding phasor diagram is presented on Fig. 4.66.

Uph

IphRph

Ljω s Iph

emfph

ϕ

Iph

Figure 4.66: Phasor diagram for the maximum propulsion force.

The power factor cos(φ) and the voltage phase Uph is calculated as:

cos(φ) =
emfph + Rph · Iph

Uph
(4.111)

Uph =
√

(emfph + Rph · Iph)2 + (ωLsIph)2 (4.112)

This voltage is limited by the DC voltage source of the converter UDC . To impose a current control,
the lines to lines motor voltage must always be smaller than the DC voltage source.
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All the quantities consisting the phasor diagram (Uph, RphIph, jωLsIph and emfph) are proportional
to the number of turns per coil N . Therefore, for an imposed voltage source Uph, N is adapted to a new
number of turns per coil Nn in order to keep emfph smaller than Uph. Then, the new values of the phase
resistance Rnph and the phase inductance Lnph become:

Rnph = Rph
Nn2

N2
(4.113)

Lnph = Lph
Nn2

N2
(4.114)

This shows that the number of turns per coil can be chosen at the end of an optimization process.

4.7.2 Differences Between ShS Supply and LS Supply

The two topologies LS and ShS are presented on Fig 4.67 and on Fig. 4.68, respectively.

MM M

Reactive part

onoff off

Supply part

Figure 4.67: LS motor configuration.

M

on

Reactive part

Figure 4.68: ShS motor configuration.

The main differences between these two configurations are the efficiency, the motor electrical con-
nection and the investment costs.

A ShS motor has a better efficiency than a LS motor. Indeed, as the motor is longer than the mover
and it is supplied by segments, the copper losses will be higher than in a ShS configuration. Therefore,
the copper losses are introduced in [W/m] for a LS motor. Moreover, the current density for LS motor is
generally increased compared to ShS motor, since the motor duty cycle is less than 1.

As introduced in Chapter 1.4, the linear motor can be made of several motor sectors, which can be
electrically connected either in parallel or in series for a ShS motor. This is allowed because each motor
sector has, at each time, the same induced phase voltage. On the contrary, the motor sectors can only be
mounted in series for a LS motor. If this constraint is not respected, the motor will overheat. Moreover,
for LS motors, supply parts situated under the way have to be switched on as the mobile progresses, the
different parts of the stator being commanded by its own converter. As it is introduced in the studied case
in Chapter 7, other problems must be taken into account, such as the moving mass leading to an increase
of the motor power, the energy transmission, the motor duty cycle, etc.
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4.7.3 Motor Working Domain

The motor can operate only in a constraint domain of the propulsion force-speed diagram, as presented
on Fig. 4.69. This figure corresponds to a continuous duty cycle operation. This domain can be increased
for an intermittent duty cycle.

  

0 
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vlim (Pmax) vmax 

I=cst. 
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. 

Figure 4.69: Motor general working domain for a continuous duty cycle.

In the case of a current regulation and with the current in phase with the emf, the maximum force is
set by the maximum rated temperature of the motor. This force can be given until a speed equal to vlim

which corresponds to the maximum power given by the motor converter. Then the domain is delimited
by a non linear curve where the rms voltage is imposed and constant. The equation of this curve is equal
to [22]:

F (v) = 3
emf

v
√

R2 + ω2L2
s

(U cos (φs − ε) − emf cos (φs)) . (4.115)

R and Ls are the resistance and the cyclic inductance per phase respectively, ε is the phase difference
between the supply voltage and the induced voltage, φs is the phase difference between the supply voltage
and the phase angle of the supply part.

The speed can be limited or not, depending on the motor specifications: to limit the iron losses, to
avoid a demagnetization of the magnets, or for mechanical reasons.

4.8 Motor Cost Estimation

In a design approach the only liable price is the material cost. The assembly costs and the manufacturing
costs are strongly dependent on the design itself and can consequently not be estimated as long as the
design is not clearly defined. However, in the following sections several material costs are given. These
prices per kilogram are based on industrial experiences. For the winding costs, another approach is
presented.

As motor costs are very difficult to determine since they are dependent on the quantities, the volumes,
etc., this analysis is only presented in order to show a tendency. Nevertheless this cost analysis will permit
to compare two same motors technologies in terms of material costs.
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4.8.1 Material Cost

The material cost is estimated through its mass as follows:

MCi = Cmi · mi (4.116)

mi is the mass of the material i consisting the motor and Cmi is its cost per kilogram.

4.8.2 Winding Cost

The winding cost is estimated as follows:

Costwind = MCcopper + N · Ω−1
wind · Workcosts, (4.117)

where MCcopper is the copper cost, N is the number of turns per coil, Ωwind is the angular rotation of
the machine used to wound the coil and Workcosts are the working costs. Ωwind depends on the wire
diameter and the coil width.

4.9 Motor Mechanical Model

Linear motors are mainly used to perform a translational movement of a load. Therefore, the dynamic
behavior of the movement is governed by the Newton’s second law of motion∑

F = ma. (4.118)

Two simple cases of a translational motion horizontal and vertical are introduced. These cases are
used in Chapter 7.

4.9.1 Horizontal Motion

In a horizontal motion, the gravity does not affect the force needed to perform the motion and therefore
(4.118) becomes:

Fm = (mm + mload)a − Fres − Fload (4.119)

Fm is the force produced by the motor, mm and mload are the moving masses of the motor and the load,
a is the acceleration, Fres is a resistive force du to the guidance system and Fload is a perturbation force
as presented on Fig. 4.70.

resF

Motor

Load

Fload mF

Figure 4.70: Forces acting on a motor during a horizontal movement.
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4.9.2 Vertical Motion

For a vertical motion the gravity is introduced. Therefore, (4.119) becomes:

Fm = (mm + mload) (a + g) − Fres − Fload (4.120)

a is in a vector form since the sign of a changes if the motor goes down or up. If the load weight and
the motor weight are not compensated by an external concept, the motor must produce a force during a
vertical displacement at constant speed.

4.9.3 Low Energy Displacement Profile

The problem of energy becomes very important in some applications. Therefore, it is interesting to define
a displacement having the minimum energy consumption. The displacement is a parabola speed profile
and can be approximated by a trapezoidal speed profile as presented on Fig. 4.71.
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t2 t3

T

S

[s]

[m]
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v vmax<

Figure 4.71: Typical displacement

This displacement of a length St, performed during the time T , is defined by three phases. The
first is an acceleration period characterized by a constant force during a time t1. The second period is a
displacement at constant speed v and the last phase is a deccelelaration period. If only the Joule losses
are considered and if the mechanical losses are assumed constant (not dependant on the speed) the total
energy losses are [69]:

Wj = 3 · RI2
1 · t1 + 3 · RI2

2 · t2 + 3 · RI2
3 · t3 (4.121)

where R is the phase resistance and Ii are the rms currents. As the goal is to find the minimum energy
losses, (4.121) must be derived with respect to the time and set equal to zero. The obtained result shows
that the times t1, t2 and t3 are equal to a third of the total travelling time T . Thereafter, the acceleration
a, the speed v and the distances travelled during each period can be found:

a1 = −a3 =
9St

2T 2
, (4.122)

v =
3St

2T
, (4.123)



4.10. CONCLUSIONS 103

st1 = st3 =
St

4
. (4.124)

These relations are only valid if the joules losses are taken into account and if the mechanical losses
are considered independent of the speed.

If the mechanical dissipation is proportional to the speed, the mechanical energy losses must be
added to (4.121) and thereafter the global losses must be derived with respect to the time and set to zero.
The mechanical losses are given by:

Wmec =
Cv · S2

(T − t1)
2

(
T − 7t1

3

)
(4.125)

Cv is coefficient given the brake force in relation with the speed.
The solution of the derivative of the total energy losses cannot be analytically solved and some

numerical methods can be used in order to find the solution [70].

4.10 Conclusions

Several models have been introduced in this chapter. Concerning the electromechanical part, the MaW
are precisely modelized using the point current or the approximative function based on lumped magnetic
schemes. For a pre-design motor, the approximative functions are enough precise and are not time
consuming. For a final optimization design the precise model is advised. A global method for the choice
of a winding is introduced and is valid for both rotative and linear motors. This analysis on winding
introduces a distribution factor of the coil which can be used for length coils in the case of ironless
motors. Nevertheless, the winding study could be completed by taken into account the iron losses due to
the sub and fractional harmonics produced by the winding mmf.

Regarding the toothless and ironless motors, the given models are very accurate and are based on the
Laplace’s force. These models can be used to calculate the attractive and propulsion forces for all current
waveforms. However, a special attention must be made to the yoke length of a toothless motor in order
to limit as much as possible the cogging force generated by the plate ends.

For the toothed motor, different possibilities of using the Carter factor have been analyzed. The
choice to apply it on a distance composed by the mechanical air gap and the half magnet height leads
to accurate models. The end effects and the cogging forces are more important than for toothless motor.
Therefore, it is advised to analyze this effect using the FEM

For the studied TFM, the model is not enough precise in order to design a correctly a motor. Com-
pared to other models, TFM model is based on a lumped magnetic scheme. It was decided not to proceed
with the optimization of this model since the prototype has shown that this motor was not adapted for the
studied application.to solve the matrices and therefore, it becomes very difficult to introduce a lumped
magnetic scheme in the program. The development of a more accurate model of this motor can constitute
an interesting future work.





Chapter 5

Thermal Model of a Motor

5.1 Introduction

A good thermal model of a motor is as important as a magnetic motor model since it determines the
admissible current density for the nominal working point. Heat transfer is the principal restrictive effect
on the motor power. Therefore, the thermal behavior must be taken into account in all motor designs.
To achieve a good thermal transfer, it is important to have a good motor cooling and also a good thermal
exchange with the external surroundings.

The problem of heat transfer is very complex and regroups three phenomena: the conduction, the
convection and the radiation. The basis theory of heat transfer is introduced in Section 5.2. Section 5.3
deals with heating sources.

In some cases, the motor duty cycle Dc, which is defined as the ratio between the ON-time of the
motor and the sum of the ON and OFF times of the motor, can influence its thermal behavior. This aspect
is discussed in Section 5.4.

Section 5.5 deals with experiments realized in order to validate the empirical formulas introduced in
this chapter. Finally, the last section discusses the main aspects in developing the thermal model of a
motor.

5.2 Theory of Thermal Transfers

5.2.1 Conduction

The thermal conduction is a transport of energy in a medium due to a temperature gradient. It is given
by the Fourier’s law [71, 72]. Figure 5.1 shows the thermal conduction in a cylindrical bar thermally
isolated along its surface. The heat flux q through a material is given by:

q = k · S · ΔT

Δx
+ c · ρm · V · ∂T

∂t
, (5.1)

k is the thermal conductivity of the material, ρm is its density , c is its specific heat, S is its surface, V is
its volume and T is its temperature.

In a motor pre-design, the transient behavior can be omitted and therefore only the steady state is an-
alyzed. This corresponds to the worst case in term of thermal constraints. Hence, (5.1) can be simplified
by introducing a thermal conduction resistance Rth, in order to build a thermal lumped network, as:

q = k · S · ΔT

Δx
=

T2 − T1
Rth

, (5.2)
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Figure 5.1: Conduction phenomena caused by a temperature gradient ΔT = T2 − T1.

with:
Rth =

x2 − x1

k · S . (5.3)

The factor k depends on the material and significant values for electrical motors are given in Table 5.1.
To model the conduction, temperature dependance of the thermal conductivity is not taken into account
and the values at 20◦C are admitted for all materials.

Table 5.1: Thermal conductivity for several materials used in electrical motors.

Composition k at 20 ◦C
[W/mK]

Air 0.026
Copper 386

PM (NdFeB) 9
Steel 46

Winding insulation 0.9

For heterogenous materials it is not straightforward to calculate the conduction. This is the case for
coils (copper or aluminium and insulation) and laminated stacks (iron and insulation).

For the coils, an approach to calculate the conductivity is given in [72], which proposes to join all
the conductors in the center of the slot and to distribute the volume of the insulation around the copper
volume. An alternative approach gives an equivalent conductivity for a slot as a function of the copper
wire diameter and the distance between their centers [73]. Therefore, an equivalent thermal resistivity
of 0.9 W/mK for a coil is adopted [74] and it is assumed that this value is not dependent of the coil and
wire dimensions.

For laminated yokes, two materials are in parallel with the thermal flux direction. The general form
of the equivalent conductivity is:

ke =
∑

i

Vi · ki, (5.4)

Vi is the volume of the material i. For a laminated yoke (5.4) becomes:

ke = kf · kir + (1 − kf ) kins, (5.5)

kf is the stacking factor (or lamination factor) which can be assumed equal to 0.95.

5.2.2 Radiation

Radiation is the energy emitted by matter of an emissivity ε at the temperature TS to an open space. This
heat transmission is given by the Stefan-Bolzmann’s relation:

qi = σsb · ε ·
(
T 4

S − T 4
∞
)

= hr · (TS − T∞) , (5.6)
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hr is the radiation heat transfer coefficient given by:

hr = σsb · ε ·
(
T 3

S + T∞ · T 2
S + T 2

∞ · TS + T 3
∞
)
. (5.7)

T∞ is the room temperature, ε is the emissivity depending on the radiation surface and it is related to
the black body. The value of the Stefan-Boltzmann constant is equal to σsb = 5.67 · 10−8.

For a black body, ε is equal to 1 and for the motor laminations this factor can be adopted equal to
0.95. Therefore, the radiation heat transfer coefficient hr varies from 6 to 7 for a surface temperature in
the range between 40◦C and 70◦C and a room temperature of 20◦C.

Equation (5.6) defines a radiation thermal resistance equal to:

Rth =
1

hr · S , (5.8)

S is the surface of radiation.

5.2.3 Convection

Convection is a process of heat transfer between a solid and a fluid, which creates an air flow due to the
density variation of the fluid caused by its temperature gradient. The free convection is only caused by
density difference coming from the temperature gradient in the fluid. If the flow is created by external
means (fans, winds, ...) the convection is called forced convection. Both convection processes can be
described by the same equation:

q = hcS (TS − T∞) , (5.9)

hc is the mean convection heat transfer coefficient. It changes in relation with the convection type. S
and TS are the surface in contact with the air and its temperature, respectively. This equation permits to
define a convection resistance:

Rth =
1

hc · S
. (5.10)

The calculation of the mean convection heat transfer coefficient hc is based on empirical adimen-
sional numbers depending on the convection type [71].

The convection mode imposes the theory and more particularly the adimensional number to use, for
solving the problem. Indeed, the mean convection heat transfer coefficient hc depends on the Prandtl Pr
and the Rayleigh Ra numbers for the free convection and on the Reynols Re and Prandtl Pr numbers
for the forced convection. These numbers define for both cases the Nusselt number Nu, which gives the
mean convection heat transfer coefficient hc for a plate of a length l:

hc =
Nu · k

l
, (5.11)

k is the thermal conductivity of the air and it depends on its temperature [71]. In this thesis, it is assumed
that the temperature is uniformly distributed on the surface which participate to the convection heat
transfer and that the air flow conditions are the same for the whole surface.

5.2.3.1 Free Convection

Two cases are analyzed for the free convection: a hot vertical and a hot horizontal plate, both with a finite
length l, as shown on Fig.5.2.
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Figure 5.2: Vertical plane and horizontal plane for the study of the free convection.

In a free convection process the Rayleigh number determines the flow nature [71]. A Rayleigh
number Ra ≤ 109 indicates a laminar flow while upper values imply a turbulent flow. The Rayleigh
number is defined as:

Ral =
g · β (TS − T∞) l3

να
. (5.12)

Here, ν is the kinematic viscosity, α is the thermal diffusivity, g is the gravity acceleration and β is the
volumetric thermal expansion equal to:

β =
2

TS + T∞
=

1
Tf

, (5.13)

with Tf the film temperature.
α and ν are temperature depending. These quantities are assumed to be linear in a standard temper-

ature range, i.e. for temperatures varying between -20◦C and 180◦C 1. Therefore, α is approximated as
follows:

α = 2.25 · 10−5 + 1.58 · 10−7 · (Tf − 300) (5.14)

and ν is approximated by:

ν = 1.59 · 10−5 + 1.052 · 10−7 · (Tf − 300) . (5.15)

For a vertical plate of a length l, the Nusselt number is calculated as:

Nul = 0.59 · Ra
1/4
l (5.16)

for a laminar flow (which is usually the case in linear motors). The convection heat transfer coefficient
hc can be determined using (5.11).

For a horizontal plate, the Nusselt number is as follows:

Nul = 0.54 · Ra
1/4
l for 104 � Ral � 107, (5.17)

Nul = 0.15 · Ra
1/3
l for 107 � Ral � 1011. (5.18)

1The precision of this approximation is less than 8%.
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5.2.3.2 Forced Convection

In a forced convection case, the Rayleigh number is replaced by the Reynolds number Re in order
to differentiate the laminar from the turbulent flow. If this dimensionless number is over the critical
Reynolds number 5 · 105, the flow is assumed as turbulent. Reynolds number is dependent on the plate
length and is equal to:

Rel =
v∞ · l

ν
, (5.19)

where v∞ is the external flow velocity. For a forced convection the properties of the gases must be
evaluated for the temperature Tf , called the film temperature:

Tf =
TS + T∞

2
. (5.20)

The interesting case is a finite horizontal plate of a length l with an external flow of a speed v∞ and
at temperature T∞ blowing above it. For a laminar flow, the Nusselt number is equal to:

Nul = 0.6654 · Re
1/2
l · Pr1/3 (Rel � 105), (5.21)

with:

Pr (Tf ) =
ν (Tf )
α (Tf )

(5.22)

For a turbulent flow an approach to calculate the Nusselt number is given in [71] and it is equal to:

Nul = 0.037 · Re
4/5
l · Pr1/3. (5.23)

Thereafter, the convection heat transfer coefficient can be deduced from (5.11) and an equivalent
thermal resistance can be calculated.

5.3 Heating Sources

The heating sources in motors are Joule losses and iron losses which regroup the hysteresis losses and
the eddy current losses.

5.3.1 Joule Losses

Due to the electrical resistivity of the conductor, Joule losses are temperature dependent. Without taking
into account the skin effect, Joule losses are equal to:

Pcu(T ) = m · Rph(T ) · I2
ph = ρcu · Vcu · J2 · (1 + αc · ΔT ) . (5.24)

Here, m is the number of motor phases, Rph is the phase resistance, Iph is the rms current in one phase,
Vcu is the total copper volume of the motor, αc is the temperature coefficient (0.004 for the copper), ρcu

is the copper resistivity and J is the current density.
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5.3.2 Iron Losses

Iron losses are the sum of hysteresis losses and eddy current losses [72].
Hysteresis losses are due to the non-linearity between the flux density B and the magnetic field

H in a material, which it is caused by a delay to magnetize or demagnetize the material. When the
flux density in the material varies between two values, Bmin and Bmax, losses are proportional to the
hysteresis surface and to the frequency of the flux density f . Moreover, since the energy in a material is
proportional to the product of the flux density and the magnetic field, hysteresis losses are proportional to
the square of the flux density B̂ if the hysteresis cycle is symmetric as on Fig. 5.3 [22]. To reduce these
losses, the use of ferromagnetic material with a thin hysteresis cycle (FeNI or FeSI) is recommended.
Hysteresis losses are given by:

Ph = Ch · f · B̂2 · m, (5.25)

Ch is the coefficient of the hysteresis losses and m is the mass of the material excited by the flux density.

B

H

B̂

Figure 5.3: Hysteresis cycle.

Eddy currents in a material are generated by an alternative flux density. Eddy currents are propor-
tional to the square of the flux density and the frequency square [75]. To reduce Eddy currents, the
electrical resistivity must be increased. Therefore, magnetic circuits are splited up to several lamination
of a thickness e. Eddy currents are equal to:

Pw = Cw · f2 · B̂2 · e2 · m. (5.26)

In practical cases, for a given thickness of lamination and a given quality, iron losses including the
two effects are the sum of (5.25) and (5.26):

PFe = f · B̂2 · m · [Ch + Cw · f · e2
]

(5.27)

This expression is simplified as follows:

PFe = Cp

(
f

50

)k
(

B̂

1

)2

m. (5.28)

The values k and Cp are generally given by the manufacturer or they can be deduced from experi-
mental measurements, [74] gives some coefficients. Due to a high polarization created by magnets, iron
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losses are neglected for the toothless motor. For other motors iron losses must be taken into account in
the stator part as well as in the reactive part. Iron losses in the stator are mainly due to the pulsating field
produced by the magnets. Furthermore, additional iron losses in the stator are due to the magnetic flux
produced by the coil supply. Additional losses produced by a PWM command are not taken into account.
For the reactive part, iron losses are due to magnetic flux produced by the coil and by the magnetic flux
pulsation produced by the variation of magnetic tooth permeance.

A good approximation of the losses are obtained using only the fundamental of the Fourier series of
the magnetic flux density.

