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:ﻣﻠﺨﺺ
ﻓﻲ ھﺬه اﻷطﺮوﺣﺔ ﻗﻤﻨﺎ ﺑﺪراﺳﺔ آﻟﺔ ﻛﮭﺮﺑﺎﺋﯿﺔ ﻣﺘﺰاﻣﻨﺔ ذات ﻣﻐﻨﺎطﯿﺲ داﺋﻢ ﻣﮭﺠﻨﺔ ﺑﯿﻦ اﻵﻻت ذات اﻟﺘﺪﻓﻖ اﻟﻤﺤﻮري و اﻟﺘﺪﻓﻖ
. اﻵﻟﺔ ﻣﻨﺎﺳﺒﺔ ﻟﺘﺮﺑﯿﻨﺎت اﻟﺮﯾﺎح. اﻟﺨﻄﻮة اﻟﻘﻄﺒﯿﺔ ﻟﻠﻌﻀﻮ اﻟﺴﺎﻛﻦ واﻟﻤﺘﺤﺮك ھﻲ ﻧﻔﺴﮭﺎ.اﻟﻌﺮﺿﻲ ﻓﺘﺤﻘﻖ ﻛﺜﺎﻓﺔ ﻋﺰم دوران ﻋﺎﻟﯿﺔ
 اﻟﺠﺰء اﻟﺴﺎﻛﻦ ﻟﻶﻟﺔ ﯾﺤﺘﻮى ﻋﻞ ﻣﺠﻤﻮﻋﺔ ﻣﻦ اﻷﻗﻄﺎب اﻟﺰوﺟﯿﺔ ﻣﺘﺠﺎورة ﻋﻠﻰ ﺷﻜﻞ.ﻛﻤﺎ ﯾﻤﻜﻦ آن ﺗﻜﻮن اﻵﻟﺔ ﻣﺘﻌﺪدة اﻷوﺟﮫ
 ﻣﺠﻤﻮﻋﺔ ﻓﻲ اﻟﺠﮭﺔ اﻟﺪاﺧﻠﯿﺔ، أﻣﺎ اﻟﻌﻀﻮ اﻟﻤﺘﺤﺮك ﯾﺤﺘﻮي ﻋﻠﻲ زوﺟﯿﻦ ﻣﻦ اﻟﻤﻐﻨﺎطﯿﺲ اﻟﺪاﺋﻢ، وذوى ﻣﻠﻒ ﺣﻠﻘﻲU ﺣﺮف
 اﻟﺸﻜﻞ اﻟﺨﺎص ﻷﻗﻄﺎب اﻟﺠﺰء اﻟﺴﺎﻛﻦ ﯾﺴﻤﺢ ﺑﺘﻐﯿﯿﺮ ﻣﺴﺎر اﻟﺘﺪﻓﻖ اﻟﻤﻐﻨﺎطﯿﺴﻲ دون ﺗﻐﯿﯿﺮ.وﻣﺠﻤﻮﻋﺔ ﺛﺎﻧﯿﺔ ﻓﻲ اﻟﺠﮭﺔ اﻟﺨﺎرﺟﯿﺔ
 اﻟﻤﻌﺎدﻻت اﻟﺘﺤﻠﯿﻠﯿﺔ ﻋﻨﺪ ﻋﺪم اﻟﺘﺤﻤﯿﻞ ﻟﻠﻘﻮة اﻟﻜﮭﺮﺑﺎﺋﯿﺔ وﻋﺰم اﻟﺪوران ﻗﺪ ﺗﻢ اﺳﺘﻨﺒﺎطﮭﺎ وھﺬا ﺑﻌﺪ ﺗﻄﻮﯾﺮ اﻟﻨﻤﻮذج.ﻗﻄﺒﯿﺔ اﻟﺘﻐﺬﯾﺔ
.(EF)  ﻟﺘﺤﻠﯿﻞ اﻟﻤﺠﺎل اﻟﻤﻐﻨﺎطﯿﺴﻲ ﺗﻢ اﺳﺘﺨﺪام طﺮﯾﻘﺔ اﻟﻌﻨﺎﺻﺮ اﻟﻤﺤﺪودة.(CEM) اﻟﻤﻐﻨﺎطﯿﺴﻲ اﻟﻤﻜﺎﻓﺊ
 اﻟﻨﻤﻮذج اﻟﻤﻐﻨﺎطﯿﺴﻲ،(EF)  اﻟﻌﻨﺎﺻﺮ اﻟﻤﺤﺪودة، ﻋﺰم اﻟﺪوران، آﻟﺔ ذات ﺗﺪﻓﻖ ﻋﺮﺿﻲ، آﻟﺔ ذات ﺗﺪﻓﻖ ﻣﺤﻮري:ﻛﻠﻤﺎت ﻣﻔﺘﺎﺣﯿﮫ
. ﻟﻒ ﺣﻠﻘﻲ، آﻟﺔ ﻣﺘﺰاﻣﻨﺔ، ﻣﻤﺎﻧﻌﺔ ﻣﻐﻨﺎطﯿﺴﯿﺔ،(CEM) اﻟﻤﻜﺎﻓﺊ
Résumé :
Cette thèse analyse nouvelle machine synchrone à aimants permanents (PM) à
flux axial- transversal hybride a une densité de couple élevée. Le pas polaire du
stator et le pas polaire du rotor sont les mêmes. La machine est destinée aux
systèmes à éoliennes. La nouvelle machine transversale axiale a un entrefer
simple ou double face. La machine a deux noyaux de stator en forme de quasiU et adjacents avec un enroulement de type annulaire, et le rotor a deux
groupes d’aimants, l’un externe et l’autre interne. La forme du noyau du stator
quasi-U permet de modifier le trajet du flux sans modifier la polarité de
l'alimentation. Les expressions analytiques de la FEM sans charge et le couple
sont dérivées, après le développement de ce modèle de circuit d’équivalence
magnétique (MEC). La méthode des éléments finis 3D (FE) est utilisée pour
analyser le champ magnétique, le couple, et le couple de détente pour les
différentes inclinaisons d’aimants.
Mots clés: machine à flux axial, machine à flux transversal, couple de détente,
éléments finis (EF), circuit magnétique équivalent (CME), circuit à réluctance,
machine synchrone, enroulement annulaire.
Abstract :
This thesis analyzes a novel hybrid axial-transverse flux permanent magnet
(PM) synchronous machine achieving high torque density. The stator pole pitch
and the rotor pole pitch are the same. The machine is suitable for wind
turbines. The new axial transverse machine has a single-sided or double-sided
air gap. The machine has two adjacent quasi-U stator cores with ring-type
winding, and the rotor has two PM groups, one outer and one inner. The shape
of quasi-U stator core allows changing the flux path without changing power
supply polarity. The analytical expressions of the no-load back-EMF and the
torque are derived, after the development of 3-D magnetic equivalent circuit
(MEC) model. The 3-D finite element method (FE) is used to analyze the
magnetic field, torque, and cogging torque for different skewing of the PMs.
Keywords: axial flux machine, transverse flux machine, cogging torque, finite
element (FE), MEC circuit model, reluctance circuit, synchronous machine,
ring winding;
ii
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Introduction
Today, the expected performance of electrical machines is becoming higher;
simultaneously costs and design time are significantly reduced. Similarly, the
cost of prototypes is increasingly prohibitive and especially as the power of the
machine increases. In order to avoid the construction of prototypes for test and
validation of a machine, computer-aided design software is required. The
latter have developed as the computing tools raise and their power grows each
year. These software’s allow the development and validation of machines with
a relatively low cost. At the same time, the demand for design quality
increases, so that the various operating modes of the machine design must be
taken into account and simulated.
It is not uncommon for a designer of electric machines to state that the
principles of machine design have been established over 100 years ago and
have not changed since and therefore only leave room for small improvements.
In recent years this prejudice has given way due to dramatic advances in
material science in the area of permanent magnet materials and the
introduction of the new machine topology.
The transverse flux machine, as it will be referred to here, has a magnetic
flux path with sections where the flux is transverse to the rotation plane. There
are three general concepts for transverse flux machines: C-core, E-core, U-core
and claw pole. In TFPMSM with U-type stator cores, the cores of each phase
are displaced of twice the pole pitch, and half of the permanent magnets are
inactive. Therefore the machine is characterized by a large rotor flux leakage.
In fact, in the U-shape TFPMSM, the number of PMs is twice the number of
cores. In the C-type, E-type, and other stator core pieces, the flux direction is
the same, and the stator core pieces are spaced twice the pole pitch
The small size and the low weight makes transverse flux motor a superior
choice for mobile applications such as hub motors for electrical vehicles.
Several implementations of variable speed active rotor transverse flux hub
motors for wind energy can be found in the literature that confirm the high
torque capability and high power to weight ratios achievable with those
machines. Avoiding the need for a gearbox reduces the overall weight of the
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drive system significantly. Other applications of transverse flux motors, such
as ship drives and train drives show the successful implementation of this
motor type in a wide range of drive applications. The light weight transverse
flux machine allows for new train concepts with a distributed drive system. A
distributed drive system also eliminates the need for a heavy weight drive
head. Which reduces the track construction cost significantly because of the
lower stresses imposed on the driveway.
For variable speed applications it is also beneficial that transverse flux
motors with field magnets have a large operating frequency range: due to their
favorable behavior when operated under field weakening conditions. This
beneficial behavior is caused by the large inductance of the armature winding.
The large armature winding induction results in a low power factor this low
power factor cannot be eliminated within the machine through design changes
and must be taken as a price that must be paid for the high Specific torque
output. The price for the low power factor is paid explicitely for the converter
design that must have a higher VA rating, or preferably the converter
compensates for the low power factor through a power factor correction
design. Therefore closed loop control with a position encoder on the shaft is
required for a variable speed drive using transverse flux machines.
Another advantage is that the phases are electromechanically decoupled as
the phases are separated. Also, the position of the rotor or stator parts can be
varied in the circumferential direction to decrease cogging torque. Another
advantage is that there is no need for end windings.
The first step is to take search about the new structures in order to identify
the main characteristics and the performances specific to each structure. This
first step will be essentially bibliographic and will highlight the essential
elements of the proposed structures and analyze their advantages and
disadvantages. This analysis will include physical aspects as well as aspects
related to manufacturing and industrialization. Indeed, it does not seem useful
to develop a structure that is certainly powerful, but difficult or impossible to
achieve at the industrial level. At the end of this first phase, most of the
existing machines will be exposed. A classification will be realized. This will
Contribution a l’étude d’une Machine synchrone à Aimants Permanents
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help in the selection of existing structures that are considered interesting or in
the definition of an original structure. These structures will meet criteria for
both intrinsic performance and industrial feasibility.
One of the new items of research that we propose in this thesis is the study
of new structure of electrical machines carried out using recent modeling tools,
and new materials using at present. This thesis is divided into four chapters,
whose content is organized from the following way:
The first chapter provides a general overview of various permanent
magnet synchronous machines. In beginning the radial flux machine followed
by axial flux machine and the transverse flux machines are the last. The
emphasis is placed on the transverse flux topology and its principles of
operation,