5.3.3 Magnet Losses

The resistivity of sintered NdFeB magnets is rather low (ρPM
∼= 100 · 10−6Ω/m). Therefore, the Eddy

current losses in conductive PM due to magnetic fields produced by the stator slots and the coil mmf
cannot be neglected. These losses are generated by the harmonics frequency of the magnetic flux. For a
PM (Fig. 5.4) the current density Jy flowing in the magnet is deduced from (2.10) and it is equal to [76]:

Jy(x) =
x

ρpm
· dB

dt
(5.29)

If it is assumed that the induced currents in the PM do not perturb the flux density in the air gap, that the
flux density is perpendicular to the magnet surface and is no position dependent and that the end effects
of the magnet are neglected, the current density has therefore only a component in the y-direction.

B

yz

x

J  (x)y

lPM

w PM

Figure 5.4: Magnet losses produced by a pulsed magnetic flux density B.

As the flux density is assumed uniform, the magnet losses are equal to

Ppm(t) = ρPM

∫
J2

y (x) · dVpm = ρpm · hpm · wpm

∫ lpm

−lpm

J2
y (x) · dx (5.30)

Ppm =
wpm · hpm · l3pm

12ρpm
· 1
T

∫ T

0

(
dB

dt

)2

dt (5.31)

ρPM is the resistivity of the PM.
The assumption that the flux density seen by the PM is only time dependent leads to over estimate

the Eddy current losses in the PM. The flux density, presented on Fig. 5.6, seen by the magnet and due to
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a tooth travelling along the axis x above the magnet (Fig. 5.5) can be modelled by a travelling wave as:

Bpm(x, t) = B̄ + B̂ · sin
(

π · x
τn/2

− ωpm · t
)

, (5.32)

ωpm is the frequency pulsation seen by the magnet. This value is equal to:

ωpm = 2π
v
τn

. (5.33)

x, tooth position

Tooth at position x=0

Figure 5.5: Tooth travelling along the axis x above the magnet.
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Figure 5.6: Flux density waveform above the magnet for several stator positions, tooth-slot interaction on the flux
density.

Therefore, the flux variation in the PM is equal to:

emfpm = −dφ

dt
= − d

dt

∫ ∫
Spm

Bpm(x, t) · dS, (5.34)

Spm is the PM surface. Thereafter, the Eddy current losses into the PM can be evaluated as

Ppm =
emf2

pm

Rpm
, (5.35)
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with Rpm the PM resistance equal to

Rpm = ρpm · 2wpm

hpm · lpm/2
(5.36)

Therefore, using (5.34) and (5.32) into (5.35), the magnet losses at no load into one magnet are equal to

Ppm =

(
2·wpm·ωpm·B̂·τn·π

2
√

2
· sin

(
lpm·π

τn

))2

Rpm
(5.37)

5.4 Impact of the Motor Duty Cycle on the Motor Design

The duty cycle of the motor is defined as follows:

Dc =
ton

ton + toff
, (5.38)

ton and toff are the ON-time duration and the OFF-time duration of the motor, respectively. In most
cases, the motor duty cycle Dc is less than 1 and the maximum allowed current density of the motor can
be increased compared to a motor with Dc=1. Therefore, the motor volume can be reduced.

First, the thermal constant of the motor is estimated using (5.1):

τ = Rth · c · ρm · Vcu, (5.39)

for which only the thermal capacitance c of the copper and the free convection are considered. This
corresponds to the worst case. Depending on the thermal constant τ , two cases appear:

1. the thermal constant is smaller or close to the ON time. Then, the transient behavior must be
studied in order to find the maximum reached temperature which defines the current density limit;

2. the thermal constant is much higher than the ON time. Therefore, the difference between the
temperatures when the motor is supplied and when it is switch off is low. The average temperature
is considered in order to fix the maximum current density.

During the ON time, the coil temperature increases as:

T (t) = Tmax ·
(
1 − e−t/τ

)
+ T0 · e−t/τ (5.40)

During the OFF time, the coil temperature decreases following:

T (t) = T0 · e−t/τ − T∞ ·
(
e−t/τ − 1

)
. (5.41)

T0 is the initial coil temperature at the beginning of transient mode (ON or OFF), Tmax is the temperature
reached for t = ∞ and T∞ is the ambient temperature.

In the first case, the thermal behavior must be analyzed using (5.40) and (5.41). Tmax is delimited
by the motor specifications and fixes the limit current density.

For the second case, the motor is first analyzed for a duty cycle of Dc = 1 permitting to consider
only the stable state. This fixes the maximum current density JDc=1 and therefore the maximum losses
for a given Tmax. Thereafter, by keeping the same mean losses, the new current density depending on
the duty cycle is defined as:

JD =
JDc=1√

Dc
(5.42)

if the saturation of the iron is neglected. Consequently, for a given propulsion force, the active width
wpm can be decreased.

In such an approach, the current density must be also bounded in order not to demagnetize the PM,
i.e. the stator mmf must be smaller than the PM mmf (θcoil/θPM <kdem).
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5.5 Experiments

In order to validate the empirical formulae, two measurements have been realized. They consist in
measuring the convection and radiation of an iron plate heated by electrical resistances and of a geometry
similar to a toothless motor.

5.5.1 Heated Iron Plate

5.5.1.1 Set-up

The heated iron plate used in measurements is presented on Fig. 5.7. Resistances to heat the plate are
located in slots and a thermal conductive paste guarantees a good thermal transfer between the plate and
the resistances (Fig. 5.8).

Figure 5.7: Convection and radiation evaluation of an iron plate, experiment measurements.

Figure 5.8: Resistance network to heat the iron plate.

During the measurements, the plate is placed on a paperboard in order to isolate its bottom face.
Furthermore, the emissivity of the plate is assumed to be 0.95. Plate sizes are:

• Plate length: 230 mm

• Plate width: 80 mm

• Plate height: 15 mm
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To realize good measurements, the thermal steady state must be reached and the temperature must
be uniformly distributed on the surface (for the plate, three points of measurements).

5.5.1.2 Results: Free Convection

Table 5.2 gives results of measurements and calculations for two different electrical powers. The ra-
diation and convection heat transfer coefficients can be summed to form a coefficient hcr, as given in
Table 5.2.

Table 5.2: Results of the measurements of the horizontal plate.

Electrical Plate Room Convection + Radiation hcr

power temperature temperature Theory Experiments
W ◦C ◦C W/◦K/m2 W/◦K/m2

17 60 24 12.4 14
21.5 78.5 23 13.7 14.6

The theoretical coefficient hcr is calculated by applying the theory given in Sections 5.2.2 and 5.2.3
to all the surfaces of the plate, except the one in contact with the paperboard. Therefore, hcr is equal to:

hcr =
P

(TS − T∞) · S (5.43)

P is the electrical power needed to heat the plate and S is the total surface area in contact with the
ambient air.

There is a discrepancy between theory and experiment. This comes probably from the assumption
that no heat transfer is performed between the plane and the paperboard. As the theory gives a lower
combined coefficient hcr than the measurements, this permits to accept the theoretical values and to
apply them to motor design.

For this example, the theoretical convection and radiation coefficients as well as the combined coef-
ficient hcr as a function of the plate temperature are given on Fig. 5.9.

Furthermore, additional measurements have also been performed with a vertical plate. These mea-
surements are less in accordance with the theory (5.16) since a difference up to 18% appears between
the theory and the measurements. In practice the plate dissipate more heat than predicted by theory.
Therefore, if the motor is designed in accordance with the theory, the current density will be constraint
to a value of about 8% less than the motor can admit. This difference gives a security margin.

5.5.1.3 Forced Convection

To measure the forced convection, the plate was introduced into a small wind tunnel. A grate in the input
and output of the wind tunnel make the airflow laminar. The velocity and the temperature of the air were
measured with an anemometer with integrated thermometer.

During measurements, the pressure in the tunnel is assumed equal to the atmospheric pressure. This
assumption results in neglecting the dependence of the kinetic viscosity in the pressure. Indeed, the
kinetic viscosity varies with pressure through its dependance on density.

The obtained results are summarized in Table 5.3. They are completed by the relation of hcr∗ given
by [74] which is equal to:

hcr∗ = 12 + 6 · v0.8 (5.44)
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Figure 5.9: Convection, radiation and combined coefficients as functions of plate temperature (room temperature
= 20◦C).

Table 5.3: Results of the measurements of the horizontal plate in the wind tunnel.

Measurements Theory
power air velocity plate temp. room temp. hcr plate temp. hcr hcr∗

W m/s ◦C ◦C W/◦K/m2 ◦C W/◦K/m2 W/◦K/m2

23.3 2 40.5 14 31.7 56.5 19.75 22.4
42.7 2 61 14 32.8 90.7 20.1 22.4
42.7 2.9 56.5 13.8 36.2 76.1 24.8 26.1
42.8 3.2 56 14.2 37 73 26.3 27.2
42.7 4.1 49 14.5 44.7 64.8 30.6 30.5

This relation is an approximative function where the coefficient 12 represent the convection and radiation
without a forced air. It is interesting to denote that both the formulae (5.23) and (5.44) are very similar,
as shown in Table 5.3.

The results are not in accordance with the theory since a difference of about 50% is obtained. Several
other formulae such (5.23) were used in order to obtain a better correlation with the practical measure-
ments, but the obtained results were less accurate. As hcr is proportional to the power, the difference
could be explained partially taking into account the thermal transfer to the bottom of the plate. Never-
theless, these power losses must be small since the plate is thermally insulated. The difference comes
certainly from the end effect of the plate, where some small whirlwind are generated.

To conclude, the proposed formula (5.23) is not appropriate for a pre design process where dimension
constraints are very restrictive. In this case, a corrective factor should be introduced with care. If the
weight or the motor volume is not constraining, (5.23) can be applied, as consequence to underdesign
the current density.
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5.5.2 Fictive Toothless Motor

5.5.2.1 Set-up

The fictive toothless motor consists of three coils in series supplied by a DC source. An aluminium plate
recovers the coils and the air gap between the coils and the plate can be adjusted. Figure 5.10 shows the
analyzed configuration. The emissivity of the aluminium plate is assumed equal to 0.82 and the plate
sizes are the following:

• plate length: 230 mm

• plate width: 80 mm

• plate height: 15 mm

Figure 5.10: Convection and radiation evaluation of a fictive toothless motor, experiment.

As for the previous analysis, coils are thermally isolated on their bottom faces and it is assumed that no
thermal transfer occurs in this direction.

5.5.2.2 Results: Free Convection, horizontal

During this experiment, the temperatures of the coils and the plate are measured for several air gaps.
Table 5.4 shows the results for the steady state.

To compare these measurements with the theory, a simple lumped thermal model is built and it is
presented on Fig. 5.11. Rth coil is the conduction thermal resistance of the coil, Rth air gap is the thermal
resistance of the air gap and Rth conv+rad is the thermal resistance modelling the convection and the
radiation of the aluminium plate. The thermal resistance of the air gap is split in two thermal resistances.
The first thermal resistance Rth air gap 1 modelizes the heat transfer in direction of the room temperature.
The second Rth air gap 2 modelizes the thermal transfer between the coils and the plate. The conductivity
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Table 5.4: Results of the thermal measurements of the fictive toothless motor.

Electrical Air gap Temperature
power Coils Plate Room

W mm ◦C ◦C ◦C
5.3 1.5 62 50 22.5
9 1.5 84.5 63 22.5

5.4 2.9 69 47 24
8.2 2.9 91 59 23

10.2 0 76.5 76 23

Rth conv+radRth coil R th 
air

 ga
p 2

Rth air gap 1

Pcoil

  

Coils 

Plate 

Isolation 

Heat transfer modelized with Rth air gap 1 

Heat transfer modelized with Rth air gap 2 

Figure 5.11: Theoretical consideration for convection and radiation evaluation of a fictive toothless motor.

thermal resistance of the plate is near zero and therefore it is not taken into account. The main difficulty
is to model the thermal transfer into the air gap. The first step is to assume that all the power produced by
the coils flows through the plate. Therefore, Rth air gap 1 is assumed equal to infinity. The coil thermal
resistance is calculated using (5.3) and the thermal resistance of the plate is estimated using (5.8) and
(5.10).

For the air gap it was first assumed that the heat transfer is made by conduction but this assumption
leads to inaccurate results. Therefore, the heat flow in the air gap is modelled by a rectangular cavity.
Globe and Dropkin proposed an empirical formula for the horizontal cavity heated from below [71]. This
relation is equal to:

NuL =
hc · L

k
= 0.069 · Ra1/3Pr0.074. (5.45)

This model gives the results shown in Table 5.5.

Table 5.5: Model results of the thermal behavior of the fictive toothless motor with the air gap modelled by a
rectangular cavity.

Electrical Air gap Exp. temperature Model temperature
power Coils Plate Room Coils Plate Room

W mm ◦C ◦C ◦C ◦C ◦C ◦C
5.3 1.5 62 50 22.5 59.1 49.2 22.5
9 1.5 84.5 63 22.5 81.2 64.7 22.5

5.4 2.9 69 47 24 62.1 47 24
8.2 2.9 76.5 76 23 77.3 62 23

The comparison with the measurements validates the theory for the convection and radiation thermal
resistance of the plane. For an air gap of 1.5 mm, the model is in good agreement with the measurements
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and permits to conclude that for small air gaps, the use of the rectangular cavity is a good approach. For
higher air gaps this model does not provide accurate results. A model of an air gap in rotative motors
has been developed in [73] where it is proposed to fix the Nusselt number at the value of Nu = 2 in
the air gap. This value is given for low speed rotation and can be therefore adopted for linear motors at
standstill (critical case). The obtained results are in agreement with the theory, as shown in Table 5.6.

Table 5.6: Model results of the thermal behavior of the fictive toothless with Nu = 2 in the air gap.

Electrical Air gap Temperature
power Coils meas. Coils model Room

W mm ◦C ◦C ◦C
5.3 1.5 62 66.6 22.5
9 1.5 84.5 93.7 22.5

5.4 2.9 69 70 24
8.2 2.9 91 89.1 23

Therefore, the use of Nu = 2 seems to be a good approach. As the theory gives higher temperatures
of the coils than the measurements, it implies a more restricting limitation on the maximum allowed
current density.

This model can be used in all cases. However, for a better accuracy in cases with small air gaps, the
air gaps can be modelled with a rectangular cavity.

5.5.2.3 Results: Free Convection, vertical

To model the air gap, several relations proposed by [71] were tested as well as the modelization of the
air gap by a parallel plate channel as well as by a rectangular cavity. The best correlation with the
measurement has been obtained using:

NuL = 0.42 · Ra
1/4
L Pr0.012 ·

(
lm
δ

)−0.3

, (5.46)

which gives the Nusselt number for a rectangular cavity with a large ratio lm/δ, where δ corresponds to
the air gap height and lm is the pseudo motor length. This relation gives a Nusselt number near 2, as it
was proposed in Section 5.5.2.2.

A good agreement with the measurements is obtained as presented in Table 5.7

Table 5.7: Comparison between the measurements and model results of the thermal behavior with Nu=2 in the air
gap.

Electrical Air gap Temperature measurements Temperature calculation
power coils plate room coils plate

W mm ◦C ◦C ◦C ◦C ◦C
9.2 2.5 85 52 19 93 64
5.6 2.5 59 43 19 67 48

5.5.2.4 Results: Forced Convection

The main difficulty is to model the air gap, i.e. the two thermal resistances modelling the air gap
(Fig. 5.11). Indeed, in this case, the thermal resistance Rth air gap 1 can not be assumed equal to in-
finity, since the ambient air flows in the air gap.
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Several models were tested in order to estimate as precisely as possible the temperature of the coils
and the plate. They are summarized as follows:

1. the air gap is modelled with a rectangular cavity and Rth air gap 1 is assumed infinite;

2. the thermal resistance Rth air gap 2 is assumed zero and Rth air gap 1 is modelled using a relation
for a laminar flow in tubes [71];

3. the thermal resistance Rth air gap 2 is estimated by taking into account only the radiation and
Rth air gap 1 is modelled using a relation for a laminar flow in tubes;

4. the thermal resistance Rth air gap 2 is estimated by assuming Nu = 2 and Rth air gap 1 is modelled
using a relation for a laminar flow in tubes.

The simplest approach (the first model) gives inaccurate temperature values: the coil temperature are
about two times and the plate temperature up to four times higher than those obtained in measurements.
Therefore, the thermal resistance Rth air gap 1 must be taken into account, as it is done in the second
model. It is obtained using the relation given in [71], which gives the Nusselt number in relation to the
flow tube dimension, i.e. for the presented case in relation with the air gap and the pseudo motor width.
In this case the given Nusselt number is Nutube = 5. Therefore, the thermal resistance Rth air gap 1 is
equal to:

Rth air gap 1 =
Dh

Nutube · k · wm · lm (5.47)

Dh is the hydraulic diameter and it is given by:

Dh =
4 · Sc

P
, (5.48)

Sc and P are the flow cross-sectional area and the wetted perimeter, respectively. This second model
leads also to non accurate results which permits to conclude that the thermal resistance Rth air gap 2 can
not be assumed as zero.

For the two last models both thermal resistances Rth air gap 1 and Rth air gap 2 are taken into account.
Three possibilities to model the air gap were analyzed, as shown on Fig. 5.12.

Rth air gap 2
2

th air gap 1R

Rth air gap 2
2

th air gap 1R

Rth air gap 2

Rth air gap 2

th air gap 1R

A) B) C)

Figure 5.12: Three possibilities to model the air gap.

The best results are obtained by modelling the air gap with the lumped thermal resistance (C) and to
assume Nu = 2 for the heat transfer between the coils and the plate. The results are given in Table 5.8.
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Table 5.8: Comparison between the measurements and the theoretical values for the pseudo ironless motor in the
wind tunnel and comparison with the presented model.

Measurements Theory
temperature temperature

power air gap air speed coil plate room coil plate hcr

W mm m/s ◦C ◦C ◦C ◦C ◦C W/◦K/m2

10.61 1.5 2 55 33 13 51.1 22.7 21.2
10.8 1.5 3.1 50 28 12.2 50.5 21 27.7
19.6 1.5 3.1 70 36.5 12.5 81 28.4 27.7
30.3 1.5 3.2 92 49 12.5 116 36.6 28.3
10.3 3 2 62 21 12.5 67.6 25.2 21.1
18.3 3 3.2 91 24 12.6 107 32.2 28.3
27.2 3 3.2 122 27 12.6 150 41.9 28.3

This model gives acceptable results, even if it is not so accurate then those presented in the previous
sections. This comes from the difficulty to model the air gap. Indeed, the proposed model of the thermal
resistance Rth air gap 2 does not take into account the variation of the air gap.

Therefore, to build a more accurate model, it is recommended to perform several experiments on a
structure having geometrical dimensions close to those given by motor design and to fit the experiment
results with, for example, a polynomial model.

5.6 Motor Thermal Model

The purpose of a thermal model is to fix the maximum current density in the coil in order to not exceed
the material allowed temperature. The temperature range of each material is given by the insulation class.
The motor is generally built for a specified insulation class (A, B, F, H, etc). Therefore, a thermal model
is essential for motor design.

To develop a thermal model several assumptions are made:

1. the heat transfer is only carried out to the room air;

2. there is no air flow in the air gap (Rth air gap 1 = ∞) since it is a restrictive case;

3. the thermal conductivity of the iron parts (PM, yokes, ...) is assumed ideal (Rth = 0);

4. external additional coolings are taken into account by empirical coefficients;

5. for toothless motors, the only considered losses are Joule losses.

A methodology to build a motor thermal model is illustrated on Fig. 5.13, where the dashed boxes
are the input parameters of the model and boxes with thick solid lines are the outputs. The first step is
to define all the losses in the motor. Then the equivalent thermal resistances are calculated by assuming
a forced convection heat transfer coefficient for the moving part. The convection is therefore calculated
for an air flow equal to the motor speed. Once the thermal resistances and the losses are determined,
a motor thermal model is developed. Thereafter, the maximum current density is found. Furthermore,
if the motor has an external cooling, the maximum current density can be increased by a cooling factor
given in Table 5.9. These factors are determined by industrial experiences (ETEL SA). With the increase
of the current density, the magnet width can be decreased.

For toothless motors and the TFM motor, the thermal models are trivial. Therefore, only a thermal
model for toothed motors is presented here as an example.
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Table 5.9: Cooling factors permitting to increase the current density.

No cooling Air cooling Water cooling
under pressure under pressure

Cooling factor 1 1.6 2.5

Motor 
type

Joule losses
Iron losses

Joule lossesMotor geometry

ToothlessToothed

Coil thermal 
resistance

Convection & 
radiation 
thermal 

resistance

Air gap

Nu = 2
Rectangular 

cavity

big <1.5mm

Air gap
thermal 

resistance

Motor thermal model

Material 
insulation

class

Maximum current 
density

External 
cooling

Figure 5.13: Schematic of the thermal model development.
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5.6.1 Example: Thermal Model of a Short Stator Toothed Motor

The thermal model of the motor studied in Section 4.5 is developed.
First, the conditions for the motor thermal model are chosen. Indeed, the thermal model changes

following the work conditions (motor at standstill, LS or ShS with a constant speed, etc.). For the
example, it is assumed that the supply part moves with a speed of 1 m/s and therefore the motor surface
exchanges its heat by radiation and forced convection.

The approach consists to evaluate the mean losses of each part and to build a lumped thermal model.
Figure 5.14 shows the heating sources produced by the toothed motor. They consist on the iron losses

in the yokes (MaW and supply part) and the teeth, on the Eddy currents in the PM and the Joule losses
in the winding. The goal is to regroup all the mean losses of the same nature and of the same level.
Therefore, the copper losses represent only one heating source. The same approach is taken for the iron
losses. The lumped thermal model is shown on Fig. 5.15.

Pfe tooth cuP

PM P

fe MW yokeP

fe yokeP

Figure 5.14: Heating sources of a toothed motor.

P Pcu fePfe

Pfe

PfeMW yoke

PM

Stator yokeTeeth

Rth coil

Rth conv rad

Rth air gap

Rth pm

Rth yoke

Rth ext

Figure 5.15: Global thermal model of a toothed motor.

The global thermal model shows, for a better understanding, the thermal conduction resistances.
Such a model is very straightforward to build and it is in most cases enough precise.

If the conduction thermal resistance of PM and of the yoke are neglected and it is assumed no heat
transfer in the MaW direction (Rthext = ∞), the scheme can be simplified as shown on Fig. 5.16. In
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Pcu PfePfe

PfePfeMW yoke PM

Stator yokeTeeth

Rth coil

Rth conv rad

Rth air gap

TmotorTcoil

Figure 5.16: Simplified thermal model of a toothed motor.

this example, it is assumed that the motor has a long stroke and therefore the losses in the MaW (PM
and yoke) do not influence the thermal behavior of the moving part. These heating sources can also
be suppressed on Fig. 5.16. Therefore, the temperature of the MaW can be assumed equal to the room
temperature.

All the iron losses Pfe are calculated for each iron parts (MaW yoke, teeth and stator yoke) following
(5.28). The peak value of the flux density in each part can be estimated using a lumped magnetic scheme.
For the studied motor, Table 4.21 gives the peak value of the flux density in the teeth and in the yoke
supply part, in no-load. Therefore, if the stator is built with a standard laminated iron (N800-50HA), the
following iron losses, at no-load, are obtained:

PfeTeeth = 1.1
(

v/(2 · τp)
50

)1.6
(

B̂

1

)2

(Nt · wpm · ht · lt · ρir) = 0.18 [W], (5.49)

PfeStatoryoke = 1.1
(

v/(2 · τp)
50

)1.6
(

B̂

1

)2

(wpm · hys · lm · ρir) = 0.1 [W]. (5.50)

The Joule losses are estimated using (5.24) and are equal to

Pcu = 170 · (1 + αc · ΔT ) [W]. (5.51)

In the PM, only the losses due to the slots are taken into account since it is assumed that the PM mmf
is much higher than the stator mmf and that Eddy currents in the PM do not affect the flux density in
the air gap. This assumption is not valid for transient supply where the coil mmf could be close to the
PM mmf. Using (5.37) the Joule losses in the magnets are found to be 7W. Although this losses do not
influence the motor thermal behavior, they are useful to evaluate the motor efficiency. The yoke of the
MaW is made of a standard steel (S430FU) and the losses in the Maw yoke are calculated using (5.28).

The convection and radiation resistance Rth conv rad is estimated with (5.3) and (5.8). The surface S
includes all the surfaces in contact with the air, i.e. the five faces surrounding the coils except the active
surface. The conductive resistance of the the coil Rth coil is calculated using (5.4). For the air gap model,
the rectangular cavity model can be used since the air gap is small enough (<1.5mm).
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Therefore, the motor temperature is evaluated as

Tmotor =
∑

P · Rth conv rad + T∞, (5.52)

the temperature of the coil is
Tcoil = Pcu · Rth coil + Tmotor. (5.53)

By solving this thermal lumped scheme, the coil and plate temperatures can be found. Table 5.10
shows these temperatures for a case without to take into account the temperature coefficient αc in (5.24)
and for the normal case whit αc = 0.004. This comparison indicates clearly the importance of this factor
and demonstrates also that the motor can not work under these specifications with a duty cycle equal to
1.

Table 5.10: Coil and plate temperatures obtained by solving the thermal model.

αc = 0 αc = 0.004
Coil temperature 205 325
Plate temperature 191 295

Figure 5.17 shows the coil temperature in relation with the motor duty cycle D. Therefore, if the coil
temperature is limited to 120◦C, the maximum duty cycle is about D = 0.32.
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Figure 5.17: Temperature evolution in relation to the motor duty cycle.

5.6.2 Influence of the Thermal Model on the Magnetic Model

As mentioned, the thermal model limits the current density and therefore the motor power. This direct
impact is an important constraint for the motor.

Indirect consequences must also be related to the magnetic model of the motor. The first one is the
increase of the electrical resistance with the temperature given by (5.24). The second one is the decrease
of the remanent flux density of the PM with the temperature increase. This is summarized in Table 2.1,
which gives the properties of the PMs. This phenomena can be irreversible in some cases. These two
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aspects have as consequence to decrease the propulsion force for a fixed current density. Nevertheless,
this aspect can be omitted (or the temperature for the coil and the PM is fixed) in a motor pre-design and
can be taken into account if a more precise motor model is required or when the temperature range varies
significantly.

5.7 Conclusions

Thermal models are very difficult to develop since the air movement due to the heating is not straightfor-
ward to model. Nevertheless, the proposed empirical formulae give a good accuracy for phenomena at
standstill. As shown in Section 5.5, these formulae are less accurate with forced cooling. However, the
forced convection or a motor travelling at constant speed can be modelled with the proposed formulae.

In a motor thermal model, a great difference appears between ShS and LS since for the same appli-
cation the duty cycle is not the same. It means a different thermal behavior.

For the heating sources, the difficulty to have a good approximation of the iron losses comes from
the fact that the coefficient Cp and the frequency reference are not always given by the manufacturer.
These factors can be obtained by experiments.

The proposition to model the thermal behavior of the air gap by a rectangular cavity offers good
results. This new aspect can also be used when a forced air flows into the air gap.

Generally, the presented models are accurate enough to define the maximum current density. How-
ever, practical measurements remain the best approach to verify the thermal model and to valid it.



Chapter 6

Motor Design Analysis and Comparison

6.1 Introduction

In this chapter several motor concepts and Magnetic ways are discussed and compared. The sensitivity
of the optimized result to relevant parameters is shown in order to discuss the advantages and drawbacks
of several motor topologies.

In Section 6.2, different magnetic ways are compared and some sensitivity analysis are presented.
Section 6.3 deals with toothless motor, for which several topologies and windings are compared. In
Section 6.4, the toothed motors are discussed. Finally, in Section 6.5 toothless and toothed motors are
compared.

The comparison methodology is based on the Section 3.6.3. To realize a good comparison the models
must have the same precision and the design process for the compared motors must be also the same.

6.2 Magnetic Ways, Air Gap MMF

The MaW introduced in Section 4.2 allows to compare their mmf. This comparison aspect is very
interesting and it is, in most cases, only roughly studied. Therefore, this section will define the advantages
and drawbacks of each MaW. The different analysis will show the relation between the flux density in the
air gap and the PM volume which has an important impact on the material cost. Therefore, the proposed
comparison analysis are interesting in order to limit the PM volume.

The studied MaW introduced in Section 4.2 are divided in three groups:

• single magnetic ways without opposite iron part;

• single magnetic ways with opposite iron part and small air gap;

• magnetic ways with high air gaps for toothless motors.

For these comparisons, iron parts are considered ideal μr ir = ∞ and the PM relative permeability
is assumed equal to μr pm = 1.

6.2.1 Single Magnetic Ways without Opposite Iron Part

Two different single MaW without opposite iron part are studied; the single sided MaW with mounted
PM and the single sided Halbach array (Fig. 1.4). These ways are used with an ironless winding.

The first comparison criterion is the mean value of the flux density on one pole pitch. The results with
several magnet heights and pole pitches are analyzed, as shown on Fig. 6.1. For this comparison and for

127
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a given pole pitch, the magnet volume between the two MaW is the same. Therefore, the magnet height
differs slightly between the single MaW with mounted PM (Fig. 4.11) and the single HA (Fig. 4.18), as:

hpm HA =
hpm single MaW · lpm single MaW

τp
. (6.1)

Figure 6.1 shows that the mean value of the flux density (B̄) of a HA depends strongly on the pole
pitch. It is mainly due to magnet length lpm x (Fig. 4.17) which have a magnetization parallel to the
movement. Indeed, lpm x increase the flux line length in the air gap compared to a single sided MaW
with mounted PM. Therefore, single HA are more adapted for small pole pitches.

Furthermore, for a single sided MaW with mounted PM, Fig. 6.1 shows the non linear dependance
of B̄ as a function of the magnet height. This observation introduces the variation sensitivity of B̄ to the
magnet height and therefore the difficulty to find an optimum by taking into account the PM cost and
the motor performances. This problem of sensitivity is the key point of the optimum result analysis. For
a single sided MaW, the mean value of the flux density as a function of the pole pitch and the magnet
height is given on Fig. 6.2.

Another relevant comparison is made on the flux density wave form, as shown on Fig. 6.3. This
explains the tendency to have a higher B̄ with HA than with single sided MaW, for high hpm. This figure
shows the flux density concentration above the y-magnetized magnet of the single HA. For this figure,
the length of lpm x and lpm y are equal to the half pole pitch.

The HA can be designed in order to have a flux density waveform close to a sine. As examples,
the waveforms of the flux density for several cases are shown on Fig. 6.4. Their respective Fourier
transformations are given on Fig. 6.5.

Figure 6.5 shows a slightly higher magnetic flux fundamental value for the single HA with a ratio
lpm x/τp < 0.5 than for a single sided MaW.

To conclude, single sided HA are less adapted for large pole pitches than single sided MaW with
mounted PM. Moreover, for a high PM volume, HA have a better flux density (distribution and peak
value) in the air gap than single sided MaW with mounted PM. HA are also very difficult to assemble
and tolerance problems can appear. Therefore, single sided HA are not a good solution to realize single
sided MaW for common applications. However, they can be interesting for specific applications. For
example, in an application requiring a LS motor, it could be advantageous to use a single sided HA
since it is lighter than a single sided MaW with mounted PM (HA has no yoke), meaning a higher
acceleration [77].

6.2.2 Single Magnetic Ways with Opposite Iron Part with Small Air gap

This group of MaW with a small air gap (δ/τp ≤ 0.1) are used with toothed supply parts (Fig.4.25).
The case with a high air gap, which groups the MaW for toothless motors, is discussed in the following
section. All the presented results are defined at the middle of the mechanical air gap δ/2 and all the
comparisons between MaW topologies are made for the same magnet volume. In this Section, a MaW
with inserted magnets is introduced beside the single sided MaW with mounted PM and the HA single
sided. The MaW with inserted magnets is modelled with a lumped magnetic scheme. The geometrical
quantities of this MaW are presented on Fig. 6.6.

This model is not so accurate compared to the other MaW models since the analytical results for the
flux density are up to 15% higher than those obtained with a FEM. This difference comes from the flux
leakage which is not straightforward to model. Nevertheless, this MaW is introduced in order to show
its advantages and drawbacks. However due to the model accuracy, it cannot be directly compared with
the two others.
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Figure 6.1: Mean value comparison of the flux density at 1 mm above the magnet height.
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Figure 6.2: Mean value of the flux density for a single sided MaW (1mm above magnet surface), τp = 15 mm.
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Figure 6.3: Flux density waveform comparison between single sided MaW (a) and single HA (b), 1mm above
magnet surface.
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Figure 6.6: Geometrical quantities for the MaW with inserted magnets.

The study of B̄ above one pole pitch does not differ compared to the case without opposite iron,
as presented on Fig. 6.1. Therefore, in this configuration with opposite iron part, HA are also more
adapted for rather small pole pitches τp. The flux density waveform for hpm = 6 mm, δ = 2 mm and
τp varying from 0.01 to 0.05 mm is presented on Fig. 6.7. It shows that this MaW is not adapted for
high pole pitches. Indeed, for a high pole pitch the magnetic flux has a weak flux density above the
x-magnetized PM. These PM has the tendency to decrease the performance of HA for high pole pitches.
On the contrary, for small pole pitches the magnetic flux in the air gap becomes close to a sine.
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Figure 6.7: Flux density waveform as a function of the pole pitch for an HA (hpm = 6 mm, δ = 2 mm, lpm x/τp =
0.5).

In a determinist design approach (Section 3.1.1) the choice of the magnet height in regards to the
mechanical air gap is difficult to made since it is a compromise between the MaW cost, the propulsion
force density (proportional to the flux density created by the PM in the air gap) and the attractive force
(proportional to the flux density square created by the PM in the air gap). Figure 6.8 shows the mean
value of the flux density and the attractive force (related to a magnet height of 5mm) as a function of
the magnet height. Using the proposed design methodology, the choice of the magnet height in regard
to the air gap height is a result of the optimization process depending on the objective function and the
constraints.

As for the single MaW without opposite yokes, the flux density waveform varies with lpm x/τp
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Figure 6.8: Flux density mean value over one pole (solid lines) for several air gaps as a function of the magnet
height (τp = 30mm) and attractive force (dashed lines) relative to the case with a magnet height of 5mm.
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(Fig. 4.18). Figure 6.9 shows the flux density waveform of a HA as a function of this ratio (hpm =
6mm, δ = 2mm, τp = 20mm). This waveform is in some cases close to a sine. For comparison,
the magnetic flux for a single MaW with mounted PM is presented on Fig. 6.10. Moreover, in order to
achieve the same performances, the magnet volume must be increased in the case of a HA.
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Figure 6.9: Flux density in the air gap as a function of the x-magnetized magnet length for a single sided HA MaW
with opposite yoke (hpm = 6 mm, δ = 2 mm, τp = 20 mm).
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Figure 6.10: Flux density in the air gap for the single MaW with opposite yoke (hpm = 6 mm, δ = 2 mm, τp = 20
mm) and the single HA with opposite yoke (hpm = 5.4 mm, δ = 2 mm, τp = 20 mm).

For the same magnet geometry, MaW with inserted magnets has a higher flux density in the air gap
compared to the MaW with mounted magnets. Figure 6.11 shows the variation of the flux density in the
air gap and its mean value (δ = 2 mm and τp = 20 mm). The computation required for this model is
more time consuming than for the other MaW models. This comes from the saturation in the iron parts.
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Nevertheless, the computation time is still acceptable.
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Figure 6.11: Peak value of the flux density in the air gap (solid line) and its mean value (squares) for a MaW with
insert magnets as a function of magnet length (τp = 20 mm, hpm = 18 mm.

The MaW with inserted PMs generates a high flux density in the air gap. The drawback is that it
produces a reluctance and a cogging force when it is used with a toothed motor. Moreover, as the HA,
MaW with inserted PM are difficult to manufacture and to assemble.

6.2.3 Magnetic Ways for Ironless Motors

These magnetic ways, usually double sided, are :

• double sided MaW with mounted PM Fig. 1.4 c);

• double sided Halbach array Fig. 1.4 e);

• single sided MaW with opposite iron plate Fig. 1.4 b).

They are characterized by a large air gap in order to introduce the coils into it. For the comparison, the
air gaps vary between 4 and 15 mm for τp = 30 mm.

In the two last sections, it was noted that HA are not adapted for high pole pitches since the mean
value of the flux density is, for a same magnet volume, smaller than for the other MaW. Therefore, double
HA are not studied for high pole pitches.

Compared to the double sided MaW with mounted PM, the single sided MaW with opposite iron
plate leads always, for a same magnet volume, to a smaller flux density, as presented on Fig. 6.12. This
is mainly due to higher leakage flux. However, the variant with the single sided MaW with opposite iron
plate can be chosen for geometry reasons.

As shown on Fig. 6.13, double sided Halbach array has, for a high volume of magnet, a better mean
value of the flux density than the double sided MaW with mounted PM. Therefore, if the cost is not a
restricting factor, HA becomes a good solution to achieve a high magnetic flux density in the air gap.

Another relevant comparison is the variation sensitivity of B̄ with the air gap. As shown on Fig. 6.14,
B̄ for HA array is less sensible to the air gap height.
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Figure 6.14: Comparison of the sensitivity of the air gap on the magnetic flux density mean value B̄ (τp = 15 mm,
hpm = 5 mm).

6.2.4 Magnetic Ways Comparison: Conclusions

The studied MaW are all composed of magnets, although the excitation can also be produced by DC
coils and teeth. This last solution was not studied in this thesis since it is only an adapted solution for
motors requiring a high power. More information about this aspect can be found in [11] .

The studied Halbach array is the simplest variant and it can be composed of more than two magnets
per pole as presented on Fig. 6.15. Such a MaW has the advantage to produce a sinusoidal waveform in
the air gap, which can be in some peculiar cases an advantage. On the other hand, it is very difficult to
manufacture.

Figure 6.15: Halbach array with three magnets per pole.

Generally, HA needs a higher PM volume magnets to reach the same magnetic flux in the air gap. On
the other hand they have the advantages to not have iron parts and therefore no iron losses. Moreover, the
possibility to have a more sinusoidal magnetic flux distribution in the air gap could be an advantage for
specific applications requiring a constant propulsion force. Furthermore, HA are more adapted for rather
small pole pitches for two main reasons. First, due to their structure they have a higher y-component
of the flux density than MaW with mounted PM. Second, with a high pole pitch, the x-magnetized PM
becomes difficult to magnetize due to its length.

The solutions with mounted PM are the most adapted MaW for linear motors. They are easier to
manufacture and to assemble than HA or MaW with inserted PMs. Moreover, these MaW are more
dependant on the manufacturing precision. Regarding magnet issues, HA needs more PM volume to
achieve good performances than MaW with mounted PM. Consequently for these two main reasons
(volume of magnets (cost) and difficulty to industrialize) HA magnetic ways are not widespread in linear
motor technologies.
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The solution with inserted PMs are more adapted for tubular motors. A particular attention must be
made on the cogging force that is generated by this MaW, since it can disturb the propulsion force.

6.3 Toothless and Ironless Motors

The goal of this section is to compare the toothless motors and to characterize each topology in order
to define their working domain. These motors are characterized by high dynamic performances (accel-
eration and speed), no cogging and reluctance forces, no relevant iron losses and in the most cases no
attractive force. High acceleration means high propulsion force and therefore reducing the moving mass
becomes a priority. To have a light mover, a good solution is to move the coils without yoke (iron-
less solution) or to move the magnetic way. Four motors without yoke (Ironless) and one motor with
yoke (Toothless) are compared, as presented on Fig. 6.16. Ironless motors are mainly dedicated to high
acceleration whereas toothless motor is more adapted for a higher propulsion force .

B) Ironless double sided motor

Coils

A) Ironless single sided motor

Coils

Coils

C) Ironless single sided with opposite yoke motor

Coils

E) Ironless double sided halbach array 

Coils

D) Toothless motor

Figure 6.16: Toothless and ironless motor variants.

The thermal models are about the same (if the iron thermal conductibility is assumed as ideal) for the
motors A) and D) and for the motors B), C) and E). The following assumptions are made for the thermal
model:
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• the conductance thermal resistances of the magnets and the iron parts are neglected;

• the air gap(s) are modelled with a rectangular cavity with Nu = 2;

• the heat transfer is made in both directions (up and down) of the coil;

• when heat transfer is made through an air gap to a yoke or PM (double sided Halbach array), the
convection and radiation surface is considered as twice the coil surface (i.e. the motor has a stroke
equal or higher than two times the motor length);

• the motor is considered at standstill (v=0) with a duty cycle Dc=1;

• only the steady state is modelled;

• the copper losses and the remanent induction of the PM are temperature dependent.

These thermal models are very restrictive and do not take into account the speed of the motor which
can be assumed as a forced convection. The analysis of the MaW allows to establish a ranking of the
proposed motors in terms of maximum propulsion force. Indeed, for a same magnet volume and a same
mover the motor A) will produce the smaller propulsion force whereas the motor B) will develop the
higher propulsion force.

Three windings types are considered as presented on Fig 4.33. They are three-coil concentrated
windings. The coil opening is either 120 edeg, 240 edeg or 300 edeg. These windings are compared and
by analogy the advantages or drawbacks of other windings (Table 4.11) are deduced. All the presented
results are made for a motor with three coils. Therefore, to compare the propulsion forces, the force
density is preferred.

To perform a good comparison between the motors, the constraints must be the same. They are listed
in Table 6.1.