performances,

advantages

and

disadvantages.

Various

configurations of transverse flux topologies are reviewed and their properties
are outlined. In the last chapter we have done a preview about the wind
power generation and their characteristics.
The second chapter comprises calculations of the geometry dimensional,
magnetic parameters and windings values of an axial-transverse flux PMs
synchronous machine with the use of analytical calculation combined with
finite element analysis as primary design tool. The leakage permeances are
calculated by geometry methods. The equivalent electric circuit of this machine
is presented. The efficiency estimation is the fruit of all different losses
calculations. The mechanical constraints are also necessary during the design
features; the main task is making the clearance (air-gap) constant as possible.
The third chapter deals with two-dimensional, three-dimensional static
and transient finite element analyses of an axial-transverse flux permanent
magnet machine at no-load condition. The dimensions of the magnetic circuit
are analytically computed are calculating in the previews chapter are inserted
into a FEM-software. The machine employing two transverse flux topologies:
The basic topology utilizing three phases for one face and the one utilizing only
one phase for each face are evaluated. The analysis of the torque and of the
back-EMF is developed. The skewing permanent magnet of the studied
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machine is used with the help of finite element method (FEM) calculations to
calculate cogging torque.
The fourth chapter applies the results of the studies conducted in the
two previous chapters to estimate the electromechanically dimensions and
performance of axial-transverse flux PMs synchronous machine. In addition to
using equivalent model to predict output performance of electric machinery,
magnetic equivalent circuits have been used to predict flux density magnitudes
within electric machinery. air-gap flux density results from models presented
in compare with finite element calculations, and demonstrate the possibility of
the MEC method replacing FEM, as a primary design tool, for some
applications.
This method shows a good agreement with the FEM analysis and thus can
be used to reduce calculation time, as the need for the rather time consuming
dynamic FEM simulations is eliminated. The flux loop reluctance network
model is typically used, to use MEC model the approximation equations of
permeability are presented, the reluctance network MEC predicts the spatial
distribution of air gap flux density, the back EMF and the electromagnetic
torque. This analysis can help the designers of transverse flux machines to
select the appropriate set of dimensions when opting for the desired
performance.
Conclude this thesis by summarizing the presented work. Some guidelines
for future work are outlined.
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State of the Art on Permanent
Magnet Machines

1. Introduction
Nearly almost of electric machines used in industry uses technologies known for
a long time: asynchronous and synchronous machines. For some decades now,
the electric machine designers studying new structures (permanent magnet or
reluctance machines with axial, radial or transverse flux). These innovations are
possible thanks to technological advances in power electronics, materials and
numerical calculations.
The aim of this chapter is analyzing the technology and design of the existing
machine concepts and discuss the potential structures, in this chapter we will
give an overview of the family of electrical machinery radial flux, axial flux and
transverse flux, their operating principles and their designs and also the purpose
of this chapter is to select one machine with strong industrial potential for
further analysis that we will conduct thereafter.
2. Machines Technology
In reality we have lot off machines structure, the task is how can classify
them, and try to take the flux direction as criterion.

5
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Flux Directions

For synchronous PM machines there are three types of structures: the radial
flux structure, the axial flux structure and the transverse flux structure. The
radial flux machine is most used. The flux in the air gap is radials to the axis
of rotation of the machine (Fig. 1.1). For the axial flux machine, the flux in the
air gap is axial to the axis of rotation of the machine (Fig. 1.2). For very specific
applications, such as direct drive and low speeds, designers have introduced
the transverse flux machine (Fig. 1.3). The flux is both axial and radial to the
axis of rotation of the machine.