Table 6.1: Chosen motor constraints for a relevant comparison

Br Remanent induction of PM 1.23 T
dcu Copper diameter 0.2-1.6 mm
kcu Copper filling factor 0.6
hcoil, hpm Coil and PM height 2-10 mm
lint Inner coil length 4 mm
wpm PM width (Active width) <150 mm
δ Air gap 1 mm
τp Pole pitch <50 mm
Tcoil Coil temperature <120◦C
Tpm PM temperature <60◦C
T∞ Room temperature 20◦C

6.3.1 Ironless Single Sided Motor

This motor is the less powerful of all toothless motors since it has no opposite yoke to close efficiently
the magnetic flux. Nevertheless, this motor does not require a lot of space and the guidance system is
easy to realize. It is studied with two different MaW: with mounted PM and with HA.
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6.3.1.1 Ironless Single Sided Motor with Mounted PM

The maximal propulsion forces for several pole pitches and the three winding types are found by opti-
mization under the constraints introduced in Table 6.1. These maximum forces are presented in Table 6.2.

Table 6.2: Maximum forces for ironless motor with a single sided MaW with mounted PM. Several pole pitch
lengths.

coil opening [edeg]
120 240 300

Fmax [N] 44.1 113 132
τp Fs [N/m2] 2967 3822 3540

50 [mm] km [N/
√

W] 8.2 15.8 16.8
kw [-] 0.567 0.927 0.989
lint [mm] 4.99 8.74 7.56
Fmax [N] 28.6 74 86.4

τp Fs [N/m2] 3180 4092 3852
30 [mm] km [N/

√
W] 6.4 12.6 13.6

kw [-] 0.597 0.944 0.995
lint [mm] 4.44 7.11 6.33
Fmax [N] 11 28.5 34

τp Fs [N/m2] 2455 3160 3010
15 [mm] km [N/

√
W] 3.2 6.6 7.2

kw [-] 0.669 0.952 0.998
lint [mm] 4 4.05 4

For all these cases, the restrictive factor is the temperature of the magnets (60◦C). To maximize the
propulsion force, the program set the most geometrical parameters (hcoil, hpm, lcoil) to their maximum
values, except for the inner length of the coil lint. This value changes in order to limit the copper losses
as related in Table 6.2.

This table shows that a winding with a maximum coil opening of 120 edeg is not a good solution since
it has a low force density propulsion Fs and a low motor constant km. The low motor constant is due to
the poor winding factor 1kw (4.63). Coil opening of 120 edeg is only adapted for applications requiring
rather small propulsion force in a small volume. If the motor is limited by two poles, a distributed
winding would be more adapted.

The winding with the maximum coil opening of 300 edeg has a better motor constant than with a
coil opening of 240 edeg. This is due to the pitch factor ks which is close to one for a coil opening of
300 edeg. On the other hand, a toothless motor with a coil opening of 240 edeg reaches a better force
density. This results from the thermal model since the increase of the power losses is more important
than the capacity to evacuate the heat.

Moreover, Table 6.2 shows the variation of the force density with the pole pitch. This can be ex-
plained with Fig. 6.1. It illustrates that for high hpm, B is higher with a pole pitch of 30 mm than for
the others. This directly influences the propulsion force. The propulsion force density and the motor
constant are given in relation to the pole pitch for the two different coil openings (240 edeg and 300
edeg) on Fig. 6.17.

This graph shows that the two motors are very similar in term of performances. Therefore, without
taking into account the application which introduces some additional constraints (acceleration, geometry,
volume, cost, etc.), it is not possible to differentiate them and to favorize one winding.
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6.3.1.2 Ironless Single Sided Motor with HA

For this motor only the coil openings of 240 edeg and 300 edeg are studied. The maximum propulsion
forces are given in Table 6.3.

Table 6.3: Maximum propulsion forces for ironless motor with single sided HA and several pole pitch lengths.

coil opening
240 300

Fmax [N] 102.5 128.7
τp Fs [N/m2] 3450 3432

50 [mm] km [N/
√

W] 14.3 16.2
kw [-] 0.967 0.999
Fmax [N] 76.5 95.1

τp Fs [N/m2] 4250 4230
30 [mm] km [N/

√
W] 13.1 14.9

kw [-] 0.961 0.999
Fmax [N] 36.8 45.4

τp Fs [N/m2] 4096 4033
15 [mm] km [N/

√
W] 8 9.6

kw [-] 0.951 0.999

This table shows that in comparison with a single sided ironless motor with mounted PM, HA are
adapted for rather small pitch factor. Moreover, the two coils openings are very similar and without
taking into account an application the choice of the winding cannot easily be made.

6.3.1.3 Ironless Single Sided Motor Comparison

Figure 6.18 shows the maximum surfacic propulsion force and its motor factor for the both studied
motors with hpm = 10 mm and hpm = 5 mm, and for a coil opening of 240 edeg. The magnet volume is
the same for both MaW and therefore (6.1) is used.

These graphs illustrate that HA are adapted for small pole pitches and that they require a higher
magnet volume to be competitive. The non linearity between the force density and the PM height hpm

shows that the magnet height must be also made regarding the magnet cost.

6.3.2 Toothless Motor

Compared to the others, this motor has a heavier moving part due to the yoke, as illustrated on Fig. 4.32.
Although a coil opening of 120 edeg seems less interesting in terms of performances, it is taken into
account here. To reduce as much as possible the cogging force produced by the plate, its length can be
given by (4.80) since the air gap is rather high. The maximum propulsion force is found by optimization
for several pole pitches and results are presented in Table 6.4. The restricting factor is again the PM
temperature.

The propulsion force per surface unit is higher than for ironless motors with single sided MaW
without yoke. This advantage becomes less important as the pole pitch decreases. As the thermal model
is this time more restrictive, the coil height vary following the cases. A higher pole pitch allow a better
heat dissipation leading to have a higher coil height.

For this motor, the attractive force must also be studied in order to show the dependence of this
parameter on the PM and air gap heights. Figure 6.19 shows the attractive force per surface unit for a
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A) Magnet height hpm = 10 mm
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Figure 6.18: Maximum force density and motor constant comparison between both studied motors. A) hpm = 10
mm and B) hpm = 5 mm.
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Table 6.4: Maximum propulsion forces for toothless motor and several pole pitch lengths.

coil opening [edeg]
120 240 300

Fmax [N] 73.2 189.1 221
τp Fs [N/m2] 4880 6300 5900

50 [mm] km [N/
√

W] 13.6 26.5 28.1
kw [-] 0.585 0.931 0.994
hcoil [mm] 9 8.4 8.5
lint [mm] 6.5 10.3 9.5
Fmax [N] 40.3 106 124.3

τp Fs [N/m2] 4477 5905 5224
30 [mm] km [N/

√
W] 9.3 18.6 19.8

kw [-] 0.604 0.944 0.996
hcoil [mm] 6.4 6.0 6.0
lint [mm] 4.8 7.2 6.8
Fmax [N] 14.5 39.0 45.4

τp Fs [N/m2] 3220 4340 4037
15 [mm] km [N/

√
W] 4.5 9.3 9.87

kw [-] 0.669 0.951 0.9985
hcoil [mm] 3.5 3.2 3.2
lint [mm] 4 4 4

toothless motor. It is assumed that this value is not dependent on the pole pitch. The attractive force
becomes more sensitive to the air gap height as the PM height increases. Therefore, the attractive force
is an important criteria for a toothless motor design.
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Figure 6.19: Attractive force per surface unit for a toothless motor as a function of the PM and air gap height.

Concerning the winding, no additional conclusions can be made compared to the Section 6.3.1.1.
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Sometimes, it is interesting to define the peak force of the motor, i.e. the value which can be reached
during a short ON time. An example of the calculation of the peak force is introduced here. This value
is limited by two aspects:

• a possible demagnetization of the PM due to the coil mmf;

• the maximum coil temperature.

To determine a peak force Fpeak, the duration of the motor ON time ton must be first determined.
During this time, it is assumed that there is an adiabatic overheating of the coil. Therefore, (5.1) becomes:

∂θcoil

∂t
=

J2
peak · ρcu

c · ρc
= kθ · J2

peak (6.2)

kθ is the heating factor depending on the temperature through the copper resistivity ρcu. For a maximum
temperature in the coil of 120◦C, the heating factor is equal to [78]:

kθ = 6.76 · 10−15. (6.3)

Therefore, the thermal limit of the maximum rms current density Jpeak is given by:

Jpeak =
1√
2

√
Tcoil − T∞

ton · kθ
for kdem ≤ 2. (6.4)

Moreover, by giving a condition than the mmf of the coil must be smaller than the mmf of the PM, the
maximum current density and the peak force can be found. This peak force can only be reached during
a limited ON time. If the motor is already on a given temperature, the peak force cannot be obtained
during the same ON time.

Figure 6.20 shows the maximum theoretical propulsion forces and their respective current densities
as functions of the ON time of the motor. However, this propulsion force can be achieved only if the
supply part is designed to tolerate the required power and if the mechanical part is designed to support
both the maximum force and the resulting acceleration. The effect of saturation in the beginning of the
curve is due to the restriction on the coil mmf (θPM/θcoil ≥ 2).

For a given application, a mechanical model can be added as presented in Section 4.9 as well as a
motor supply model as introduced in Section 4.7.3. In an optimization process, the peak force can be
also introduced in order to optimize the motor for both its working point (nominal force and speed) and
its peak force. Such an approach is interesting for applications requiring a high acceleration followed by
a displacement at constant speed.

6.3.3 Ironless Double Sided Motor

For this motor type, three topologies are compared:

• ironless with a double sided MaW with mounted PM;

• ironless with a double sided HA;

• ironless with a single sided MaW with mounted PM. and opposite yoke

As seen in the previous sections, the winding with a coil opening of 120 edeg is not a good solution
in terms of performances. Therefore, this winding is not taken into account here. The maximum forces
for several pole pitches are optimized and are given in Tables 6.5, 6.6 and 6.7 for the three topologies. In
order to be able to achieve a better comparison between the double sided ironless motor and the single
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Figure 6.20: Maximum theoretical propulsion force and current density for a toothless motor as a function of the
ON time.

Table 6.5: Maximum forces for an ironless motor with a single sided MaW with mounted PM. Results for several
pole pitches.

hpm ≤ 10mm hpm ≤ 20mm
coil opening coil opening
240 300 240 300

Fmax [N] 180.7 213 217.1 257
τp Fs [N/m2] 6022 5680 7235 6850

50 [mm] km [N/
√

W] 25.0 26.5 30 32
kw [-] 0.931 0.993 0.891 0.995
Fmax [N] 99.2 117.5 106 126

τp Fs [N/m2] 5510 5220 5880 5580
30 [mm] km [N/

√
W] 17.2 18.4 18.4 19.3

kw [-] 0.945 0.996 0.948 0.997
Fmax [N] 34.0 40.8 34.0 40.8

τp Fs [N/m2] 3780 3630 3780 3630
15 [mm] km [N/

√
W] 8.04 8.7 8.04 8.7

kw [-] 0.951 0.998 0.951 0.998
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Table 6.6: Maximum forces for several pole pitch lengths for an ironless motor with a double sided MaW with
mounted PM.

coil opening
240 300

Fmax [N] 264 318
τp Fs [N/m2] 8810 8570

50 [mm] km [N/
√

W] 36.6 39.7
kw [-] 0.927 0.98
Fmax [N] 152 187

τp Fs [N/m2] 8390 8310
30 [mm] km [N/

√
W] 26.2 29.4

kw [-] 0.944 0.988
Fmax [N] 75 90.8

τp Fs [N/m2] 8335 8068
15 [mm] km [N/

√
W] 17.8 19.4

kw [-] 0.951 0.998

sided ironless motor with opposite yoke, the latter is first optimized under the specified constraints and
thereafter with a magnet height hpm ≤ 20 mm. This permits to have the same magnet volume than the
other ironless motors.

For the double sided motor with PM the optimization process is rather time consuming due to the
point current sum (4.29). To obtain more efficiently the optimized results, a simplified model could be
used (4.30). It decreases the optimization time by a factor of 400 and has the tendency to give a higher
propulsion force up to about 7%.

For the ironless motor with a double sided HA two optimizations are presented. The first one imposes
a ratio lpm x/τp = 0.5 and the second one is for a non constraint ratio.

Table 6.7: Maximum force for several cases for an ironless motor with a double sided HA .

(lpm x/τp=0.5) lpm x/τp free
coil opening coil opening
240 300 240 300

Fmax N 213 260 220 261
τp Fs N/m2 7174 6943 7407 6964

50 [mm] km N/
√

W 29.5 32.5 30.5 32.6
kw [-] 0.963 1 0.961 1
Fmax N 157 189 161 189

τp Fs N/m2 8735 8410 8943 8421
30 [mm] km N/

√
W 27.3 29.7 27.9 29.7

kw [-] 0.958 1 0.956 1
Fmax N 75.7 89.7 76.7 89.8

τp Fs N/m2 8413 7976 8461 7960
15 [mm] km N/

√
W 17.9 19.2 18 19.2

kw [-] 0.956 0.998 0.953 0.998

The results of the propulsion force for HA by the analytical models are lower for about 10% com-
pared with FEM. The optimizations of the propulsion force are not significantly different if the ratio
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lpm x/τp is not constraint. It means that the ratio lpm x/τp = 0.5 is almost optimal.
As predicted by the comparison of the mean value of the flux density, the double sided HA is less

adapted for high pole pitches. Moreover, ironless motor with a single sided MaW with opposite yoke
leads to worse results than with a double sided MaW. This is due to the flux leakages which are more
important in this case.

The difference between the double sided motor with mounted PM and HA are the same as in Sec-
tion 6.3.1. Moreover, as presented on Fig. 6.12, the HA has, for the same PM volume, a lower flux
density than with mounted PM. Therefore, for the ironless motor with HA the coil height does not reach
its upper value in each optimization. For example, with τp = 15 mm and a maximum coil opening of 240
edeg, the coil height is equal to hcoil = 6.3 mm. This permits to reach higher acceleration compared to
the case with mounted PM (for the same propulsion force). This could be a great advantage for specific
applications.

6.3.4 Toothless Motor Comparison - Conclusion

Concerning the winding, it is demonstrated that a maximum coil opening of 120 edeg is not a good
solution, excepted in application requiring a small motor length. Indeed, it has a low winding factor and
produces therefore high copper losses. Nevertheless, if a toothless motor must be designed for Np = 2,
an overlapped winding would be more adapted.

On the other hand, the performances obtained with the two other windings are very similar and
the choice between them will depend on the application. If the parameters of the coils (Fig. 4.21) are
considered separately, the following noticing can be made.

lint

• The inner length of the coil is in most cases close to its minimum value (this minimum value is
compulsory to wound the coil). In some cases it is interesting to increase this value in order to
decrease the copper losses. A small variation will not generate a high decrease of the propulsion
force.

• On the other hand, this length has a direct influence on the slot opening s, i.e. on the winding
factor kw and the motor constant km. Therefore, as the propulsion force is less sensible to lint, it
is sometimes interesting to increase lint in order to increase the motor factor.

lcoil

• This value is very important and is normally set to its maximum or close to the coil opening in
order to achieve a high propulsion force.

• Moreover, the higher this value is, the higher will be the slot opening. This is still more important
with a high wpm. For small wpm (close to the pole pitch), a compromise must be found between
the end winding (copper losses) and the coil opening s.

hcoil

• This value increases the air gap and therefore the magnet height must be increased in order to
achieve a high value of the flux density in the air gap (6.13). Therefore, if the magnet volume is
constrained, it is preferred to assemble several motor modules than to increase the coil height.

wpm
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• The choice of this quantity is the result of a compromise between the cost of the magnetic way
and the motor efficiency. Higher the width is, better will be the efficiency since the joule losses
due to the end winding are proportionally less important. On the other hand, it will increase the
investment costs as explained in Section 7.6.

Table 4.11 can be completed in order to show the interesting concentrated winding solutions. These
solutions are given in bold in the Table 6.8.

Table 6.8: Fundamental distribution factor 1kz for toothless motors. The interesting winding solutions are given in
bold.

Np\Ncoil 3 6 9 12
1
2 1
3
4 1 1
5 1 0.966
6 1
7 0.966 0.844
8 1 0.960 1
9

10 1 0.960 0.966
11 0.966 0.844 0.958
12 1
13 0.958
14 0.966

The thermal constraints are very restrictive for the toothless motor and the single sided ironless
motor, since in a normal use (not at standstill) the coils are directly in contact with the room temperature.
Moreover, a forced convection can be assumed when they are travelling. On the other hand, even if the
coils are moving, ironless double sided motors cannot transfer efficiently their heat to the environment.
For these motors, the proposed thermal models at standstill are then closer to a normal use. For this
reason, toothless and ironless motors can not be directly compared. To achieve a good comparison an
application is required.

Nevertheless, it can be assumed that ironless motors are more dedicated to high dynamic applications
whereas toothless are more adapted for applications requiring high propulsion force. The conclusions
made for the MaW comparison are also valid for this motor technology.

In term of losses comparison criterion, it is preferred to work with the motor factor km rather than
the motor efficiency. Nevertheless, the comparison based on the motor factor or the efficiency can, if not
strictly made, lead to inappropriate conclusions. Indeed, the motor with the better efficiency does not
produce in all cases the less losses.

Another difficulty, specific to linear motors, is to define the number of motor modules. For a given
motor surface active, what is the best compromise, a length or a wide motor? This question can only be
answered considering the application.
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6.4 Toothed Motors

6.4.1 Winding Choice

For the toothed motors, the first choice to be made is the winding with its number of slots and poles. As
the domain of interest are concentrated windings, the number of slots per poles and phases is q ≤ 0.5
(Section 4.3.2). To illustrate a motor design, the proposed methodology (Section 3) is applied to the
application studied in this thesis, i.e. an MMS. The specifications required to choose the winding are
given here without going into details. More information about these specifications is given in Chapter 7.

First, the supply frequency is limited to 100Hz. For a maximum speed of the motor v = 3.5m/s, the
minimum pole pitch is (4.69):

τp ≥ 17.5 mm. (6.5)

For the application, it was chosen to have a pole pitch between 25mm � τp � 35 mm in order to limit
as more as possible the iron losses. Furthermore, the motor length is limited for manufacturing and
mechanical reasons as:

0.45 ≤ lm ≤ 0.55. (6.6)

Therefore, the number of poles is confined between (4.70):

12 � Np � 22. (6.7)

By introducing a winding factor 1kw ≥ 0.9 and by selecting the combinations of Ns and Np leading
to a low cogging force (kcogg ≥ 12), the interesting combinations of slot and pole numbers are obtained.
They are given in Table 6.9. The check mark with an asterisk are windings with both possibilities, one
or two layers, while the check marks denote a two layer winding.

Table 6.9: Possible combinations of slot and pole numbers, for the winding factor 1kw ≥ 0.9 and a combination
leading to a low cogging force.

Np\Ns 12 15 18 21 24
14 �
16 �
17 �∗

19 �∗

20 �
22 � �∗

The solution with Np = 22 and Ns = 24 has the lowest kcogg factor leading to a higher cogging
force (4.61).

After this first selection, the number of winding possibilities is equal to 10.
However, all these solutions cannot be studied and an additional selection based on the combinations

which have the same number of slots Ns (the same winding) must be made.
For a given motor length lm, the supply frequency is given by:

f =
v

2 · lm (Np) . (6.8)

The motor with a higher number of poles have then a higher supply frequency. This corresponds to
an increase of the iron losses following (5.28). Therefore, the solutions with Np = 19, Ns = 18 and
Np = 22, Ns = 21 are eliminated.

Finally, this selection based on several criteria leads to six possible windings which are (Np/Ns):
(14/15), (17/18)∗, (20/21), (22/24)∗.
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6.4.2 Maximum Propulsion Force

The comparison of maximum propulsion forces is made on the chosen winding types. The constraints
are given in Table 6.1 and the thermal model at standstill is considered (Section 6.3). In this case, the
motor has no iron and PM losses. The additional constraints are given in Table 6.10.

Table 6.10: Additional constraints relative to toothed motors.

Bs, By Tooth and yoke flux density <1.8 T
hs Slot height <0.1 m
lm Motor length 0.45-0.55 m

The maximum propulsion forces for each winding achieved under the given constraints and thermal
model are listed in Table 6.11. The restricting factor is again the magnet temperature, fixed at Tpm =
60◦C.

Table 6.11: Maximum propulsion forces for several windings for a toothed synchronous motor.

(Np/Ns)# layers (14/15)2 (17/18)1 (17/18)2 (20/21)2 (22/24)1 (22/24)2
Fmax [N] 3075 3250 3177 3252 3730 3580
Fatt [N] 22200 23370 23370 24200 25840 25840
Fs [N/m2] 37260 39360 38420 39420 45150 43370
kcu [-] 0.55 0.6 0.55 0.55 0.6 0.55
km [N/

√
W] 220 233 231 238 246 239

kw [-] 0.951 0.956 0.953 0.953 0.958 0.949
kc [-] 1.248 1.212 1.212 1.187 1.146 1.146

This first comparison shows than toothed motors are more powerful than ironless motors. The propul-
sion forces for all the windings are almost the same and the program imposes for all cases a magnet height
of hpm = 10 mm and fixes the slot height to its maximum value. The presented comparison allows to
make some interesting conclusions.