Fig.1.1: Radial flux machine.

Fig.1.3: Transversal flux machine.

Fig.1.2: Axial flux machine.
2.2.

Windings

There are three main ways of winding an electrical machine: the distribute
winding, the concentrated winding and in Gramme ring winding. The
distribute winding is show in Fig. 1.4 and Fig. 1.7. The main disadvantage of
this winding type is the ends winding, since they are source of Joule losses.

Fig. 1.4: Distributed winding [1].

Fig. 1.6: Gramme Winding [3].

Fig. 1.5: Concentrated winding [2].
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Therefore, electrical machinery designers have developed the concentrated
(Fig. 1.5 and Fig. 1.8). The coil includes only a tooth instead of more teeth to
the left winding. By this method, the end winding are reduced and therefore
the Joule losses reduced. Although more frequently used in electrical
machines. For very particular machines, the winding ring is formed Gramme
(Fig. 1.6 and Fig. 1.9). This winding is made up of several rings along the
stator. Easy to design, it is very suitable for the radial or the axial Torus
machine double gap. However the Joule losses handicap this winding type.

Fig. 1.7: Distributed winding [4].

Fig. 1.9: Gramme Winding [1].

Fig. 1.8: Concentrated winding [5]
As we show in the previous discussions about the winding of electrical
machines especially radial and axial configurations, after my bibliography
researches I found only tow transversal windings types, the first is full ring
(toroidal) winding and the second is portion ring winding[7].

Fig. 1.10: Ring (toroidal) winding [6].
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Fig. 1.11: Ring portion winding [7].
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3. Choosing the Innovative Concept
3.1.

Radial Flux Machines

The radial flux synchronous machine is the first permanent magnet machine
appeared in the industry. Due to advances in power electronics and PM
performances, it begins to replace the asynchronous machine. The first radial
flux synchronous machine being developed as surface magnets machine
distributed winding (Fig. 1.12). In literature, it is possible to find it to fit a
turbocharger (50kW 70000 rev/min, 8 poles) [8] or in the automotive field
(40kW 6000 rev/min, 4 poles) (6kW, 6000 rev/min, 12 poles) [9] [10]. These
studies highlight the performance and power density compared with
asynchronous machines. At present, this structure with simple gap frequently
used as reference when make comparison with innovative machines [11] [12]
[13]. The major drawback of this machine is the location of the magnets.

Fig. 1.12: Interior rotor PM synchronous machine.
Fig. 1.13: Outer rotor PM synchronous machine.
The rotor of the machine can be placed outside the stator (Fig. 1.13), to reduce
the risk of disconnection of the magnets. The wind turbine application (20kW,
210 rev/min, 36 poles) [14] and elevator are also good examples.
Indeed, the synchronous inductance distributed winding SPM is relatively
small because of the relative permeability of the permanent magnets close to
unity and the importance of the gap while the flux from PM can be reduced.
The other alternative of the magnets disconnection is burying the magnets,
leakage flux of burying magnet is significantly decreased and especially the

8
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magnets are used in flux concentration. In [15] has used this concept to study
a prototype (11kW, 2000 rev/min, 12 poles) (Fig. 1.14) for vehicle application.

Fig. 1.14: Distributed winding and buried PM [15].
Fig 1.15: Distributed winding V-interior PM [16].
In the same application, [10] and [17] show that burying magnets, they can
reduce noise and increase the field weakening capacity without changing the
electrical performance of the machine (6kW, 6000 rev/min, 12 poles) (Fig.
1.15). Many papers studied on optimization [11], location, and shape of the
magnets [18] [19]. The combination outer rotor and buried magnets have been
studied in [20].
However, the distributed winding has Joule losses significant due the ends
coils. To solve this problem, designers have thought of concentrated winding
[21]. This winding type is interesting in industry (Fig. 1.16).

(a)

(b)

(c)

Fig.1.16: (a) Concentrated winding (Leroy Somer), (b) one phase per slot,
(c).two phases per slot.
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The buried magnet applications are similar to those
those of the distributed winding
winding,
in vehicle applications exposed by [15]
[15 with
th a prototype 11kW, 2000 rev/
rev/min,
12 poles and [22]] which the machine delivers a power of 280
280W to 3000
rev/min with 4 poles.
In other papers,, the authors attempt to examine specific items of their
machine as iron losses [23]] as support with
with a machine 750W, 4800 rev/
rev/min
and 4 poles or compare with distributed winding machines [15]. [24
[24] Analyzing
the possibility of establishing an outer rotor to directly attach the blades of the
ventilation system on the engine. He developed a machine of 230
230W, 4 poles
getting 90% efficiency.

Fig. 1.17: Duel rotor PMSM with Gramme winding [25].

Fig. 1.18
18: Flux path of duel rotor PMSM.
The best way to increase machine performance as the torque or power is
increasing the air-gaps
gaps number. The radial flux machine is not suitable for
this kind of design, but some authors have ventured to study. The best known

10

Contribution
Con
a l’étude d’une Machine Synchrone à Aimants Permanents

Chapter One

State the Art on Permanent Magnet Machines

example is the radial flux machine developed by [25], [3] and [26] which uses a
Gramme winding to maximize the power of the machine (Fig. 1.17). The
disadvantage of winding Gramme is Joule losses. Nevertheless, good results
are obtained for a power range from 2.5kW to 36kW, 8 to 16 poles.
3.2.

Axial Flux Machines

After the radial flux machines in the 80, the axial flux machines were primarily
designed to reduce the size. Thus, the specific power and mass couples could
be advantageously increased.
3.2.1.Axial Flux Machines With Single Side
The operation of this type of machine is simple because it involves stator and
rotor. The flux created by a conventional distributed winding; this will interact
with the flux created by the PM glued on the surface of the rotor to create
electromagnetic energy and thus an electromagnetic torque (Fig. 1.24).

1- Stator
2- Winding
3- Rotor
4- PMs
5- Frame
6- Bearings
7- Shaft

Fig. 1.19: AFPM one sided, 1 stator 1 rotor [27].
[27] Use this machine as a basis for comparison (Fig. 1.19). Numerous patents
[28] [29] have been filed on that kind of axial flux machine and launch the
progress for new discoid machine structures.
3.2.2.Axial Flux Machines With Internal or External Stator
Designers have focused on machines with two air gaps commonly referred to
internal or external stator (Fig. 1.20 and Fig. 1.21). Unlike radial flux
machines, the axial flux machine is well suited to this kind of concept. The
presence of two rotors or two stators helps to balance the forces of attractions
between the active parts of the machine.
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1- Stator
2- Winding
3- Rotor
4- PMs
5- Frame
6- Bearings
7- Shaft

Fig. 1.20: Inner stator AFPM [30].
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Fig. 1.21: Outer stator AFPM [30].
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Flux path of Torus machines
Fig.1.22: Slotted NS.

Fig.1.23: Slotted NN.

Fig.1.24: Slotless NN.

Winding of Torus machines
Fig.1.25: Slotted NS [41]. Fig.1.26: Slotted NN [27].Fig.1.27: Slotless NN [27].
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These sometimes called Torus machines can be either NS type (Fig. 1.22), the
magnets facing each other have different polarity, or NN-type (Fig. 1.23 and
1.24), the magnets placed face to face are of the same polarity. The Torus
machine has two types of winding slotted (Fig. 1.25 and Fig. 1.26) or slottless
(Fig. 1.27), the end winding is increased Joule losses. The designers of these
machines, pride their efficiency and power density [27] [41].
NN Torus machines are used for slow speeds such as elevators [31] (5kW and
95 rev/min, 24 poles), hybrid vehicles [32] (30kW 4000 rev/min, 6 poles) and
wind turbines [33] (1kW 490 rev/min, 12 poles). [34] [35] studied the field
weakening phenomenon of Torus machine and add a DC ring coil on the stator
to control the air gap flux induction.
Finally, it was shown in [36] that this type of machine has a sound level
(cogging torque) less than radial flux machines.
This is why designers develop this machine for electric vehicles [37] (3kW 750
rev/min, 8 poles), [38] (72kW 3000 rev/min, 16 poles). In general, the Torus
Machine includes a variety of applications ranging from variable speed [39]
(880W, 2800 rev/min, 4 poles) at slow speeds [40] (14MW 195 rev/min, 80
poles).

Fig. 1.28: Axial-radial flux machine [42]. Fig. 1.29: Axial-radial flux machine [43].

One of the latest developments of the internal stator Torus machine is adding
rotors at the outer radius of the stator. This machine is called axial-radial flux
machine (Fig. 1.28 and Fig. 1.29). Thus, only the internal parts of the stator
winding are not involved in torque production. The use of the active parts of
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the stator is optimized [42] [43]. This configuration increases the power of the
machine and therefore gets very good torque and power density.
In Fig. 1.30 and Fig. 1.31 the rotor in this case is ironless. Two winding
possibilities can be used: a slotted winding distributed or slotless Torus
winding





Fig. 1.30: Flux path of outer
slottless stator [25].

Fig. 1.31: Flux path of outer
slotted stator.

In case where the machine must be incorporated into system, [44] has also
studied this type of machine (55kW, 600rev/min, 6 poles) for the wheel motors
[45] (1.5kW, 500rev/min, 4 phases).
3.3.

Transverse Flux Machines

Many transverse flux PM machines discussed in the papers are surveyed in
order to identify the possibility and potential of the machines for direct drive
(Fig.1.32). The configurations, advantages and disadvantages of the TFPM
machines have been discussed in a number of references [46] [47] [48] [49] [50]
[51] [52] [53] [54] [55] [56] [57] [58].
The difference between TFPM machine and RFPM and AFPM machines is that
the TFPM machine allows an increase of the space for the windings without
decreasing the available space for the main flux. The TFPM machines has
small pole pitch with compared with other machines, this feature will be done
the TFPM machine in higher density than RFPM and AFPM machines [59] [60].
The copper winding of the TFPM machine is simple, and end winding is
significantly smaller than other machines. Thus, the active mass of the TFPM
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machine needed to produce the required torque can be smaller than other
machines [61]. However, the TFPM machine has disadvantages such as a
complicated construction especially stator core, a low power factor and
difficulties in manufacturing [62]. The TFPM machine seems to be a suitable
machine type for direct-drive applications [63].
3.3.1.Surface-Mounted TFPM Machines
Different configurations of surface-mounted TFPM machines were discussed
by a number of authors. In this thesis the surface-mounted TFPM machines
are mainly categorized as sided and single double -sided. Single-sided surfacemounted TFPM machines were discussed in [64] [65] [66] [67]. Double-sided
surface-mounted TFPM machines were discussed in [69] [70].
Double sided surface mounted TFPM machine with double windings (Fig.
1.33a) [71]. Another double-sided, surface-mounted TFPM machine with
reduced flux leakage was also discussed as shown in Fig. 1.33b [72]. It was
stated that both current loading and flux density were the determining factors
for force density. The current loading of the TFPM machine was higher than
seven times the current loading of the RFPM machines with the same current
density.

(a) [71]

(b) [72]

Fig. 1.33: Double-sided surface-mounted TFPM machines.
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Fig. 1.32: Transverse flux permanents magnets machines classification
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A double-sided TFPM machine combined with modular structure, axial flux
configuration and double windings for wind turbine generators was proposed
by [73]. As shown in Fig. 1.34. They showed that the ring stator winding could
be easily assembled and automatically produced and the winding is exposed to
open air, which improves cooling. A single-phase machine with 650 W power
rating at 667 rpm was discussed [73]. The machine consists of stator and rotor
cores with 18 pole PMs.
Torque ripple reduction of a double-sided axial type TFPM machine was
discussed by [74].

Fig. 1.34: A double-sided TFPM machine with axial air gap [73].

Fig. 1.35: A single sided surface mounted TFPM machine with single windings [75].

A single-sided surface-mounted TFPM machine with single winding shown in
Fig. 1.35, an outer rotor type of the machine was discussed by [75] as shown
in Fig. 1.36. The torque densities of a single-sided surface-mounted TFPM
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machine with outer rotor were compared with the torque density of an
induction machine [76] [77] [78]. The TFPM machine of which the torque rating
is 69.1 Nm showed the torque density is 4.9 times higher by volume and 7
times higher by mass than the values of the induction machine.

Fig. 1.36: Outer rotor type of the machine was discussed by [75].
The design, performance analysis, and experimental results of the surfacemounted transverse flux PM machine using soft magnetic composites (SMC)
have been discussed in [79]. Fig. 1.37 represents the surface-mounted TFPM
machine with outer rotor and SMC cores. The measured performance of the
SMC TFPM machine was compared with three different motors, namely an
induction motor, a radial flux PM DC motor and an SMC claw pole motor. The
output power rating of the SMC TFPM motor was 690W at 1800 rpm. The SMC
TFPM motor had the highest values of torque to volume ratio compared to the
other motors.

(a)

(b)

Fig. 1.37: Outer rotor surface mounted TFPM machine with SMC cores (a)
rotor (b) stator [79].
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The torque to volume ratio of the SMC TFPM motor was almost 4.5 times
higher than the torque to volume ratio of the induction motor.
The authors design a single-sided surface mounted TFPM machine with an
outer rotor, the design results of the machine were compared with the results
of both a double-sided flux-concentrating TFPM machine with single windings
[80] and a surface-mounted TFPM machine [81]. The single-sided surfacemounted TFPM machine with an outer rotor [79] had higher torque to volume
values than the other two machines. The double sided surface mounted TFPM
in [81] had the highest power factor.

(a)

(b)

(c)
Fig. 1.38: A novel TFPM (Ω) topology for a direct-drive wind turbine, (a)
Elements necessary of this machine, (b) Mechanical construction, (c) PMs
Arrangements [82].
A novel single-sided surface-mounted TFPM machine with single windings for
direct-drive was proposed and analyzed in [82]. The power ratings of the
generators are 3, 5, 7 and 10 MW at 18.6 rpm, 13.2 rpm, 10.6 rpm and 8.3
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rpm, respectively. Fig. 1.38 illustrates the novel TFPM machine that consists of
a hollow rotor (Ω omega form) with the surface mounted PMs embraced by the
laminated stacks with the windings placed in the slots.
New concept of a single-sided TFPM machine with single windings and stator
bridges, the stator of the machine consists of laminated U-cores with stator
bridges and ring-shaped windings in [83]. The rotor of the machine consists of
laminated iron cores and an axially magnetized PM ring as shown in Fig. 1.39.