In term of propulsion force and for the same number of poles and slots, windings with one layer have
a higher maximum force than windings with two layers. This is mainly due to their winding factor kw

and their copper filling factor kcu, which are higher for one layer than for two layers.
As this comparison is made at standstill, there are no iron and PM losses. The only losses are copper

losses. For a same number of layers per slot, the motor with the smallest tooth pitch will have, following
(4.82), the smallest Carter factor kc. Smaller the Carter factor, higher is the propulsion force. By sorting
windings from the smallest tooth pitch to the highest (for a same motor length), a classification of the
propulsion forces is obtained. The increasing order is the following: (22/24), (20/21), (17/18), (14/15).
On the contrary, the motors with the higher number of poles will produce higher iron losses. Therefore,
this comparison shows that a compromise must be made between iron losses and copper losses. Among
these proposed motors and for an application at low speed, the winding (22/24) would be the most
adapted, although at high speed the motor with the winding (14/15) would be preferred.

Therefore, the choice of the winding is dependent on the application and its working point(s) (speed,
propulsion force, etc.).

To find the compromise between iron losses and copper losses, the motor constant km is completed
by taking into account the iron losses. The second motor factor km2 is introduced as:

km2 =
F√

Pcu + Piron
. (6.9)
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To show the motor constant variation as a function of the speed, a comparison is presented for the
windings (22/24) and (17/18). These winding have both possibilities i.e. 1 and 2 layers per slot and a
different pole pitch τp for a given motor length. Although the motor is not any more at standstill, the
thermal constraints are kept the same, in order to compare the results with those in the previous Sections.

The maximum propulsion forces for the studied windings as a function of the speed are shown on
Fig. 6.21. It is interesting to denote the influence of iron losses in the stator on the maximum force
propulsion. For v = 3.5 m/s, which corresponds to the maximum speed reached by the motor for the
presented application, the different windings develop about the same propulsion force. Figure 6.22
shows the motor constant km2 as a function of the motor speed. As it was predicted, the motors with
a higher number of poles for a same motor length are more adapted for low speed. Indeed, this figure
shows that the solutions (22/24) have a higher motor constant at low speed than the solutions (17/18). At
high speed, this tendency is reversed due to the iron losses.
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Figure 6.21: Maximum propulsion force under the given constraints (Table 6.1 and Table 6.10) and for a same
motor length.

For v=0, the maximum force is obtained when the magnet height is equal to its maximum and when
the flux density in the tooth is also maximal.

For v�=0, the iron losses increases with the speed. Therefore, the tendency will be to reduce the flux
density in the teeth. As shown on Fig. 6.23 where the iron losses in the supply part are presented as
a function of hpm and ls, the flux density is more sensitive to the magnet height than the tooth length.
Therefore, to reduce the iron losses at high speed and to achieve the maximum propulsion force, the
tendency is to reduce the magnet height. In this case, a special attention must be made on the ratio
between the PM mmf and the coil mmf which becomes close. The case with two layers per slot is less
critical than the case with one layer per slot, for which the coil mmf is higher. For this reason, there is
an intersection on the Fig. 6.23 between the two curves of the same number of poles and slots, but with
a different number of layers.

For the iron losses computation, it was assumed that they are not influenced by the coil mmf. If the
coil mmf is close to the PM mmf and if the teeth are slightly saturated, the additional iron losses should
be taken into account. This aspect was not modelised in this thesis.
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Figure 6.22: Motor factor km2 corresponding to the maximum propulsion force presented on Fig. 6.21.
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The mmf distribution in the air gap due to the coils is not the same for a single layer winding than
for a two layers winding. It was noticed that the latter has tendency to produce less iron losses. This is
due to a better flux distribution.

Moreover the number of layers influences the cyclic inductance Ls. For a same number of turns per
slot, the case with one layer per slot will have a higher Ls than in the case with two layers per slot. This
decrease of the cyclic inductance represents an advantage for an application requiring a high dynamic.

This comparison based on the propulsion force and the motor constant does not take into account
additional restrictive factors such as the material cost, the mobile mass (which is comparable to the
inertia in the case of rotative motors) or other constraints introduced by the application. The following
section gives a more detailed analysis of a motor in order to show the influence of several parameters on
the motor design.

6.4.3 Motor Design, Parameter Sensitivity.

A winding is chosen to illustrate the parameter sensitivity. It is the (17/18)2. By starting with the design
which gives the maximum propulsion force (1881 N) at the nominal speed of 3.5 m/s, several parameters
will be changed in order to evaluate their effect on the motor performance.

The first interesting parameter is the magnet height hpm. By keeping the same losses as in the pre-
liminary design, the propulsion force is optimized with several given hpm corresponding to an increase
or a decrease in percent of the nominal value hpm = 4.73 mm. Figure 6.24 shows the maximum force
variation as a function of hpm.
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Figure 6.24: Maximum propulsion force for v=3.5 [m/s] as a function of the magnet height hpm. The reference is
the maximum propulsion force with a magnet height hpm = 4.73 mm.

For the given constraints, the variation of the PM height has not a significant impact on the maximum
propulsion force. Nevertheless, by decreasing the magnet height, the PM cost and also the attractive force
will decrease, which affects roughly the motor material cost. This aspect will be an additional constraint
for the presented application. This cost constraint will be introduced by a function which will take into
account both the material cost and the exploitation costs. This aspect will be discussed in Chapter 7.
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Moreover, this figure shows the duality between an optimized design and the compromize which can be
made.

An approximation of the attractive force around the reference point can be estimated as follows:

Fatt = Fatt ref ·
(

δ + (1 + ε) · hpm ref

(1 + ε) · (δ + hpm ref )

)2

. (6.10)

ε is the variation in percent of the magnet height.
Another important parameter is the slot length ls (or tooth length). Figure 6.25 shows the propulsion

force, the saturation factor ksat (4.88) and the respective PM temperature as a function of the slot length
ls. These graphics are very interesting since they show the problem of the validity domain. In this case,
when ls is too long, the flux density in the tooth exceeds B3 (Annexe B), which is the highest magnetic
flux amplitude permitted by the adopted model (only the central part of the BH curve is modelled).
Therefore the graph shows that it is compulsory to stay in the limits of the model.

This analysis shows also that by varying the slot length, the maximum propulsion force can be in-
creased. This increases, for a constant current density, the copper losses which causes an increase of the
motor temperature. This analysis on the slot length permits to show the necessity to stay in the limits of
the problem and to pay special attention on the most limiting factors of the optimization.

Another interesting parameter is the magnet width wpm. The variation of this parameter has, as in
the case of a rotative motor, an impact on the motor constant, but also an important influence on the
motor material cost in the case of a long stroke. Indeed, for a long stroke and a same active surface, it
is preferred to have for material cost reasons, a long rather than a wide motor. This construction aspect
is discussed in details in Section 7.6.1. To show the relation between motor width and motor length,
three additional designs are considered as presented in Table 6.12. All these designs have the same pole
pitches.

Figure 6.26 shows the maximum propulsion force and their motor constant km2 as a function of the
motor width, for a slot height of hs = 0.05 m and hs = 0.03 m.

If only the motor width would be changed and the other geometrical quantities and the current density
remain unchanged, the propulsion force is proportional to the motor width if the end extremities are
neglected. The motor constant km2 decreases less with the decrease of the motor width. From Fig. 6.26
it can be seen that the maximum propulsion force is higher for a small motor width than for a high motor
width. This is explained by the fact that the reduction by half of the motor width does not correspond
to a decrease by a half of the convection and radiation surfaces since the motor faces contribute also
to the heat transfer. As a consequence, the motor losses can be increased by a factor higher than two.
This is validated by Fig. 6.26, since for rather small slot height the maximum propulsion force does
not increase significantly. On the contrary, the motor constant km2 decreases. Therefore a compromise
between the number of motors in series and the motor constant must be made. This compromise will be
also influenced by the motor costs. For a long stroke, it will be preferred to build several motors in series
whereas for a small stroke, the choice of a wider motor will be advantageous.

Several other compromise designs will be presented in Chapter 7 in relation to the studied application.

6.5 Motor Comparison - Conclusions

With these different optimizations, several conclusions can be made on the studied motor types. In
linear motors, the comparison between toothless and toothed motors is not so difficult as for rotative
motors [79], since the force density can be directly compared. On the contrary, for rotative motors, the
rotor radius must be taken into account in order to compare the motor torque. Therefore, toothed motors
are clearly dedicated for high propulsion force whereas ironless motors are more adapted for applications
requiring a high acceleration or a high dynamic.
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Figure 6.25: Propulsion force and saturation factor (A) and PM temperature (B) with variation of the slot length
around the initial design (Fmax = 1881 N , v=3.5 m/s.

Table 6.12: Four motors design with different magnet width and number of poles and slots.

Np 17 34 51 68
Np 18 36 54 72
wpm [mm] 150 75 50 37.5
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If the motors are designed at standstill with comparable thermal models, the force density for toothed
motors can arise up to about 4 N/cm2. By comparison, ironless motors with a double sided MaW can
develop up to about 0.8 N/cm2 whereas toothless motors can produce up to about 0.6 N/cm2.

On the other hand, if the thermal model takes into account the motor speed, the force density for
toothed and toothless motors could be increased in a ShS case. For a speed of 3.5 m/s, which is the speed
of interest for the studied application, the force density increases up to 5.5 N/cm2 for the toothed motor
and up to 1.2 N/cm2 for the toothless motor.

Concerning the acceleration, the ironless motor with a double sided MaW permits to achieve high
acceleration up to 150 m/s2 whereas toothed motors allows an acceleration up to 80 m/s2.

Therefore, these two key points, acceleration and maximum propulsion force, show clearly the dif-
ference between toothed and toothless motors.

Concerning ironless motors, the motor with a double sided MaW reaches the highest acceleration.
Concerning the MaW and for high pole pitch (in order of 30 mm or higher) the solution with mounted
PM is preferred. On the other hand, for small pole pitches, HA becomes an interesting solution.

Moreover, in an optimization process, it is interesting to analyze the restricting factor(s). For the
presented analysis, the temperature was often the most restricting factor. As shown in Chapter 5, thermal
models are not so precise as the electromagnetical ones. Therefore, by constraining the problem by non
precise quantities, it is compulsory to ensure that the optimized result will be, in the real application,
situated in the constrain domain and will therefore not produce a motor overheating. In this thesis, all the
presented thermal models lead to higher temperature than the results obtained in experiments. Therefore,
no overheating should be possible.

In this chapter, the principal key points of each motor type were shown. More precise comparisons
can be made by taking into account the application. For example, such an analysis between ironless
motors for a high dynamic application is presented in [77].





Chapter 7

Application - Linear Motor for a Lift

7.1 Introduction

This chapter deals with a linear motor for a lift. This application has been briefly introduced in Sec-
tion 1.1. The methodology presented in Chapter 3, which defines the sections of this chapter, is used.

In large cities, due to expensive land price, high-rise buildings are built, in which the space dedicated
to the elevators is considerable and reduces the rented surfaces. To decrease the size of these "lost"
surfaces, a Multi Mobile System (MMS) is proposed. It is a system with several cars travelling up and
down in the same shaft, as described in [80, 81]. The traffic optimization during up peak traffic (early
in the morning) or down peak traffic (late afternoon) leads to dedicate several shafts with the same car
direction, having smaller cabins than conventional solutions. Furthermore, a horizontal transfer of the
cars is needed to allow them to change shafts. Such a traffic optimization, adjusted directly to the traffic
demand, permits to decrease the needed surface thus increasing the rented surface. This leads to a better
financial management of the building and a better service. In the MMS of the future, the individual
cabins can move autonomously. This requires a ropeless (without counterweight) elevator system with
self-propelled cabins. Therefore, linear drives become a must. It implies high mechanical power and
energy consumption. The lack of counterweight has also a direct effect on the required mechanical
power: since the maximum admissible acceleration is less than 13 % of the gravity, the major part of the
mechanical power is dedicated to compensate the gravity. As a direct consequence, the recovery of the
potential energy is extremely important.

Such an MMS differs from the solutions presented in Elevators for Skyscrapers [1] and in High Rise
Elevators For the 21st Century [2], but is closer to conveyor technologies, as described in [3].

The main advantages are:

• more rented surfaces;

• reduced average travelling time;

• more travelling capacities in case of building evacuation;

• positive return on investment.

Whereas the main drawbacks are:

• complex electronic and mechanic;

• high power and energy needed;

• high investment cost.

159
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The following aspects are crucial in the MMS:

• the arrangement of the shafts and the organization of the cars in them;

• the drive system needed to realize the autonomous movement of the individual cars;

• the control of the cars based on the customer requirements. The destination call control patented
by Schindler can offer important advantages. In this control, starting and destination landing are
known before the passenger enters the car. The control also knows the number of passengers
having the same destination. With this information the traffic can be controlled more efficiently;

• safety and availability of the entire system;

• cars in lightweight construction and their mechanical rendering;

• power supply and potential energy recuperation.

The main goal of such a MMS is to increase the rental surface by decreasing the space needed by the
lifts. An MMS can reduce the lift space up to 75% [82].

More details related to MMS can be found in [4, 83].

7.2 Specifications and Objectives

The traffic management defines the motor specifications [82, 84]. The goal of an MMS regarding time
efficiency is to offer at least the same traffic characteristics as a conventional lift. In this example, only
the case with small cabins is studied. Two motions of the cabins are considered: the vertical cabin
motion in a given shaft and the horizontal motion during the cabin transfer from one shaft to the shaft
aside. It is necessary to specify that both movements, the vertical and the horizontal, cannot be realized
with the same motor drive. Nevertheless, the possibility to drive the cabin with the same motor has
been analyzed [82]. Unfortunately, the solution was mechanically very complicated and the switching
duration time (the time needed for one cabin to change shaft) was too long. Therefore, the continuous
movement (vertical-horizontal-vertical) is considered and is realized with a sleigh [83].

Table 7.1 gives the MMS specifications. They do not take into account the increase of weight due to
the propulsion system. Indeed, this weight differs following the motor type and topology. In a ShS case
the converter and a high power system of energy transmission must also be embarked.

The speed of an MMS is reduced compared to a conventional lift (up to 10 m/s). Indeed, the traffic
efficiency is not considerably affected by the maximum speed, but it depends on the acceleration, on the
waiting time and on the time requested for entering and leaving the cabin.

Traffic simulations (done by ETHZ, [82]) show that the handling capacity is on average 3-4 times
and maximum 10 times higher than with the conventional elevators. On the contrary to the actual lifts,
the handling capacity will not decrease with the building height. The different studied scenarios and
related results have allowed to define the motor specifications, the number of shafts, the cabin size and
the number of cabins.

To determine the energy and the cost balances a reference building with the following specifications
is considered:

• number of floors: 18+3 (Entrance floors);

• floor height: 4.2 m;

• number of cabins: 16;
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Table 7.1: Motor specifications.

Building over 60m
small cabins

vertical horizontal
motion motion

Rated load [kg] 630 0
Car weight1 [kg] 450 450
Levelling accuracy [mm] < 1 < 1

System Static cabin distance [m] 0.4 –
specifications Dynamic cabin distance [m] 3 –

Number of cabins [Nb/m] 0.06 –
Supply voltage [V] 3x460 3x460
Noise [dBa] < 50 < 50
Motor weight [kg] TBD TBD

Motor Length [m] max. 2 max. 2
geometry Depth [m] the smallest the smallest

specifications Width [m] max. 1.2 max. 1.2
Air gap [mm] 3 3
Peak force1 [kN] 11.9 0.25
Peak power1 [kW] 41.7 0.15
Continuous force1 [kN] 10.6 –
Continuous power1 [kW] 37.1 –

Motor Max. motor duty cycle 30% 50%
working Speed [m/s] 3.5 0.6

specifications Acceleration [m/s2] 1.2 0.5
Max. acceleration (empty cabin) [m/s2] 5.8 0.5
Motor temperature [◦C] 120 120
Max room temperature [◦C] 40 40
Cooling TBD No

• number of shafts: 3.

The goal of the project is to define the best motor for the application. It must fulfill the specification
and the whole system must be competitive in terms of costs and security compared to a conventional lift.

7.3 Design Methodology

The methodology used to design the motor for the MMS is based on Chapter 3. Here, the key points are
recalled in order to have a better understanding of the following sections:

1. all the considered motor topologies and types will be introduced and a first selection related to the
application will be made. This selection will be based on the basic characteristics of each motor,
i.e. no motor designs will be performed for this step;

2. several additional figures of merit will be introduced and several motor predesigns will be per-
formed in order to build a comparative table. By using this table, a second motor selection will be
made;
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3. the choice of the motor topology, ShS or LS and single or double sided, will be made. This choice
will be imposed by the application;

4. the pre-selected motors for the chosen topology will be compared in order to choose the best
adapted motor type. After this last selection, the final motor will be designed and validated by
FEM.

7.4 Linear Motor Type Possibilities for an MMS

All considered motors for this application are presented on Fig. 7.1. They can be asynchronous or
synchronous motors. Nine motors and four topologies (short or long stators and double or single sided)
are first considered.

Synchronous Motors Synchronous TFM Induction Motors

Toothed Synchronous 
Motor

Toothless Motor

Ironless Motor

Homopolar MotorReluctance Motor

Classical Variant 
(Aachen)

Kamm's Variant

Tubular Variant (LEME)

Double Sided 
Motors

Single Sided 
Motors

Short Stator Motors Long Stator Motors

Figure 7.1: Considered motor variants and topologies for the MMS application.

All synchronous motors have been introduced in Chapter 1 except the homopolar linear motor which
is the motor variant used for the Swissmetro project [85]. For the proposed TFMs, a short description is
given in order to have a better overview.

The classical variant for the TFM motors is shown on Fig. 7.2. For this motor, the number of poles
is given by the number of permanent magnets divided by two, because only half of the permanent magnet
fluxes are active at each position when producing linkage flux. This characteristic requires that the motor
must have an even number of permanent magnets to create a flux balance in the air gap. As an example,
Figure 7.2 represents one pair of poles motor with four permanent magnets [86].

The linking flux, despite of the propulsion force, creates also an attractive force between both stators
and the reactive track. This force can be annihilate by building a double sided motor.

The Kamm’s variant has been introduced in Section 4.6.
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Figure 7.2: Transverse flux motor - Classical variant - one phase stack is shown [86].

The LEME variant starts as a simplification of the Kamm’s variant. The design is shown on Fig. 7.3.
Two main differences have been introduced to this variant:

1. it uses one single stack of permanent magnets and iron pieces;

2. the linking flux closes through the rotor and not through the stator.

The second characteristic avoids the two extra air gaps needed in Kamm’s variant to close the linking
flux.

Figure 7.3: TFM - LEME Variant.

In order to further increase the active surface a tubular structure [87] can also be developed (Fig. 7.4),
like rotor screw. It still needs to be proven whether this approach represents indeed an increase in active
surface. In this case a rotational strength will also appear in addition to the propulsion force. The step of
the screw will fix the ratio absolute value between the propulsion force and the rotation strength.

For all preselected motors the advantages and drawbacks regarding the MMS are presented in Ta-
ble 7.2.

7.5 Linear Motor Preselection

7.5.1 First Motor Choice Imposed by the MMS

As presented in Chapter 3, the first motor choice is due to the application. The main figures of merit are:
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Figure 7.4: TFM - LEME Variant, screw solution [87].

• high efficiency;

• light moving mass (Energy consumption);

• to be able to work with a large air gap (3 mm);

• easy to manufacture;

• investment and exploitation costs.

With these factors, a first tree of decision (Fig. 7.5) is built. It has two options depending on the
motor topology: short stator and long stator.

Three motor types, not dependent on the topology, are eliminated using the proposed criteria. These
motors are the TFM LEME Variant, the TFM classical variant and the reluctance linear motor (RLM).
Thereafter, the motor pre-selection process depends on the motor topology, ShS or LS.

For the ShS topology the most relevant figure of merit is the moving mass. Indeed, as the converter
and a high power system of energy transmission must be embarked, the reduction of the moving weight
is compulsory in order to reduce the needed power to move the cabin (up to 42 kW if the weight of
the motor, the converter and the system of energy transmission are not taken into account). With this
additional figure of merit, the homopolar motor (HLM)and the induction linear motor (ILM) can be
eliminated.

For a LS topology the moving mass is not so relevant because the motor moving part weight will be
relatively light for all motor cases. An important factor is the material cost. With this additional factor
of merit, the homopolar motor and the TFM Kamm’s variant are eliminated since with these topologies
coils and magnets are mounted along the shaft leading to an expensive solution.

Therefore, four motors are preselected for each topology and they are listed in Table 7.3.
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Table 7.2: Motor advantages and drawbacks for an MMS.

Toothed Synchronous Linear Motor
Advantages Drawbacks
Very high force density. Expensive MaW.