Fig. 1.39: Single-sided TFPM machine with stator bridges and axially
magnetized magnets [83].
The analysis and performance of a single-sided surface mounted TFPM
machine with single windings, stator bridges and an outer rotor [84]. The
stator of the machine consists of U-shaped and I-shaped laminated iron cores
and ring windings. The rotor consists of a back iron core with surfacemounted PMs. Fig.1.40. The power rating of the machine was 6kW at 594 rpm.

Fig.1.40: A surface mounted single sided TFPM machine with stator bridges [84].
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The improved the performance of the single-sided surface-mounted TFPM
machine with single windings and claw poles are doing by [85]. To build the
claw pole structure of the machine soft magnetic composites (SMC) were used.
In order to reduce the leakage flux of the machine, they optimized the shape of
claw pole using both finite element analyses and an equivalent reluctance
model. Fig. 1.41 illustrates the main flux path of a claw pole surface mounted
TFPM machine. The average torque of the machine was 25.6 Nm, which
corresponds to 9.3 Nm/kg at the thermally limited current.

Fig. 1.41: Claw pole surface-mounted TFPM machines [85]
3.3.2. Flux-Concentrating TFPM Machines
The flux-concentrating TFPM machines have been discussed as a superior
machine

type

regarding

their

specific torque and

power

factor.

The

disadvantages of their complicated construction and lower robustness were
also discussed. The flux-concentrating TFPM machines are also categorized
into the single-sided type and the double-sided type. Double-sided fluxconcentrating TFPM machines were discussed in [86] [87] [88] [89] [90] [91]
[92] [93]. The single-sided flux-concentrating TFPM machines were discussed
in [94] [95] [96].
A double-sided flux-concentrating TFPM machine with double windings and Ucore arrangement shown in Fig. 1.42 was proposed by [90]. Power densities of
three different 75 kW machines, namely the 4-pole induction machine, the 16pole TFPM machine with ferrite magnets, and the 16-pole TFPM machine with
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rare earth magnets, were compared using the sizing and power density
equations.

Fig. 1.42: TFPM machine with double-sided with double winding and U-core
arrangement [90].

Fig. 1.43: A double-sided flux-concentrating TFPM machine with single
windings [92].
In the comparison between the induction machine and the two TFPM
machines, the TFPM machine with rare earth magnets had the highest power
density over the whole speed range. The induction machine had the lowest
power density.
A novel TFPM generator (TFPMG) with double C-hoop stator and fluxconcentrated rotor is proposed [92] Fig 1.43 for low-speed applications, such
as direct-drive power generation, which has larger torque capability and more
poles than traditional double-side TFPMGs. In this paper the 3-D finiteelement method (3-D FEM) is employed to compute the no-load magnetic field
distributions.
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Fig. 1.44: Flux-concentrating TFPM machine with a passive rotor and single
windings [91].

Fig. 1.45: A double-sided TFPM machine with single windings and C-core
stator made of laminated steel [88].
The analysis of the design limitations of a double-sided flux concentrating
TFPM machine with a passive rotor and single windings as shown in Fig. 1.44
[91], In this paper, optimum dimensions of pole pitches, PM widths, and rotor
pole widths were discussed.
A double-sided flux-concentrating TFPM machine with single windings and Ccore arrangement was proposed by [89], where the stator core consists of
laminated steel as shown in Fig. 1.45.
The paper [88] introduced a demonstrator of a 2 MW TFPM machine rated at
308 rpm for ship propulsion. The TFPM machine was a double-sided flux-
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concentrating type with single windings and C-core stator arrangement as
shown in Fig. 1.48.
The cogging torque reduction and power loss reduction of a double-sided TFPM
machine with single winding and a C-core stator Fig. 1.46 is discussed in [87].

Fig. 1.46: A double-sided TFPM machine with single winding and C-core
stator [87].

Fig. 1.47: A flux-concentrating TFPM machine with an E-core configuration [93].

Torque ripples, low power factor and complicated construction have been
discussed as the disadvantages of TFPM machines compared to conventional
machines. In order to reduce the torque ripples and the low power factor, the
optimizations of electromagnetic dimensions and current wave forms can
provide some solutions.
A flux-concentrating TFPM machine with double windings and an E-core was
discussed in [93]. The stator of the TFPM machine consists of E-cores with
laminated steel and two windings. The rotor consists of two sets of fluxconcentrating magnets and iron cores as shown in Fig. 1.47.
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Fig. 1.48: Claw pole flux-concentrating TFPM machine [79]
[79] Has a prototype 52W claw transverse flux machine with a magnet rotor
placed in flux concentration position for a servo type application. The machine
(Fig.1.48) has 6 pairs of pole for a maximum speed of 3000 rpm and an
outside diameter of 67 mm for a length of 55 mm. The machine provides a
torque of 0.2 Nm/kg and efficiency of 0.71. Also the material cost of these
machines, the price for each material is estimated.
4. Analysis and Determination of Innovative Concept
Throughout this literature search, an innovative concept of electric machine
emerges. This is the surface mounted permanent magnets axial-transverse
flux machine with dual gaps and winding ring on queasy U stator core. Given
the objective of this thesis, the axial-transverse flux machine can meet the
criteria of versatility, innovation and performance.
Versatility, because the design of axial-transverse flux machine allow for easy
addition of module "rotor-stator" to increase the power.
Innovation as the axial flux machine and transverse machine are in its early
development. Little studied the combination of transverse flux and axial flux
surface mounted magnets can bring an interesting development in terms of
performance.
Finally, because of the two air gaps allows doubling the electromagnetic torque
and power. The surface mounted magnets it possible to increase the flux in the
gap, reduce leakage flux and easy attachment of them in rotor.
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5. Wind Turbine Concepts and Generator Systems
Wind power is one of the fastest growing renewable energy sources over the
past decade Fig.1.49 and Fig.1.50. Wind energy production is increasing by
approximately 30% annually. This growth accounts for both the amount and
the size of new turbines installed.
The increase in size and output power of a typical wind turbine for the last 20
years is depicted in Fig. 1.51. A typical size of a recently installed turbine
exceeds 2 MW. Several wind turbines above 3 MW are being tested at the time
of writing and in a few years the turbines up to 5 MW should be reasonably
expected on the market. At the same time, the cost of electricity produced by
wind has dropped quite considerably since it re-emerged in the beginning of
the 1980s. A value of up to one sixth of the initial price has been reported [98].
This trend is likely to continue in the foreseeable future as more cost effective
wind turbines are being developed and installed worldwide.