Very high attractive force between the motor
and the MaW.

Synchronous Homopolar Linear Motor
No rotor excitation is needed ⇒ passive Small active surface ⇒ more iron
track. ⇒ more weight.

Ironless Synchronous Linear Motor
No attractive forces. Low force density (large magnetic air gap)

Toothless Synchronous Linear Motor
High force density. Expensive MaW.

Very high attractive force between the motor
and the MaW.

Reluctance Synchronous Linear Motor
Passive way is made of iron. Less interesting energy recovery.
No attractive force at no load. Needs a small air gap to achieve a high

propulsion force density.
Noisy.

Induction Linear Motor
Easy to build (low cost). Low power factor (cos ϕ) and efficiency
Passiv track. Less interesting energy recovery.
No attractive force (I=0). Needs a small air gap to achieve a high

propulsion force density.

TFM Classical Variant
Small propulsion force density.
High reluctance force.

TFM Kamm’s Variant
High power density. Two additional air gaps.

In a long stator case, both the winding
and magnets on the active part.
Guidance problems.

TFM LEME Variant
Produce a propulsion force and a rotary A big active surface is needed to produce
force the propulsion force, this means a weight

increase.
The rotor is difficult to manufacture.
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Figure 7.5: Considered motor variants and topologies for the MMS application.

Table 7.3: Preselected motors for each topology due to the application constraints.

Short Stator Long Stator
Toothed synchronous motor Toothed synchronous motor

Toothless synchronous motor Toothless synchronous motor
Ironless synchronous motor Ironless synchronous motor

Induction motor TFM kamm’s variant



7.5. LINEAR MOTOR PRESELECTION 167

7.5.2 Second Choice Imposed by Additional Choice Criteria

After this first choice, a comparative table is built in order to make the second choice based on more
specific merit factors. The goal is to select only two motors per topology. The resulting effective active
surface, for all the different designs, changes from one motor type to another, since they do not create
the same propulsion force density due to their physical differences. The following points are considered:

• the force density is important to reduce the motor surface;

• the weight of the motor moving mass is also an important factor since it gives an idea of the
additional needed energy consumption;

• if these two factors are combined such as to obtain a mass per force unit, then the most interesting
motor, from an electrical point of view, is the one which has a low value of weight per force unit.

Nevertheless, the choice of the motor cannot only be made on these factors. The mechanical in-
tegration of the motor and especially the total investment costs must be analyzed. These two aspects
depends naturally on the motor topologies. Table 7.4, presented in per unit [p.u.], gives the essential
electromechanical figures of merit to design a motor for an MMS. This table is the result of many de-
signs and simulations for the toothed synchronous motor, the toothless motor and the ironless motor and
from experiments done with the TFM motor. The results for the induction motor are taken from the
literature [13]. The reference for this analysis is a short stator toothed motor with mounted permanent
magnets. In the case of the toothless motor, the number between brackets corresponds to a motor design
with a speed of 3.5 m/s.

Table 7.4: Preselected motor comparison, second motor choice.

Motor variants

Force density 
[kN/cm2]

Weight 
moving 

mass 
[kg/m2]

Force per 
weight 

unit 
[kN/kg]

Attract. 
Force 
I=0 

[N/cm2]

Efficiency 
vmax, full 
cabin [%]

Air gap sensi-
tivity (for the 

propulsion 
force)

Vibration 
force ripples

79.3
(V=1m/s)

Induction 0.30 0.30 1.00 0.00 80 Very high No

Yes

Yes

Yes

No

Yes (not 
important)

85-90 low No

Yes (not 
important)

Very high

Toothless 0.30 0.35 85-90 High

90-95

L
on

g 
st

at
or

Toothed 0.25 1.00

Ironless 0.60 0.000.25

0.19

1.00

85-90 low

TFM Kamm's 0.20 0.85 0.42 0.00 low

Very high

Toothless 0.40 0.35 85-90 High

1.00

0.48 (0.95)

90-95

Sh
or

t 
st

at
or

Toothed 1.00 1.00

Ironless 0.20 0.00

1.00

0.19 (0.35)

0.25

0.44

0.66

4.00

1.11

For the ShS topology, the table shows clearly that the TFM-Kamm’s is not adapted since it has a
high weight per force unit compared to the others. It means more energy to move the cabin which is
a disadvantage. Mainly for this reason and since this motor is difficult to manufacture and to guide, it
was decided to eliminate this solution. Another criterion was used to suppress the ironless motor. This
motor has a low weight per force unit but it needs a lot of space and magnets leading to an expensive
solution. Moreover, several motors must be mounted in parallel to produce the needed force. This could
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bring guidance problems and hyperstatic mechanical problems. Therefore, this motor is not adapted for
an MMS.

For the LS topology, the ironless motor is eliminated for the same reasons as in the ShS case. The
induction motor has a worse efficiency than synchronous motors. Therefore, this motor will consume
more electrical energy and as consequence, all the electronic parts should be more powerful. A long
stator induction motor is therefore eliminated. For this topology, the toothed motor seems to be the most
adapted. As a second solution, the toothless motor is appropriate since it has a high efficiency and an
interesting weight per force unit. The induction motor has not a good efficiency. Moreover, this solution
would be difficult to command at very low speed or at standstill.

After this second analysis it was decided, taking into account mechanical and electromechanical
aspects and material costs, to keep only the toothless and toothed synchronous motors for each topology.

7.6 Considered Motor Topologies

For the two selected motor types several motor topologies are possible. They can be single or double
sided and LS or ShS. The goal of this section is to define the topology which is best adapted for an MMS.

7.6.1 Double or Single Sided

The choice between single sided and double sided motors depends on mechanical considerations. Prac-
tically all motors can be either single sided or double sided. An exception is made with TFM Kamm’s
variant for which a double sided motor brings no additional advantages. The main reason to have a
double sided motor is to reduce the attractive force between the magnetic way and the supply part and
to have a more compact motor. In a Multi Mobile System, where the total attraction force is high, the
use of a double sided motor is a must in order to compensate the attractive force. Figure 7.6 shows two
different ways to build a double sided motor. The first is to build two independent motors in opposition.
The red part on Fig. 7.6A can be small or big and plays no role in the motor operation. The second
version consists in two complementary motors. In this case, the height between the coils is given by a
mechanical constraint.
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Figure 7.6: Double sided topology: A) two independent motors or B) two complementary motors.

For the project, the double sided motor with two complementary motors was chosen in agreement
with the designers of the mechanical part since it is more compact.

Another choice to perform concerns the motor length. Regarding material cost, the motor length must
be as long as possible in order to reduce the investment costs along the shaft. The choice of the motor
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length should not disadvantage its efficiency. Figure 7.7 shows several motor possibilities for a same
active surface . The stationary part along the shaft is in hell grey. The same active surface means that the
investment costs for the moving part are about the same in the three presented cases (in reality, a small
difference can appear if the moving mass changes). The first case on the Fig. 7.7 A) is a double sided
motor with a short motor length. If for the same active surface, the motor is single sided as presented
on Fig. 7.7 B), the investment costs would be reduced by a factor of 2. This single sided motor can be
divided in two parts to build a double sided motor. These three pictures show the importance of the motor
length in terms of investment costs.

If a double sided motor must be used to compensate the attractive force the solution shown on Fig. 7.7
C) would be the best solution in terms of investment costs, even if the efficiency is slightly worse. For
this reason and due to the long stationary part along the shaft, the motor must be as long as possible in
order to reduce the investment costs to the minimum.

 Double sided  motor Single sided  motor Double sided  motor

Same active surface

A) B) C)

Figure 7.7: Various design topologies for the same active surface.

7.6.2 Short Stator Topologies

An important drawback of the short stator topology is the additional energy consumption due to the load
of the energy transmission system to the cabin, the motor converter, the control and the cooling system.
The corresponding additional mass can be up to 400 kg [88], versus the rated load of 650 kg, which
implies an increase of the requested mechanical power. Moreover, the supply part of the linear motor
is, in most cases, heavier than the long stator configuration. As all the electronic parts must be designed
for the peak power, the investment costs will consequently increase. In terms of overheating, the ShS
topology is very restricting because the motor must be designed for a duty cycle of 100%, contrary to the
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LS topology which can be designed for a duty cycle less than 50 %, determined by the traffic analysis.
Moreover, no water cooling can be considered on the cabin.

This motor topology seems well adapted for a counterweight solution, but not in an MMS case. To
summarize, a short stator solution has the following drawbacks [78]:

• a higher energy consumption due to an additional weight of about 400 kg (motor and converter
weights) and additional losses coming from the system of energy transmission;

• a system of energy transmission must be added. This system implies more weight and therefore
additional investment costs. From a mechanical point of view, this extra system can bring addi-
tional problems and new maintenance costs. Moreover since a high power system is built along
the shaft, a problem of security during the maintenance can appear;

• since the motor must be designed for a duty cycle of 100%, the motor weight becomes high.
Furthermore, when the motor is at standstill and supplied, some heating points can appear on the
system of energy transmission.

• The last main disadvantage is the fact that no water cooling system can be mounted on the cabin.
The cooling system for a short stator is more important than for a long stator motor.

The advantages are:

• the motor efficiency is better;

• the complete system is more flexible in case of a breakdown since the cabin with its failed mo-
torization can be "simply" taken of the shaft and the rest of the system can continue to work.
normally.

7.6.3 Long Stator Topologies

A motor with a long stator must be supplied by stator sections longer than the mobile MaW. Conse-
quently, additional Joule losses are produced. On the other hand, this topology needs less installed me-
chanical power because a lower additional moving mass is on the cabin. Therefore, a compromise must
be found between the stator length and the motor efficiency. This compromise is based on economical
considerations (investment and exploitation costs).

From a heating point of view, the motor, divided in several segments, does not have to be engaged all
the time during the cabin rise. Therefore, in the worst case, the motor duty cycle is equal to 50 %. This
value will permit to increase the motor current and also to reduce the active surface (the active surface is
proportional to the square root of the duty cycle). Therefore, for identical power dissipation, a smaller
motor compared to a ShS motor can be designed.

The important drawback is probably the motor control and the traffic management.
To summarize, LS has the following advantages:

• significantly lighter than a ShS motor;

• no additional embarked weight;

• no high power system of energy transmission, implying a simpler system;

• duty cycle less than 50% → smaller motor;

• easy to cool.
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The main drawbacks are:

• lower motor efficiency because of the longer supply part than the moving part;

• increased investment costs.

7.6.4 Motor Topology Choice

The double sided motor is a better solution than the single sided motor since it annihilates the resultant
attractive force. Regarding the ShS and LS, the choice is more difficult and is made by analyzing not
only the electromechanical part but also investment costs, mechanical parts and the complexity of the
whole system.

The main drawback of the ShS topology is the increase of the installed power for the whole system
and also the high power of energy transmission. Although technical solutions are possible (with or
without contacts), it will considerably complicate the management of the power control and the cabin
control. Therefore, mainly due to these two arguments, it was decided to chose a LS topology. This
choice permits to concentrate on the propulsion drive and to put aside, in a first predesign approach, the
energy transmission problems.

The choice of the propulsion system is a toothed or a toothless motor with a double sided long stator.
Once the LS motor is designed, it will be adapted to a ShS motor in order to compare these two

solutions in terms of costs.

7.7 Motor Heating and Cooling System

Thermal models used to define the current density are the same for the toothless and the toothed motors.
The following assumptions are made:

• there is no heat transfer between the MaW (moving part) and the supply part;

• losses in the MaW are thermal dissipated by forced convection due to the cabin speed. This heat
transfer does not influence the motor design;

• the thermal conductivity of iron parts is assumed ideal (k=∞).

For the supply part, the mean value of the iron and copper losses is taken into account using the
motor duty cycle Dc. The motors will be designed with the upper value of Dc = 0.5 since it corresponds
to the worst case. On the contrary, to evaluate the motor efficiency, all the losses (MaW and supply part)
are summed without taking into account the motor duty cycle .

Finally, due to the motor duty cycle, it is decided to have no additional cooling for the application.
Indeed, the motor duty cycle is comparable to a cooling since it allows to increase the current density. An
additional cooling would have as consequence an increase of the current density and therefore a decrease
of the efficiency. Furthermore, an additional cooling system will increase the investment costs.

Moreover, the temperature difference between the motor and the room will certainly generate an air
circulation into the shaft. This aspect, equivalent to a forced convection, is not taken into account.

7.8 Supply Part

For a LS topology, the general electrical scheme is presented on Fig. 7.8. The supply part system was
studied in details during the project and more information is given in [89]. The aim of this Section is to
give the useful key points in order to have a better understanding of the whole propulsion system.

The power supply layout is composed of:
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Figure 7.8: Power System General Scheme [89].
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• the general alimentation of the building with its transformers and its bi-directional converters;

• an energy storage system;

• an electrical braking;

• a DC bus;

• motor supply parts with their bi-directional converters and their emergency electrical brakes.

In an MMS the regenerative braking of a cabin is compulsory because the power/energy required to
lift a cabin without counterweight is significant. Therefore, the energy recuperation during down travel
becomes important. The energy consumption of the MMS directly depends on the cabin weight. For
cabin weight of 1100 kg, the energy consumption increases by ca. 2.5 times compared to conventional
lift system to the cabin weight and the half of the rated load (1100 + 1275/2 =1737.5 kg). A lighter cabin
of 600 kg increases the energy consumption by ca 1.4 times compared to conventional systems with a
counter weight equal to 430+630/2 = 745 kg.

The ability to perform regenerative braking is given with a bidirectional inverter topology and the
transmission of the power in the whole system is done through a DC bus. Several scenarios for using the
regenerated energy are possible and they are listed by priority:

1. the energy obtained by the descent of a cabin is used to lift the others;

2. if no other cabins are going up at the same time or less power is required, the energy can be
provided to other users in the building;

3. if no power is needed in the building, a storage system is used to save energy and re-inject it later;

4. the energy can be given back to the grid under precise conditions defined by the energy supplier;

5. if the grid cannot accept the energy, it must be destroyed in a dedicated device, such as a resistive
system.

Regarding the DC bus, its voltage is determinated by the motor characteristics. The condition on the
DC bus voltage, such as to obtain sinusoidal currents at the level of the motor phase, is given in [89].

A special attention must be paid to the supplied motor length. This supplied motor length called a
sector is composed by several motor modules in series (As introduced in Section 6.4, the motor modules
have a length of about 0.5 m and are the following ((Np/Ns)number of layers): (14/15)2,(17/18)1, (17/18)2,
(20/21)2, (22/24)1 and (22/24)2). For LS, the length of the stator sector to be energized has a direct
impact on the number of converters and on the resulting efficiency. Therefore, a compromise must be
found between the traffic performances and the investment costs.

First, to assure the independence of the cabins, one converter must control only one cabin at the same
time. There must always be at least the distance of a stator sector between two consecutive cabins. The
distance between two consecutive cabins is equal to one floor when the cabins are travelling and equal to
0.4 m when they are stopped, as presented on Fig. 7.9.

Second, as several modules must be supplied in series in order to move the cabin, a high induced
voltage will appear. Furthermore, more modules are supplied more losses are produced. This has as
consequence to reduce the motor efficiency. On the other hand, if each module has its own converter, the
investment costs will increase dramatically, as presented in [90].

To find the better compromise between investment costs and motor performances, a simulation of
the whole system was made by ETHZ by the use of a dedicated software (MULTIMOBIL-Bus-Sim).
Several conclusions as result of the simulation can be made:
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Figure 7.9: Minimal distance between two consecutive cabins, A) at standstill, B) during the cabin movement.

• there is a smarter structure to find. At bottom of the building where there is more traffic density,
there could be shorter stator sectors to reduce distance and in the rest of the building longer ones.
This configuration would optimize the number of inverters for a given traffic density. The total
number of inverters would change only for a few units for the bottom and top;

• having longer stator lengths decreases the number of needed inverters (i.e. investment costs).
However, there is an energetic aspect in the use of the stator sectors. To supply a long stator sector
gives more losses than to supply a short one (exploitation costs). The optimal configuration should
consider both: the investment costs and the exploitation costs.

Therefore, in order to go further in the motor design and to build a reference example it was chosen
to have one converter for each of the three first floors and one converter per two floors for the rest.

7.9 Preselected Motor Design

For the toothless LS motors, two winding solutions are promising: 240 edeg and 300 edeg. Since these
windings are very similar, only one winding with the maximum coil opening of 240 edeg will be ana-
lyzed.

For the toothed LS motors, the same strategy is applied as for the toothless motor. Two windings
will be first studied and if this motor is more adapted than the toothless motor, other windings will be
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analyzed. It was decided to analyze only a two layer winding since they produce less iron losses and they
have a lower coil mmf than a one layer winding. Therefore, for the windings proposed at Section 6.4 the
windings (17/18)2 and (22/24)2 are selected.

7.9.1 Assumptions and Constraints Relative to the Application

The constraints to design the motors are given in Table 7.5.

Table 7.5: Motor constraints due to the Application.

Toothed motor Ironless motor
a Motor acceleration 1.2 m/s2 1.2 m/s2

aempty Maximum acceleration, empty cabin 5.8 m/s2 5.8 m/s2

Br Remanent flux density of PM 1.23 T 1.23 T
Bt, Bys Flux density in iron parts 1.4-1.8 T 1.4-1.8 T
Dc Motor duty cycle 0.5 0.5
f Motor supply frequency <100 Hz <100 Hz
kcu Copper filling factor 0.55-0.6 0.6
hcoil Coil height - 2-10 mm
hs/ls slot height constraint <4.5 -
hpm PM height 2-10 mm 2-10 mm
lint Inner coil length lt (tooth length) �4 mm
v Motor speed 3.5 m/s 3.5 m/s
wpm PM width (Active width) <150 mm <150 mm
δ Air gap height 3 mm 3 mm
τp Pole pitch 17.5-50 mm 17.5-50 mm
Tcoil Coil temperature <120◦C <120◦C
T∞ Room temperature 20◦C 20◦C

As introduced in Table 7.5, a higher acceleration for an empty cabin could be required in order to
increase the traffic capacity.

Since the propulsion force is dependent on the motor embarked part, an iterative process during the
motor design is needed. This iterative process for both ShS and LS solutions, is presented on Fig. 7.10.
The design process ends once the condition εe is obtained. This condition is defined as:

εe <
Fi − Fi−1

Fi
(7.1)

Fi is the propulsion force for the last design last and Fi−1 is the propulsion force for the next to last
design.

This iterative process is difficult to solve in a determinist approach. On contrary, by using the opti-
mization software Pro@design, it can be solved with an implicit function.
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Figure 7.10: Iterative process on the propulsion force due to the embarked motor part [83].

7.9.2 First Optimization - First Selection

The first optimization is made in order to choose the motor types. The objective function is the material
cost and the constraints given in Table 7.5 are applied. The results of these optimizations are presented
in Table 7.6. All motors are double sided. For the toothed motors, four motors (17/18)2 and four motors
(22/24)2 are assembled in series. For the toothless motor, it was decided to mount eighteen motor mod-
ules of three coils shifted by 240 edeg in series. Moreover, in order not to have a magnet width larger
than wpm = 150 mm the motor is formed by 4 double sided motors. These motors in series form a motor
of a length of 2.2 m.

The first conclusion is that toothless motor has a lower efficiency than toothed as given in Table 7.3.
Moreover, the solution with a toothless motor requires more embarked weight. Therefore, the solution
to move the cabin with a toothless motor is less promising than with a toothed motor. To confirm
that toothless motor is not adapted, several additional optimizations with the material costs as objective
function are made depending on the motor efficiency. The results are shown on Fig. 7.11.

These four curves show clearly than toothless motor is not appropriate for an MMS. The main reasons
are:

• a high embarked weight corresponding to at least about 50% of the cabin weight;
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Table 7.6: Optimization results with the investment costs as an objective function.

Toothed motor Toothed motor Toothless motor
4·(22/24)2 4·(17/18)2 18·(240 edeg)

Total motor power (v=3.5 m/s) [kW] 43.6 43.8 48.8
Total motor embarked weight [kg] 52.3 56.1 187.2
Total losses (v=3.5 m/s) [kW] 3.5 3.1 8.6
Motor efficiency (coil @ 20◦C) [%] 0.94 0.95 0.89
Motor efficiency (coil @ 120◦C) [%] 0.92 0.93 0.85
Motor constant km [N/

√
W] 226 237.5 150.1

Current density [A/mm2] 3.45 2.9 6.5
Magnet height [mm] 3.7 4.2 6.8
Magnet width [mm] 150 127 125
Pole pitch [mm] 25 32.3 30.5
Motor length [m] 2·2.2 2·2.2 8·2.2
Material costs for the reference [CHF] 2.6·106 2.3·106 4.2·106

building

• a low efficiency;

• several motors in parallel;

• an expensive solution.

In the following section, the choice between the different motor windings proposed for the toothed
motor, i.e. (14/15)2, (17/18)1, (17/18)2, (20/21)2, (22/24)1, (22/24)2 is discussed.