Fig. 1.49: World cumulative wind power capacity.
In order to maximize the energy harnessed, to minimize the cost, to improve
the power quality and to ensure safety together with the growth of the size,
various wind turbine concepts have been developed during last three decades
[99]. Until the late 1990’s, most wind turbine manufacturers built fixed-speed
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stall-controlled turbines with a squirrel cage induction generator system and a
three-stage gearbox. Due to the high thrust load in the rotor blades of the
fixed-speed turbines and other reasons, most wind turbines with a power
rating over 1.5 MW have changed to the variable speed pitch-controlled
concept since the late 1990’s. In addition, direct-drive wind turbines have been
built to increase energy yield, reduce gearbox failures, lower maintenance
problems and to obtain better power quality to the grid since 1991.
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Fig. 1.50: Top 10 cumulative capacities 2016 (GWEC).
A hybrid system, namely the Multibrid system, has been built and discussed
as an interesting alternative for wind turbines. The Multibrid system is
equipped with a medium speed permanent magnet synchronous generator and
a single-stage gearbox. An electrically excited synchronous generator system
with mechanical and hydraulic gearboxes has also appeared on the market.
5.1 Technology of Wind Turbines
Wind turbines can be operated either at fixed or variable speed. Fixed-speed
wind turbines use an older and relatively simple technology with a constantspeed mechanical input. They are often intended only for a certain wind speed
at which the maximum efficiency can be achieved. The rotational speed of an
electrical generator can be changed in a stepwise manner by changing the pole
number. For example, the synchronous speed can be changed from 1500 rpm
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to 1000 rpm by switching the pole number from four to six. Because of the
fluctuations of generated power, fixed-speed
fixed speed turbines have a less positive
impact on power systems, as compared to the variable speed turbines.
Turbines of this type have a possibility to control the amount and the
frequency of produced electricity, although it requires a more complicated
electrical system. Variable--speed wind turbines can also be designed for a
broader wind speed range.

Fig.1.51: Growth in size of typical commercial wind turbines
turbines.
Generator systems used in variable speed pitch-controlled
pitch controlled wind turbine
concepts can be classified as:


Doubly-fed
fed induction generator system with
wi a three-stage
stage gearbox.



Squirrel cage induction generator system with a three-stage
stage gearbox.



Permanent magnet synchronous generator system with a three-stage
three

gearbox.


Direct-drive
drive electrically excited synchronous
synchronous generator system.



Direct-drive
drive permanent magnet
magne synchronous
onous generator system.

5.1.1 Wind Turbines with a Gearbox
The basic wind turbine configuration with a fixed-speed
fixed speed mechanica
mechanical input is
illustrated in Fig. 1.52.. The shaft of the electric generator
generator (typically, a squirrel
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cage induction generator) is connected to the turbine shaft through a step-up
gearbox.
The gearbox is introduced to adjust a low-speed turbine shaft (in the range of
tens of rpm) to the higher rotational speed of a conventional generator (up to
several thousands rpm) with the gear ratio of approximately 100. To
compensate the reactive power consumed by the induction generator, a
capacitor bank is integrated into the system. The soft-starter is used to assure
a softer connection to the grid [100].

Fig.1.52: Squirrel cage induction generator system with a three-stage gearbox.

Fig.1.53: Doubly-fed induction generator system with a three stage gearbox.
The configuration depicted in Fig. 1.53 uses a doubly-fed induction generator
concept, where the stator winding of a wound rotor induction generator is
directly connected to the grid whereas the rotor winding is connected through
a frequency converter. The power converter, rated only for a part of the
generator nominal output power (about 30 %), is used to regulate the
production of reactive power and to smoothen the grid connection. Depending
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on the converter nominal power, it can vary within the interval between 40%
below and 30% above the synchronous speed [101].
In the topology in Fig. 1.54, the turbine shaft and generator shaft are coupled
to each other through a step-up gearbox [102]. The gear ratio between the
turbine and generator speed is only about 10, which results in a generator
that has a medium torque and rotational speed.

Fig.1.54: PM synchronous generator system with a three-stage gearbox.
5.1.2 Wind Turbines without a Gearbox
Gearless Wind Turbines With further development of wind turbine technology
and increased wind power penetration level in power systems, the issues of
availability and reliability of generating units become of great importance. This
particularly applies for stand-alone and offshore applications due to their often
hard to reach locations. The overall reliability of a wind turbine is somewhat
reduced by gearbox used in wind energy systems. In addition, the gearbox is
subject to mechanical wear, vibrations, requires lubrication and more frequent
maintenance at considerable cost [103].
As a result, the gearless wind energy system has drawn the attention of wind
turbine manufacturers. A schematic of such system is presented in Fig. 1.55.

Fig.1.55: Direct drive PM synchronous generator system.
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5.2 Common Wind Turbine Configurations
For the connection of a generator to the network, a converter scaled for the full
output power is required. This introduces extra cost and additional losses. Yet
the efficiency of such a system can be somewhat higher than the efficiency of
the system containing a gearbox and an induction generator directly connected
to the grid [104].
On the other hand, a full scaled converter offers an opportunity of a variable
speed control over a large speed range. This allows a better utilization of the
available wind power and therefore has a potentially higher energy yield. The
interest in gearless energy systems is likely to continue growing in the near
future as larger power converters become available at decreasing cost.
A direct driven low speed generator with a large number of poles and larger
than conventional generator outer diameter is required in the gearless wind
system.

Electrically

excited

direct-driven

synchronous

and

induction

generators are utilized by a number of wind turbine manufacturers.
In the last few decades, a reduced magnet price has made synchronous
generators with PM excitation an attractive alternative. In comparison to the
electrical excitation, the permanent magnet excitation favors a reduced active
weight, decreased copper losses, yet the energy yield is somewhat higher [105].

Fig. 1.56: Direct drive synchronous generator compositions.
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A number of studies have been conducted investigating different topologies of
PMSG suited for direct driven low speed wind generators [104, 106]. A
possibility of utilizing a transverse flux permanent magnet topology in the
gearless wind energy system was discussed by [107] as early as in 1990. An
attractive feature of the TFPM is that with an increasing number of poles, the
machine rating can be increased and as a result a higher value of specific
torque density can be achieved [108].
The TFPM generator has a magnetic flux path perpendicular to the direction of
the rotor rotation. Compared with the conventional PM generators, the TFPM
generator has been discussed as a generator with high force density. Thus, the
TFPM generators have more potential to reduce both the volume and the mass
than the longitudinal flux RFPM generators. However, in [55] concluded that
RFPM generators are better than the TFPM generator with toothed rotor based
on the mass and the cost of active part, if the air gap length is larger than 1.5
mm?. Therefore, it is needed to find TFPM generators which are lighter and
cheaper than RFPM generators for direct drive wind turbines!.
A novel transverse flux permanent magnet topology for wind power generation
is discussed in this work. Further description of this topology, its features and
design possibilities are presented in detail in next Chapters.
6. Conclusion
The literature searches on machines topologies that allow us meet their
specifications and characteristics.
Using a classification depending on the flux direction, the winding and the
number of gaps, two structures are likely to provide good electromagnetic
performance (mass torque, specific power, performance). This is the surface
mounted axial flux machine double gap and Torus winding, and the surface
mounted transverse flux machine double gap and ring winding type.
 Radial machines are the subject of numerous prototypes. Among the
most interesting structures for the application, buried magnet machines are
currently the best challengers in terms of mass power, power factor.
The following advantages of the radial flux (RF) machines can be listed.


Structural stability
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Easy production (compared to the slotted axial flux machine and
transverse flux machine)

Because of these advantages, the RF machines have mostly been used in the
industry.
 Axial flux machines are the future machines, because of their high
specific power and low inertia (especially for machines with a rotor and two
stators).

These

machines

nevertheless

meet

mechanical

problems

of

maintaining the axial air gaps and choices of isotropic materials.
Many

technological

possibilities

for

permanent

magnets

synchronous

machines have been exposed.
The first studies of this type of machine show that gains in weight and overall
dimensions facilitate its integration in systems where space is limited. The
axial flux machine is very suitable for embedded systems and direct drive.
The following advantages of the axial flux permanent magnet (AFPM) machines
compared to the radial flux permanent magnet (RFPM) machines have been
discussed in the references.
Simple winding (in a slotless machine).




Low cogging torque and noise (in a slotless machine).



Short axial length.
Higher torque/volume ratio.




The machine can operate as a low speed generator.

 The study of transverses flux machines is described. It is explained why
TFM achieve higher force densities than RFM. Different magnet circuit layouts
of stator are reviewed and several possible rotor designs using permanents
magnets are discussed. A description of the working principals and their
characteristics are investigated. The major disadvantages of TFM are the large
armature winding results in a low power factor and largely inductance
influenced by the design of permanent magnet.
The advantages of transverse flux machines (TFM) compared than another
machines can be summarized as.
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A better utilization of active materials than in standard (longitudinal
flux) PM brushless motors for the same cooling system, i.e., higher
torque density or higher power density.



Simple windings (no end connection).



Unity winding factor.



A three phase TFM can be fed from a standard three phase inverter for
PM brushless motors using a standard encoder.



The machine can operate as a low speed generator.
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Chapter Two
A-TFPMS Machine Construction and
Design Variations

1. Introduction
The design of electrical machines is usually preceded by an initial design during
which the requirements of speed and flexibility must be met. In this first phase,
analytical models are often used. Numerical models are then exploited to refine
the solutions obtained by simulating reliably the electromagnetic, mechanical
and thermal behaviors with a minimum of simplistic hypotheses.
This chapter is devoted to the analytical derivation of the basic equations, such
as torque, emf, and power for the A-TFPMS machine. The final choice based on
this discussion incorporates a double rotors structure on which the magnets are
placed. The magnets are located in between three stator quasi-U shape, each
having one-phase windings excited in first time with sinusoidal currents, second
time with PWM supply by using co-simulation Simplorer and Ansoft Maxwell
software.
The design procedure will be developed in the form of a program. The designer
can evaluate quickly and give several alternatives. The example will be given on
a machine that has been studied and used in wind turbines or electric vehicles.
Then, we calculate its various geometric parameters, electrical and magnetic
parameters while determining the dimensions and the shape of the permanent
magnets.
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2. Description of the Machine Prototype and 3D FEM Model
The prototype of the A-TFPMS machine that is the object of study in this
chapter, the machine was designed accordingly to biographic research which
has been discussed in Chapter 1. The stator consists of three rings, each of
them for different phase. The rotor, placed inside of the stator, has also three
ferromagnetic rings attached to the rotor shaft. Two rows of PMs are glued to
each of the rotor back iron.

(a)

(b)

Fig.2.1: (a) 3-D model first design of A-TFPMS machine, (b) two poles pairs of
A-TFPMSM.

Fig. 2.2: Scheme of second design PMTF machines designed.
In Fig. 2.1, the stator winding form is ring portion, in this design has two
disadvantages, the one is the end rings and the second is the poles pitch of the
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stator and the rotor aren’t equals. And in the anther side the main advantage
of this design is, can be use it as simple face or multi face.
For analyzing the generator performance its 3D FEM model was built. Since all
three parts of the generator do not influence one another magnetically the
analysis of the generator operation can be carried out for a single phase. The
structure of one machine phase is shown schematically in Fig. 2.3.

Fig. 2.3: Machine structure for one phase.

Fig. 2.4: PMs rotor layout for 3 phases machine configuration.
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The stator core has 12 U-shape poles made of laminated steel. The stator
winding has a form of double O-ring and is placed inside of the core poles. The
rotor ring, made of solid iron, has two rows of PMs with 24 magnets in each
row. The design parameters of the machine for a single phase are enclosed in
Table 2.1. The dimensions of the stator and rotor parts shown in Fig. 2.4 are
enclosed in Table 2.2.
Description
Output power
Input voltage
Speed
Coercive field magnets
Peak current
Flux density of PM

Symb.
S
Vph
n
Hc
Ia
Br

Value
2KW
220V
375rpm
90KA/m
10A
1.2T

Average magnetic flux density in the air
gap

Bav

Flux density in the stator core

BSFe

1.6T

Flux density in the rotor core

BrFe

1.6T

Wire current density
Supply Frequency
Air gap
Magnet type
Current loading density
Poles numbers
Number of windings turns

4A/mm2
100Hz
0.5mm
1.3 T
19KA/m
32
220

Coefficient Bav / Bmax

Jw
f
g
NdFeB
J
p
N
Cm

Winding filling coefficient

Kw

0.7
-Steel 1008
-Iron- Si3%
-SMC

Iron core type

0.9T

0.9

Table 2.1 Specifications of the Designed A-TFPMS Machine.
The magnetic flux set by the PMs during the rotation is closed through the
stator poles in axially oriented plane. When the rotor rotates its magnets
change their polarity with respect to the stator pole inducing voltage in the
stator winding with frequency (f=n*p/60) Where p. is the number of poles pairs
on the rotor circumference and n is the rotor speed in rpm.
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To obtain a phase shift between phase voltages permanent magnets of each
phase must be displaced by 120 electrical degrees (7.5 mechanical degrees).
The magnet axial layout is shown in Fig. 2.5.
3. Electromechanical Parameters of A-TFPMS Machine
The estimated electromechanical parameters of the machine which will
calculate in the next step are shown in Table 2.1.
3.1 Determination of Design Parameters of A-TFPMS Machine
To determine the provisional dimensions of the generator the magnetic circuit
model is applied in which the real machine is simplified. This simplification is
described by the assumptions that are declared. Once the dimensions are
determined and the winding parameters are calculated the generator is
modeled in FEM software and its designed parameters are optimized.
3.2 Magnetic Circuit Model of the Generator and Design Calculations
The machine model is defined by following assumptions:


The magnetic permeability of the stator and rotor cores is infinitely high.



The magnetic flux that links the stator winding changes in time
sinusoidally.



There is no magnetic link between phase windings.



The coil current does not influence the magnetic flux in the air-gap
which is set by the permanent magnets.

The initial data of the generator to be designed are as follows (Table 2.1):

Fig. 2.5 Dimensionig details of A-TFPMS machine.
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3.3 Determination of Generator Dimensions.
 Magnet height.
Referring to Fig. 2.6, equations for calculating the magnet height can be
derived. The magnet height depends on the type of magnet material (its B-H
characteristic) and the air-gap. To derive the equation for the magnet height let
the half of stator pole rotor magnet be considered as in Fig. 2.7.