7.9.3 Second Optimization - Winding Selection

In order to make the first choice concerning the winding, the losses produced by a supplied sector of
4.2 m length for different motor powers are minimized. For such an application, where the motor must
produce a force to move the load and its own weight, it is preferred to speak about losses rather than motor
efficiency. To perform these optimization, a new constraint on the material cost of the whole motorization
(without the supply part, i.e. converters, captors, etc.) is introduced. It is limited to 300’000 CHF. This
cost constraint comes from a cost analysis presented by ETHZ [90]. The results of the minimization of
the power losses of a supplied sector of 4.2 m as a function of the motor power are presented on Fig. 7.12.
The increase of the motor power means an increase of the MaW weight.

For a given motor power and a supplied part length equal to 4.2 m, the windings producing less
losses are the following: (20/21)2, (22/24)1, (22/24)2. The winding (14/15)2 has for a given motor length
longer PM lpm than the others. Therefore, a higher yoke hys is needed. As a consequence, the magnet
volume becomes smaller in order to keep the same embarked weight as other windings. The decrease
of magnet volume must be compensated by a higher current density producing therefore more losses.
The same reasoning can be made for the windings (17/18). Furthermore, as the speed required for this
application is not so high the copper losses are more important than iron and PM losses. Therefore, the
motors with a high number of PM are preferred, leading to the solutions: (20/21)2, (22/24)1, (22/24)2.
These windings are studied in the following Section in order to find the best winding for an MMS.
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Figure 7.11: Results of the toothless motor optimizations with the material costs of the whole system (3 shafts, 16
cabins,21 floors) as an objective function and with several imposed motor efficiencies.
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Figure 7.12: Minimized motor losses as a function of the motor power for the selected windings.

7.10 Final Motor Choice

As presented in Section 6.4.2, the total motor losses vary for a fixed motor length as a function of the
number of poles. As the motor will be supplied by sectors longer than the reactive part, it is interesting
to study the copper losses per meter and the total losses for a supplied part equal to one floor (4.2m).
Therefore, the total losses for a supply part of 4.2 m length were minimized for different motor powers.
The corresponding Pareto curves are presented on Fig. 7.13 for two different material costs constraints
as a function of the motor power.

These two graphs lead to several conclusions:

1. the motors with a higher number of poles can have a lower motor power than motors with a smaller
number of poles. This comes from an increase of the embarked weight due to the yoke height hys.
A lower power is very important in order to reduce the installed power of electrical components
such as transformers, converters, etc. ;

2. the waveform of the curve of the copper losses as a function of the motor power on the Fig. 7.13
A) has a minimum. This comes from the fact that for a low motor power, the embarked weight
(i.e. the magnet volume) must be minimized leading to an increase of the copper losses. On the
contrary, for high motor power, the embarked weight becomes higher leading to more total losses.
Therefore, a minimum value is situated between these two points;

3. the difference between the winding (22/24) with one layer and two layers can be explained al-
though these motors are very similar. For the same motor dimensions, except the winding char-
acteristics, the motor (22/24)1 can produce a higher propulsion force than the motor (22/24)2 due
to its higher winding factor 1kw and copper filling factor kcu. This aspect was studied in Sec-
tion 6.4.2. Therefore, for a same motor power (i.e. a same embarked weight) the motor with the
winding (22/24)1 requires a smaller PM width wpm. This reduction of the PM width is not enough
to compensate the higher copper volume due to the higher end windings and the higher copper
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filling factor. Therefore, in this case, the motor (22/24)1 produces more copper losses per meter
than the motor (22/24)2;

4. the material cost for the reference building has a direct impact on the motor width as it is presented
in Section 7.6.1. More the material costs are constrained, more the motor width decreases. For
this reason, the copper losses increase while the material costs decrease.

Although all values presented on the Fig. 7.13 are similar, a choice of the motor winding must be
made. Therefore, the winding (22/24)1 is eliminated since it has the highest total losses and highest
copper losses per meter. The two resting solutions: (20/21)2 and (22/24)2 are analyzed more in details
for the two proposed material costs. The motor power is chosen for both windings on the minimum of
the curves presented on Fig. 7.13, i.e. a motor power of about 49700 W (motor A) and about 51000 W
(motor B) for the windings (22/24)2 and (20/21)2, respectively and a maximum material cost of 300’000
CHF. The motor C and D corresponding to a maximum material cost of 250’000 CHF of the Fig. 7.13
are also analyzed.

For these four motor designs, the copper losses per meter and a function giving an image of the
energy balance are analyzed as a function of the motor speed. The function representative of the energy
balance is defined as the difference of the power needed to supply a motor sector of 4.2 m with a full
cabin travelling up at the speed v and the recovery of the potential energy in the same condition (full
cabin at the speed v).

For these motors the power balance is minimized for the two material cost constraints. Once these
optima are obtained, the copper losses per meter as a function of the speed are calculated and presented
on Fig. 7.14.
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Figure 7.14: Copper losses per meter as a function of the motor speed for the four selected motors.

The slightly slope of the curve is due to the iron losses which have an impact on the coil temperature
and therefore on the coil resistance. The copper losses per meter gives an idea of the losses for different
supply part length. Figure 7.15 shows the power balance for each motor as a function of the motor speed.
These graphs take into account the iron losses and are made for different material cost constraints.

As presented on the last graphs, the motor performances are very similar and the choice is really
depends in fact on the building height and also on the commercial strategy. For the presented application
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a typical cabin displacement during an up peak movement is given in Table 7.7 and are defined in [83].
It is assumed that the trapezoidal movement profile, which is the case needing a minimum energy as
presented in Section 4.9.3, is adopted each time when it is possible.

Table 7.7: Typical cabin displacement [83].

Start End Numbers of Travel Travel Maximum Maximum Trapeze
floor floor passengers time distance acceleration speed speed

[-] [s] [m] [m/s2] [m/s] profile
-1 0 0 4.5 4.2 0.93 1.4 Yes
0 3 7 7.2 12.6 1.09 2.6 Yes
3 6 6 7.2 12.6 1.09 2.6 Yes
6 10 4 8.4 16.8 1.07 3 Yes

10 16 3 10.8 25.2 0.97 3.5 Yes
16 18 1 6 8.4 1.05 2.1 Yes
18 -1 0 26.4 79.8 0.52 4.5 No

This table shows that the maximum motor speed is only reached for long strokes. Therefore the
winding (22/24)2 is preferred since it has a better power ratio at low speed and since this difference
increases with the reduction of the material costs. On the contrary, for a higher building for which the
speed of 3.5 m/s will be more often reached, the winding (21/22) could be more adapted.

This choice to use this winding type (22/24) is more or less made by appreciation and it can be
therefore arguable. This choice is only made by electrical considerations and more particulary on energy
consumption. In an industrial process, the choice of the winding must be discussed with the manu-
facturing partner in order to underline the manufacturing advantages and drawbacks of each winding
possibilities and also to plan its manufacturing costs. This aspect is not discussed here since it depends
on many parameters imposed by the manufacturer.

7.11 Final Motor Design

For the chosen winding, the energy balance is minimized as a function of the material cost. The re-
sulting Pareto curve is shown on Fig. 7.16. It shows the compromize which must be made between
the investment and the exploitation costs. This choice related to these parameters must be made by the
manufacturer.

Nevertheless, the choice to favor the power balance rather than the motor material cost was made.
The solution with a material cost of 270 kCHF is finally chosen. The final motor pre-design is obtained
by optimizing the power balance and by constraining the material cost up to 270 kCHF. Several other
objective functions, also based on the motor losses such as the power balance for a supplied sector of
8.2m, the sum of the losses produced by several working point of the motor, etc. have been analyzed and
all obtained results were similar.

This motor design method by optimization algorithms differ from a conventional determinist motor
design. Indeed, in a conventional motor design, the first step is to define the winding in relation with the
motor power and to fix a flux density in the air gap. Thereafter, the other geometrical quantities can be
defined in order to obtain a motor fulfilling the specifications. On the contrary for the presented method
only the constraints are given and no quantities are chosen in advance. This approach allows to find more
efficiently the best motor which fulfills the specifications.

Figures 7.17 and 7.18 present the impact of the PM height and the current density on the reference
building material costs and the motor power balance, respectively. As the magnet height is linked to the
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Figure 7.16: Power balance as a function of the material cost.

magnet width by the implicit function (iterative process presented on Fig. 7.10), its variation has a low
influence on the reference building material costs and the power balance. On the other hand, the current
density has a higher influence on these parameters. Figure 7.19 shows the PM width as a function of the
PM height.
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Figure 7.17: Reference building material costs as a function of the PM height and the current density.

Before finalizing the optimization, the induced voltage and more particularly the number of turns per
coil and the copper wire diameter as well as the electrical connection between the motor modules must
be discussed. Since the supplied part is longer than the MaW, all the motor modules along one side (the
motor is double sided) must be connected in series in order to ensure that all the motor modules have the
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Figure 7.18: Motor power balance as a function of the PM height and the current density.
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same current. On the contrary, the opposite motor modules on the second side of the double sided motor,
are connected in parallel in order to decrease as much as possible the induced voltage. Figure 7.20 shows
the electrical connections between four motor modules. This four motor modules form a motor sector
(double sided) of a length equal to two motor modules.
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Figure 7.20: Motor sector connection between four motor modules (2 motor modules per side).

The maximum voltage constraint of the motor was imposed by the manufacturer to 3x460 V (line
to line), meaning a supply voltage of about 265 V per phase. In order to command correctly the motor,
the induced voltage is arbitrary limited to 210 V. For an MMS, a motor sector has always eight motor
modules engaged to move the cabin. Therefore, as four motor segments are in series, the induced voltage
for one motor segment ( (22/24)2 ) is limited to 52.5 V. This values gives a number of turns per coil equal
to N = 14 with a copper wire diameter of dcu = 4.3 mm. Therefore, for this supply part. However, for
this supply part, a copper wire surface of Scu = 14.5 mm2 is required.

For this design the yoke heights are very thin and it can be increased for the supply part in order
to have a more rigid motor without changing its performances. The teeth length are also tight but are
nevertheless admissible. The optimization process, due to the objective function, has the tendency to
make the teeth length as small as possible in order to increase the copper volume. Higher the copper
volume, smaller will be the current density leading to a decrease of the copper losses.

This design is validated by FEM as it is presented in the following section.

7.11.1 Final Motor Design - FEM Comparison

The FEM simulation was performed in order to validate the motor design. The cogging force due to the
end effect of the MaW and the interaction between teeth and PM was also analyzed.

The first quantity to check is the propulsion force. The result obtained with FEM (F=1520 N) is sim-
ilar to the analytical value (1582). This indicates that in term of propulsion force, the chosen analytical
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Table 7.8: Motor module (22/24)2 sizes and performances resulting from the optimization process.

Motor quantities Units Value
Propulsion force F [N] 1582
Attractive force Fatt [N] 9800
Pole pitch τp [mm] 25
Magnet height hpm [mm] 5.3
Magnet length lpm [mm] 23
Magnet width wpm [mm] 143
Air gap height δ [mm] 3
Yoke height hy [mm] 8.3
Tooth pitch τn [mm] 22.9
Tooth length lt [mm] 8.3
Slot height hs [mm] 50
Maximum current density J [A/mm2] 2.3
Winding filling factor kcu [-] 0.55
Winding factor kw [-] 0.949
Number of turns per coil N [-] 14
Copper wire surface Scu [mm2] 14.5
Phase resistance (at 20◦C) R [mΩ] 50
Phase inductance L [mH] 0.28
Cyclic inductance Lc [mH] 0.42
Flux density in the tooth Bt [T] 1.7
Flux density in the yokes By [T] 1.7
emf phase constant (peak value) Ku [V̂/(m/s)] 21.2
Copper losses (v=3.5, full cabin) Pcu [W/m] 670
Iron losses (v=3.5, full cabin) Pir [W/m] 320
PM losses (v=3.5, full cabin) PPM [W] 10

model gives good results.
Thereafter, the induced voltage is analyzed. It is slightly lower than the analytical value. Its waveform

is presented on Fig. 7.21.
The cogging force due to the interaction between the teeth and the PM is very difficult to obtain with

an analytical method. Figure 7.22 gives the cogging force, obtained with a FEM, for both the interaction
between PM and teeth and the reluctance force due to the MaW end effect. The cogging force has a
period equal to one pole pitch (25mm). It means that the cogging force due to the MaW end is more
important than the cogging force due to the interaction between the teeth and the PM. Nevertheless, the
peak value of the cogging force is assumed to be negligible in comparison with the propulsion force.

Another comparison is made on the flux density in the iron parts, as presented on Fig. 7.23. It shows
that the flux density at no load is close to the value of 1.7 T as given in Table 7.8.

Since the comparisons with FEM are satisfying, the motor pre design can be validated. Of course,
all the proposed geometrical quantities must be discussed with the future manufacturer in order to check
the feasibility of the proposed design. This aspect was not considered during the project.

7.11.2 Mechanical Integration

This aspect was studied by ETHZ [91] and Schindler. Here, only the key points to get a better overview
of the MMS are given.
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Figure 7.21: Comparison of the induced voltage on a motor module at the speed v=3.5 m/s.
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Figure 7.22: Cogging force for a motor module.
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Figure 7.23: Flux density at no load.

To switch the cabin between two adjacent shafts, several movements were analyzed in order to have
a minimal time transition. The first approach is to stop the cabin during the horizontal movement. It
was put aside to favor a horizontal displacement while the cabin is moving vertically. To consider both
continuous movements vertical and horizontal, a carriage, called the "sleigh", is designed. This sleigh,
having a length of about 4 m, is longer than the cabin. During this movement, the missing sleigh in the
shaft is replaced, as soon as possible, with another sleigh. This implies to have more sleighs than shafts
in the floors where these horizontal displacements are possible. The cabin travels using tires along the
shaft. To avoid a hyper static system all cabin corners will not have their own tires. Having the tires
in a diagonal could be more appropriate. The double sided linear motor is guided by wheels. For the
sleigh, wheels are proposed. The guidance has to offer a high stiffness and a silent movement. After the
horizontal displacement, a high precision sensor to stop the sleigh in the right position is needed. This
sleigh concept is presented on Fig. 7.24.

7.12 Conclusions

The proposed motor design methodology was successfully applied to the presented innovative applica-
tion: a multi mobile system.

The choice of the motor topology (long double sided stator) was made by several criteria as presented
in Section 7.6. A comparison is presented in order to show the difference, in terms of energy and material
costs, between ShS and LS. For this comparison, the design given in Table 7.8 is adapted to a ShS. It is
assumed that the additional embarked weight due to the converter and the energy transfer system is equal
to 300 kg. The consequence is an increase of the magnet width to wpm = 208 mm. The comparison is
presented in Table 7.9.

If the motor has less losses in the ShS case, the global losses are higher than a LS motor since the
losses due to the system of energy transmission must be taken into account. In terms of material costs,
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Figure 7.24: Sleigh bottom cut: horizontal movement [91].

Table 7.9: ShS and LS comparison, full cabin v=3.5 m/s.

ShS LS
Propulsion force [kN] 18 12.7
Motor power [kW] 63.5 45
Motor losses [kW] 3.1 3.5
Energy transmission losses (η = 0.99) 630 -
Material cost for the reference building [kCHF] 700 270

the ShS topology is more expensive. Although this topology needs less converters, this solution is not
competitive compared to LS motor for the reference building. Therefore, for the studied case, the LS
seems better adapted.

The choice of the winding is very difficult to made since the performances of each winding are very
similar. Therefore, for other constraints that those introduced in Table 7.5, the winding choice can differ.

Finally, the design of the propulsion system for an MMS shows that an optimization process can be
successfully applied to such a multi disciplinary project. Indeed, the predesign motor is validated by
comparison with FEM. The difference between the analytical method and FEM shows that the chosen
model is adapted to perform an analytical optimization.

The increase of the investment costs due to the use of a linear motor compared with a conventional
lift with rotative motor is compensated by the increase of the rented surface in the building. A cost
synthesis conclude that from a building height of 5 floors or more, an MMS is competitive in terms of
return of investment. Therefore, such a lift system is a real possibility for future lift systems in high rise
buildings.

An important drawback is the increase of the complexity compared with a conventional lift system.
Therefore, the problem of security and reliability must be studied more in details in order to have a better
overview of a MMS.

The proposed method to predesign a motor is very interesting since it is not also time consuming than
the optimization with FEM. Nevertheless, such an approach has the drawback to not take into account
the cogging force due to the end effect of the motor. This aspect can be added in a future step.



Chapter 8

Conclusions

This thesis deals with linear motor modelling and analytical optimization. Motor design is not a new
research field. However, more work has been dedicated to rotative than to linear motors. This opens the
possibility to investigate different aspects specific to linear motors.

Nevertheless, the main innovative contribution of this thesis results from the possibility to use new
optimization softwares applied to linear motor designs. These optimization programs are based on dif-
ferent algorithms which use either numerical or analytical models. The specific optimization program
used for this thesis is PRO@DESIGN and it is based on an Sequential quadratic programming (SQP) al-
gorithm. This software requires analytical models. These analytical equations must be as far as possible
analytically derivable. In this way motors or MaW comparison becomes straightforward.

The design software using optimization technics differ to the determinist methods (direct methods)
in which some parameters have to be fixed (e.g. the flux density in the air gap and in the iron parts) in
order to determine the other motor sizes. The obtained motor is then adapted in order to find a motor
fulfilling the specification. The design method proposed in this thesis differs to this common approach
since it is not any more necessary to fix parameters to perform a motor design but constraints or domains
of parameter validity. The proposed methodology does not only take into account the motor design but
introduces also a way to perform a relevant motor comparison. The main steps to perform a motor design
for a given application using an optimization program and a comparison process are summarized below:

– study of the specifications, constraints and objectives;

– selection of the motorization possibilities;

– predesign of the selected motors;

– introduction of the figures of merit chosen for the application;

– motor variant comparison and choice;

– optimization of the selected motor(s);

– eventual final selection and design verification.

Although this approach is applied to linear motor using an SQP algorithm, the proposed motor design
is introduced like a general approach and can therefore be extended to rotative motors or to another
optimizer algorithms.

To perform the optimization, several analytical models have been developed. The linear motor mod-
els are mainly based on rotative motor models, which have been suitably modified. The particularity of
linear motors to have an even or an odd number of poles is used in order to introduce a global method
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for the choice of the windings. This method introduces also the mmf harmonics generated by a concen-
trated windings. In most cases, these harmonics do not have a high influence on the propulsion force
mean value but they can generate additional losses in the iron parts and in the PM. Several magnetic way
models based on the substitution of the PM by point currents are given. The drawbacks and advantages
of each magnetic way are deduced using these models.

The advantage of motor models developed in the thesis is that they can be used to study several
motors by assembling the windings, the MaW and the motor type models. These block models are
completed with a thermal model which is compulsory to perform a motor design, with a mechanical
model and with a power supply model. The thermal models are steady state models and the thermal
capacities can be introduced if requested by the application. Nevertheless in most cases the presented
static models are adequate. This is the case for the application studied in the thesis: an MMS.

The analytical motor models are also used to compare several motors and MaW. The use of analytical
models is interesting to perform comparisons since they have the advantage to be not time consuming
and they are precise enough. The comparisons presented in this thesis are useful to predict the motor per-
formances and to choose the motor type and topology in relation to the application. These comparisons
must be performed for the same constraints and objectives.

The presented methodology to design and to compare linear motors is successfully applied to an
innovative application which deals with a lift system in high rise buildings. The particularity of this new
lift is to allow the movement of several cabins in the same shaft. This concept reduces the total lift area
since the lift performances are increased, permitting the increase of the usefull surface. The proposed
design methodology has shown than the toothed synchronous motor is the most adapted one. Moreover,
the choice to have a double sided long stator motor was confirmed since it has less losses and is less
expensive in terms of material costs. The choice of winding type is more difficult to do. Indeed, most
preselected motors are very similar and the choice is done regarding the proposed reference building
and a typical cabin displacement. The optimized design obtained with the analytical model has been
checked by FEM. The results obtained by optimization are close to those obtained by FEM and therefore
the predesign is adopted. In order to valid it, the final design must still be discussed with the industrial
partner,

The originality and the pertinent features of this thesis can be summarized as follows:

– the proposed motor design methodology takes into account the comparison of different motor
types. This introduces the figure of merits and the definition and different possibilities to formulate
an objective function. The comparisons based on the MMF of different MaW is also an interesting
point;

– the global analysis of the motor windings and more particularly the distribution factor of the turns
kzc;

– the motor design by an optimization based on an indirect method and its result analysis;

– the thermal model of the air gap by a rectangular cavity, ;

– the innovative application;

– the developed analytical models contribute also to the thesis originality.

Some different topics discussed in this thesis could be completed by a more extended study. Future
works can be done to complete some topics and improve results. They are listed below:

– the impact of the winding harmonics on the motor losses could be investigated;
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– the software Pro@design has introduced the possibility to work with integer number. This allows
to introduce the winding in the optimization process;

– the transient thermal behavior of the motor can also be introduced in the model;

– the motor comparison proposed with concentrated winding could be completed with distributed
windings.

This list is not exhaustive and depends on the interest and the objectives imposed by a new applica-
tion.





Appendix A

Fourier Transformation

All periodic functions f(x) of period T = 2π may be expanded in a Fourier series consisting of an
infinite sum of the circular sine and cosine functions according to:

f(x) =
a0

2
+

∞∑
k=1

[akcos (kx) + bksin (kx)] , (A.1)

in which the constant coefficients, or amplitudes, ak and bk are determined as follows:

ak =
1
π

∫ π

−π
f(x) · cos (kx) dx, (A.2)

bk =
1
π

∫ π

−π
f(x) · sin (kx) dx, (A.3)

with k=0,1,2,... .
If f(x) is an even function (f(−x) = f(x)), then bk = 0 and similarly if f(x) is an odd function

(f(−x) = −f(x)), then ak = 0.
Three Fourier transformations of odd functions used during the thesis are presented in Fig. A.1.
The Fourier transformation for these functions are (A.4) for the square form, (A.5) for the trapeze

form and (A.6) for the pulsed form.

y =
4a

π

[
sin (x) +

sin (3x)
3

+
sin (5x)

5
+ ...

]
(A.4)

y =
4a

α · π
[
sin (α) sin (x) +

sin (3α) sin (3x)
32

+
sin (5α) sin (5x)

52
+ ...

]
(A.5)

y =
4a

π

[
cos (α) sin (x) +

cos (3α) sin (3x)
3

+
cos (5α) sin (5x)

5
+ ...

]
(A.6)
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Figure A.1: Three wave form Fourier analysis; A) square form, B) trapeze form and C) pulsed form.



Appendix B

BH Curve Model

This appendix is based on [72] and therefore only the key points are given.
Motors are designed for working in the central part of the B-H curve presented in Fig.B.1, i.e. be-

tween B1 < Bf < B3, Bf being the flux density in the iron. Indeed, if the flux density in the motor is
situated under the point B1, the iron is misused since the iron volume becomes very important. Contrary,
if the flux density in the iron is located upper the point B3, the iron loses its characteristic of guiding the
flux.

Figure B.1: B-H curve.

The basic curve and its reverse function are given by (B.1) and (B.2):

Bf =
Hf − H0f

ηf + ξf · (Hf − H0f )
(B.1)

Hf =
ηf · Bf

1 − ξf · Bf
+ H0f (B.2)

The three points, which defined the curve are:
(H1, B1) smallest B amplitude
(H2, B2) middle of the curve knee
(H3, B3) highest B amplitude

For the central part B1 < Bf < B3, the definition of the three points permits to find constants used in
equations (B.1) and (B.2):
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ξf =
(H1 · B2 − H2 · B1) · (B1 − B3) − (H1 · B3 − H3 · B1) · (B1 − B2)
B1 · B2 · (B1 − B3) · (H1 − H2) − B1 · B3 · (B1 − B2) · (H1 − H3)

(B.3)

H0f =
ξf · B1 · B2 · (H1 − H2) − H1 · B2 + H2 · B1

B1 − B2
(B.4)

ηf =
H1 − H0f − ξf · B1 · (H1 − H0f ) ·

B1
(B.5)

For the other parts of the saturation curve, more details are given by [72]. These parts are not related
here since the flux density is always constraint in order to be situated in the central part of the saturation
curve.



Appendix C

Winding Factors

C.1 Concentrated Windings
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Table C.1: Fundamental winding factor for concentrated winding with one layer

2p\Ns 3 6 9 12 15 18 21 24 27 30 33 36 . . .
1 . . .
2 . . .
3 . . .
4 0.866 . . .
5 0.966 . . .
6 . . .
7 0.966 . . .
8 0.866 0.866 . . .
9 . . .
10 0.5 0.966 . . .
11 0.259 0.958 . . .
12 0.866 . . .
13 0.958 0.197 . . .
14 0.966 0.422 . . .
15 0.966 . . .
16 0.866 0.831 0.866 . . .
17 0.205 0.956 0.141 . . .
18 . . .
19 0.158 0.956 0.194 . . .
20 0.5 0.831 0.966 0.866 . . .
21 0.966 . . .
22 0.259 0.422 0.958 0.213 . . .
23 0.126 0.197 0.956 0.140 . . .
24 0.866 0.866 . . .
25 0.145 0.956 0.966 0.09 . . .
26 0.225 0.958 0.417 0.197 . . .
27 . . .
28 0.188 0.966 0.829 0.422 . . .
29 0.102 0.194 0.955 0.139 . . .
30 0.5 0.966 . . .
31 0.092 0.141 0.955 0.193 . . .
32 0.154 0.866 0.829 0.831 . . .
33 0.259 0.958 . . .
34 0.147 0.205 0.417 0.956 . . .
35 0.084 0.095 0.966 0.955 . . .
...

...
...

...
...

...
...

...
...

...
...

...
... . . .
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Table C.2: Winding factor for concentrated winding with one layer for the third harmonic

2p\Ns 3 6 9 12 15 18 21 24 27 30 33 36 . . .
1 . . .
2 . . .
3 . . .
4 0 . . .
5 0.707 . . .
6 . . .
7 0.707 . . .
8 0 0 . . .
9 . . .
10 1 0.707 . . .
11 0.707 0.653 . . .
12 0 . . .
13 0.653 0.173 . . .
14 0.707 0 . . .
15 0.707 . . .
16 0 0 0 . . .
17 0.271 0.644 0.127 . . .
18 . . .
19 0.653 0.644 0.150 . . .
20 1 0 0.707 0 . . .
21 0.707 . . .
22 0.707 0 0.653 0 . . .
23 0.271 0.173 0.641 0.112 . . .
24 0 0 . . .
25 0.173 0.641 0.707 0.084 . . .
26 0 0.653 0 0.173 . . .
27 . . .
28 0 0.707 0 0 . . .
29 0.644 0.15 0.639 0.105 . . .
30 1 0.707 . . .
31 0.644 0.127 0.639 0.137 . . .
32 0 0 0 0 . . .
33 0.707 0.653 . . .
34 0 0.271 0 0.644 . . .
35 0.173 0.150 0.707 0.638 . . .
...

...
...

...
...

...
...

...
...

...
...

...
... . . .
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Table C.3: Fundamental winding factor for concentrated winding with two layers

2p\Ns 3 6 9 12 15 18 21 24 27 30 33 36 . . .
1 . . .
2 0.866 . . .
3 . . .
4 0.866 0.866 . . .
5 0.5 0.933 . . .
6 0.866 . . .
7 0.933 0.793 . . .
8 0.866 0.945 0.866 . . .
9 . . .
10 0.5 0.945 0.933 0.866 . . .
11 0.250 0.793 0.949 0.389 . . .
12 0.866 0.866 . . .
13 0.167 0.949 0.815 0.179 . . .
14 0.289 0.933 0.951 0.793 0.866 . . .
15 0.5 0.933 . . .
16 0.289 0.866 0.951 0.945 0.182 0.866 . . .
17 0.167 0.125 0.815 0.953 0.401 0.127 . . .
18 0.866 . . .
19 0.125 0.389 0.953 0.821 0.184 0.192 . . .
20 0.5 0.866 0.945 0.953 0.933 0.129 0.866 . . .
21 0.933 0.793 . . .
22 0.250 0.173 0.793 0.953 0.949 0.186 0.389 0.866 . . .
23 0.125 0.1 0.179 0.821 0.954 0.406 0.13 0.153 . . .
24 0.866 0.945 0.866 . . .
25 0.5 0.083 0.401 0.954 0.823 0.933 0.197 0.08 . . .
26 0.173 0.167 0.182 0.949 0.954 0.815 0.131 0.179 . . .
27 . . .
28 0.173 0.289 0.866 0.933 0.954 0.951 0.187 0.793 . . .
29 0.1 0.083 0.071 0.184 0.823 0.954 0.408 0.132 . . .
30 0.5 0.945 0.933 . . .
31 0.083 0.071 0.127 0.406 0.954 0.824 0.188 . . .
32 0.289 0.124 0.866 0.186 0.951 0.954 0.945 . . .
33 0.250 0.793 0.949 . . .
34 0.167 0.124 0.125 0.129 0.815 0.954 0.953 . . .
35 0.083 0.5 0.062 0.192 0.933 0.824 0.954 . . .
...

...
...

...
...

...
...

...
...

...
...

...
... . . .
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Table C.4: Winding factor for concentrated winding with two layers for the third harmonic

2p\Ns 3 6 9 12 15 18 21 24 27 30 33 36 . . .
1 . . .
2 0 . . .
3 . . .
4 0 0 . . .
5 1 0.5 . . .
6 0 . . .
7 0.5 0 . . .
8 0 0.577 0 . . .
9 . . .
10 1 0.577 0.5 0 . . .
11 0.5 0 0.604 0 . . .
12 0 0 . . .
13 0.333 0.604 0 0.045 . . .
14 0 0.5 0.616 0 0 . . .
15 1 0.5 . . .
16 0 0 0.616 0.577 0.069 0 . . .
17 0.333 0.250 0 0.622 0 0.025 . . .
18 0 . . .
19 0.250 0 0.622 0 0.084 0 . . .
20 1 0 0.577 0.626 0.5 0.040 0 . . .
21 0.5 0 . . .
22 0.5 0 0 0.626 0.604 0.093 0 0 . . .
23 0.250 0.2 0.045 0 0.628 0 0.051 0 . . .
24 0 0.577 0 . . .
25 1 0.167 0 0.628 0 0.5 0 0.011 . . .
26 0 0.333 0.069 0.604 0.630 0 0.058 0.045 . . .
27 . . .
28 0 0 0 0.5 0.630 0.616 0.105 0 . . .
29 0.2 0.167 0.143 0.084 0 0.631 0 0.064 . . .
30 1 0.577 0.5 . . .
31 0.167 0.143 0.025 0 0.631 0 0.109 . . .
32 0 0 0 0.093 0.616 0.632 0.577 . . .
33 0.5 0 0.604 . . .
34 0.333 0 0.25 0.04 0 0.632 0.622 . . .
35 0.167 1 0.125 0 0.5 0 0.633 . . .
...

...
...

...
...

...
...

...
...

...
...

...
... . . .





Appendix D

Modulation Functions

Two modulation functions are presented in this appendix. These functions are used to model the flux
density which interacts with the plane by multiplying these function by the flux density produced by the
MW. These modulation functions are presented in Fig. D.1.

1

1

0.5

f1

2f

xo

Figure D.1: Two modulation functions giving the relative permeability of a plane of a length lplane; Square function
and cos-exp function

For the square function, the function is equal to:

w(x) =
{

1 for x � |lplane/2|
0 for x > |lplane/2| (D.1)

The second function [58] is defined by two functions, the first part is modelled by a cosine function
f1(x) and the second by an exponential function f2(x) as follows:

f1(x) =
1
2

(
1 + cos

(
π2

4δ
x

))
, (D.2)
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f2(x) =
1
2

exp
(
−π2

4δ
(x − xo)

)
, (D.3)

with:

xo =
2δ

π
. (D.4)

Therefore, the second modulation equation is equal to:

w(x) =

⎧⎨⎩
0 for |x| < lplane/2

f1(x) for lplane2 � |x| � lplane/2 + xo

f2(x) for |x| > lplane/2 + xo

(D.5)



Appendix E

TFM Geometry Parameters

The geometry and the geometrical constraints of the TFM are introduced in this Appendix. The motor
consists on four parts: the magnet stack, the supply part yoke, the coil and the way.

E.1 Magnet Stack

The magnet stack is composed of seven magnets and eight iron parts permitting to concentrate the
magnetic flux in the air gap. These iron parts are laminated in order to reduce the Eddy currents. The
geometrical parameters are given on Fig. E.1.

Figure E.1: Geometrical parameters of the magnet stack.

The pole pitch is defined as:
τp = lpm + lfer (E.1)

The iron part at the end of the magnet stack does not necessary have the same length than the middle
iron parts.

E.2 Supply Part Yoke

The yoke supports the coil. The geometrical quantities are given on Fig. E.2.
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Figure E.2: Geometrical parameters of supply part yoke.

Some geometrical constraints are introduced: the length of the yoke is equal to the magnet stack length
as:

ly = 7 · lpm + 6 · lfer + 2 · lferext. (E.2)

Moreover the distance of the yoke height is given by:

hy tot = 6 · δ + 2 · hpm + 4 · ht + 3 · hys + 2 · hyt (E.3)

This motor has six air gaps of equal distance. Two extra air gaps are needed to close the flux. As a
consequence, the magnetic flux produced by the magnets in the air gap is reduced. This is a
disadvantage of this motor.

E.3 Coil

The sizes of the coil are presented on Fig. E.3. Moreover, the coil is characterized by the number of
turns N and the wire diameter dcu.
The geometrical constraints on the coil size are the following:

lint < ly (E.4)

wint < hy (E.5)

wext − wint

2
< wy − wt (E.6)

hcoil < hytot − 2 · hy (E.7)
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Figure E.3: Geometrical parameters of the TFM coil.

Figure E.4: Geometrical parameters of the reactive part.

E.4 Way: Reactive Part

The reactive part is laminated. The sizes of the reactive part are indicated on Fig. E.4 To achieve good
results, the following geometrical constraints must be respected:

τp = lpm + lfer = ls1 + lt (E.8)

wt = wst = wpm (E.9)

lt > lfer (E.10)

E.5 Motor Sizes and Performances

The motor sizes are given in Table E.1. The ShS moving part has a weight of about 130kg.

E.5.1 Lumped Magnetic scheme

Due to its structure, only one module can be magnetically studied and modelized. This motor model
differs in comparison with the other motor models since it is based on a lumped magnetic circuit. The
use of this technic is due to the reluctance topology specific to TFM. Since one module has a symmetry,
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Table E.1: Studied motor sizes.

Geometrical parameter Unit Value
Copper wire diameter dcu [mm] 2.2
External iron lamination length of the stack lfer ext [mm] 7
Length of the intern turn of the coil lint [mm] 136
PM length lpm [mm] 8
Iron lamination length of the stack lfer [mm] 10
Slot length of the reactive part, external value ls1 [mm] 22
Slot length of the reactive part, internal value ls2 [mm] 20
Reactive part tooth length lt [mm] 14
Coil height hcoil [mm] 128
Tooth height of reactive part ht [mm] 8
PM height hpm [mm] 30
Supply part yoke height hy [mm] 20
Reactive part yoke height hys [mm] 9
Supply part tooth height hyt [mm] 21.5
Supply part total height hy tot [mm] 113
Number of turns per coil N [-] 170
Width of the extern turn of the coil wext [mm] 21
Width of the intern turn of the coil wint [mm] 58
PM width wpm [mm] 30
Reactive part tooth width wst [mm] 30
Tooth width wt [mm] 30
Yoke width wy [mm] 30
Mechanical air gap δ [mm] 2
Pole pitch τp [mm] 18

the lumped magnetic scheme can modelize only one magnet stack travelling between two tracks. The
equivalent lumped magnetic scheme is presented on Fig. E.5. All permeances are obtained using the
circle-line method to model the flux path [22] and by assuming a constant relative permeability of the
iron.
In order to obtain the characteristic of the motor, the permeance of the magnetic scheme must be
defined for all positions of the magnet stack between 0� x � τp. The origin of the magnet stack
position is presented on Fig. E.6.
Therefore, all the following permeance values: Λ1, Λ2, Λ4, Λ5, Λ6 and Λ8 are variable. On the contrary,
Λδ1 which models the extra air gap, Λ9 which models the coil yoke, Λ7 which models the passive track
yoke and Λpm which models the PM are constant. All the variable permeance are the combination of
the eventual track tooth, the air gap and the iron part of the magnet stack. The permeance variation as a
function of the stack position are given on Fig.E.7, E.8, E.9 for Λ1 and Λ2, Λ4, and Λ6, Λ5 and Λ8,
respectively.
The permeance Λδ1 must be calculated with a length of the flux tube equal to δ/2.
The other permeances are straightforward to calculate.
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Figure E.5: Lumped magnetic scheme of a half motor module.
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Figure E.6: Origin of the magnet stack position.
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Figure E.7: Permeance variation (Λ1,Λ2) as a function of the stack position.
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Figure E.8: Permeance variation (Λ4,Λ6) as a function of the stack position.
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Figure E.9: Permeance variation (Λ5,Λ8) as a function of the stack position.





Appendix F

List of Symbols

The three dimensions, length, width and height are defined in the Fig. F.1.

Figure F.1: Definition of the dimensions of the motor
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a Acceleration [m/s2]
A Magnetic potential vector [Wb/m]
B Flux density [T],[Vs/m2]
Br Remanent flux density [T],[Vs/m2]
c Thermal capacitance [J/K]
cs Coil shortening [# slots]
d Magnetic air gap (including magnet height) [m]
dcu Copper wire diameter [m]
D Electric displacement [C/m2]
Dc Duty cycle [-]
E Electric field [V/m]
emf Induce voltage [V]
f Supply frequency [s−1]
g gravitational acceleration [m/s2]
F Force [N]
Fcu Copper losses figure of merit [m−1]
h Height [m]
hc Convection heat transfer coefficient [W/m2K]
hr Radiation heat transfer coefficient [W/m2K]
H Magnetic field [A/m]
Hc Coercitive field [A/m]
I Current [A]
J Current density [A/m2]
Js Surface current density [A/m2]
k Thermal conductivity [W/mK]
kc Carter factor [-]
kcogg Number of cogging period [-]
kcu Slot copper filling factor [-]
kdem Demagnetization factor [-]
kf Stacking factor [-]
km Motor constant [N/W0.5]
ks Pitch factor [-]
ksat Saturation coefficient [-]
ksk Skewing factor [-]
kz Distribution factor of the turns [-]
kzc Distribution factor of the coil [-]
ku emf phase constant [V̂/(m/s)]
kw Winding factor [-]
kweight Weighting factor [-]
kθ Heating factor [m2◦C/As]
L Inductance [H]
Lc Cyclic inductance [H]
l Length [m]
lcoil Length of the coil [m]
lint Length of the intern turn of coil [m]
m Number of phases [-]
m Mass [Kg]
M Magnetization vector [A/m]
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N Number of turns per coil [-]
Ncp Number of coils per phase [-]
Ncs Number of coils in serie per phase [-]
Np Number of poles [-]
Ns slot number [-]
Nu Nusselt number [-]
P Active power [W]
Pr Prandt number [-]
Pcu Copper losses [W]
q Number of slots per pole and per phase [-]
q heat rate [W]
R Electrical Resistance [Ω]
Rth Thermal resistance [K/W]
Ra Rayleigh number [-]
Re Reynolds number [-]
s coil opening [m]
S Surface [m2]
St Stroke [m]
t Time [s]
Tm Maxwell stress tensor [N/m2]
T Electrical period [s]
T Temperature [K]
Ts Temperature on the surface s [K]
T∞ Room Temperature [K]
U Voltage [V]
v speed [m/s]
V Electrical potential [V]
V Volume [m3]
w Width [m]
W Energy [J]

α Convection coefficient [W/m K]
αd Pole pitch [edeg]
αr Radiation coefficient [W/m2K]
γ Distance between two consecutive turns [m]
δ Mechanical air gap [m]
ε Emissivity [-]
εe End condition [-]
Φ Magnetic flux [Vs], [Wb]
η Efficiency [-]
Λ Permeance [H]
μ0 Air permeability [Vs/Am]
μr Relative permeability [-]
ν Harmonic order [-]
θ Magnetic source [A]
ρ Electrical resistivity [Ω·m]
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ρc Volume charge density [C/m3]
ρm Density [kg/m3]
σ Electrical conductivity [Ω−1 · m−1]
σf Leakage factor [-]
σsb Stefan Boltzmann constant [-]
τ Time constant [s]
τn Tooth pitch [m]
τp Pole pitch [m]
Ψ Total magnetic flux [Vs]
ω Electrical pulsation [rad/s]

Indexes:
a Active dimensions
cu Relative to the copper
ir Relative to the iron
m Relative to the motor
n Normal component
pm Relative to the magnet
s Relative to the slot
t Relative to the tooth
tg Tangential component
x Relative to the x direction
y Relative to the y direction
δ Relative to the air gap
σ Relative to the leakage
∞ Relative to an infinite condition

Abbreviations:
CTI The innovation promotion agency
edeg electrical degrees [o]
emf electro magnetic force [V]
FEM Finite elements method
GCD Greatest common divisor
HA Halbach array
HVT Horizontal vertical transportation
LCM Least common multiple
LS Long stator
mmf Magnetic motrice force [A]
MMS Multi Mobile System
MaW Magnetic way
NdFeB Neodymium Iron Bore
PM Permanent magnet
rms Root mean square
ShS Short stator
SQP Sequential quadratic programming
TFM Transverse Flux Motor
THD Total harmonic distortion
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