(a)

(b)
Fig. 2.6: (a) Demagnetization part of B-H characteristic for air gap and (b) PM
thickness variation.
The permanent magnet operating point are presented in Fig. 2.6 (a), therefore,
its mention as static operating point, in fact this point are dynamic. I will try to
present dynamic operating point by using a FEA in the next chapter.
Assuming stator and rotor core permeability muc =∞ according to Ampere law

45

Contribution a l’étude d’une Machine Synchrone à Aimants Permanents

Chapter Two

A-TFPMS Machine Construction and Design Variations
H PM hPM  H g g  0

(2.1)

Where
Hpm Magnetic field intensity of the PM
Hg Magnetic field intensity of the air gap
hPM Magnet high
g Air gap width
From equation 2.1 the field intensity in the air gap is

Fig. 2.7 Stator and rotor poles with PM
hPM
H PM
g

(2.2)

hPM
H PM 0
g

(2.3)

Hg  

After multiplication by µ0

Bg  

Since for NdFeBo magnets the demagnetization curve shown in Fig 2.6 is
straight line it can be described as

Br H PM

 Bm  H  Br
c


 H   Bm  Br  H c
 PM
Br

(2.4)

For air gap from equ 2.2

H PM  

Bg g

0 hPM

(2.5)

Equaling equations 2.4 and 2.5 for HPM gives
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Bg g

0 hPM



 Bm  Br  H c
Br

(2.6)

At the operation point P Bm=Bg thus solving 2.6 for hPM
hPM 

gBr Bg

0 H c  Br  Bg 

(2.7)

 Number of poles pairs p is found from
p

120 f
n

(2.8)

 Stator outer diameter Dout calculation
The stator outer diameter can be found from the equation for the input power
Sph considering one phase
(2.9)

S ph  E ph I a

Where
Iph is RMS current and Eph is RMS EMF.
E ph  2 f max N ph K f

(2.10)

Where
N number of turns per phase

max Maximum in time flux
The magnetic flux max is found as

max  Bav APM

(2.11)

Where APM is section area under the stator pole in the air gap
2
APM   Dout
1  K d2 

Where K d 

(2.12)

Din
Dout

 Pole arc coefficient (=0.83)
Hence,

max 


8

2
Dout
1  K d2  Bav

(2.13)

Substituting 2.13 into 2.12 the induced phase voltage is
E ph  2 f


8

2
Bav N ph K f Dout
1  K d2 

(2.14)

Expressing the voltage frequency as
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(2.15)

f  pn / 120

And substituting 2.14 into 2.9 the equation for input power Sph looks like
2
S ph  2 f  Bav N ph K f Dout
1  K d2  I a

(2.16)

Since the current loading
J

2 2 N ph I a

(2.17)

 Davg

Where Davg  0.5  Dout  Din   0.5Dout 1  K d 
Substituting it into 2.16 results
1
pn
3
S ph   2
JK f  Bav Dout
1  K d2  1  K d 
4 120

(2.18)

From this equation of the power generator, the outer of the machine is found
Dout 

S ph
3

1 2 pn

JK f Bav 1  K d2  1  K d 
4 120

(2.19)

Dout can be assumed on this stage of calculation. The assumption is based on
the choice of the designer who can decide about generator proportion as inner
diameter to the outer diameter ratio.
 Pole pitch of the stator poles  at outer diameter is determined by



Dout
p/2

(2.20)

Since, according to design configuration Fig 2.5
 Stator inner periphery
Din  K d Dout

(2.21)

hs  hs1  hst  wst tg

(2.22)

 Stator core height

 Width of stator shoe

2 wst  K PM  Ro  Rin  / 2

(2.23)

 Magnet PM length
l pm 

K PM  Ro  Ri 
2

(2.24)

Where KPM radial length PM coefficient (=0,83)
 Width of the stator core see Fig 2.8
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Bav wst
BsFe

bst 

(2.25)

 high of stator yoke
(2.26)

hsy  bst

 High of the rotor core
hr 

Bav wst
BrFe

(2.27)

 Width of the stator coil
bs  wst  bst

(2.28)

 Rotor inner diameter
Drout  Dout

(2.29)

 Rotor outer diameter
(2.30)

Drin  Din
3.4 Determination of Machine Torque

The maximum no load flux is achieved when the rotor magnets and the
stator cores are aligned. Accordingly this position will be taken as the initial
position for the analysis. According to rotor rotation the air-gap can be
expressed as:

  k f  gap cos t

(2.31)

Where Kf is the air-gap flux waveform coefficient [1], and gap is the maximum
value of the no load flux.
The flux coefficient in Eq. (2.31) can be achieved as:
kf 

8



sin


2

(2.32)

Where α is the pole arc coefficient in the rotational direction.
For Id=0 the total current Ia=Iq is torque producing and the angle between the
current and the EMF is 0 i.e. cos  1
The generated electromagnetic power of A-TFPMSM is
 1  cos 2t 
Pelem  m 22 k f fN ph gap1I a 

2
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Where gap1 is the fundamental main flux will calculate by MEC (Magnetic
Equivalent Circuit) method in the last chapter, p is the number of pole pairs,
and m is the number of phases. The torque can be obtained by
T

Pelem
 1  cos 2t 
 2mpN1 gap1 I a 

2 n
2



(2.34)

From Eq. (2.34) the torque of one phaseof A-TFPMS machine is sinusoidal. The
torque waveform has two peaks, and the average torque is different from zero.
The electromagnetic torque peak for one phase is

Tmax 

1
2mpN ph  gap1I a
2

(2.35)

The angle between the phase currents is 2 / 3 ; the three phase torques TA, TB
and TC can be written as follows:


1
TA  2mpNphgap1Ia 1 cos2t 
2


1
2  

TB  2mpNphgap1Ia 1 cos  2t   
2
3 



1
2 
TC  2mpNphgap1Ia 1 cos  2t   
2
3 



(2.36)

The total torque is the sum of the all torques generated by the three phase
power supply, that is
T  TA  TB  Tc 

3
2mpN phgap1Ia
2

(2.37)

3.5 Determination of Machine Winding Parameters
Due to the voltage drop across generator phase impedance, the output voltage
Vph is smaller than EMF Eph and this can be expressed by coefficient KE thus
electromotive force.

E ph 

V ph
KE

(2.38)

Where KE is the EMF to voltage ration
Number of turns Nph can be found rearranging the equation 2.14 for
electromotive force
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Vph

N ph 

(2.39)

2
2 f  Bav K f K E Dout
1  Kd2 

Calculated number of turns Nph can be rounded by a designer, verified to
satisfy phase
Wire nude
section mm²

Wire nude
diameter
mm
0.7
0.75
0.8
0.9
1
1.1
1.2
1.25
1.3
1.4
1.5
1.6
1.7
1.8
2

0.384
0.411
0.502
0.975
1.08
1.18
1.28
1.33
1.38
1.48
1.585
1.685
1.785
1.885
2.09

Wire Diameter
with 1 insulation
layer mm

Wire Diameter with
2 insulation layer

0.79
0.84
0.89
1.03
1.13
1.23
1.33
1.38
1.43
1.53
1.63
1.75
1.85
1.95
2.15

0.86
0.91
0.96
1.08
1.18
1.28
1.38
1.43
1.48
1.58
1.72
1.82
1.92
2.02
2.22

mm

Table 2.2: Standardization wire diameter winding for electrical machines [ ].
For a three phase Y connected supply, depending on load power factor cos(phi)
the current rating is obtained:
Ia 

S
3V ph

(2.40)

2Ia
J w

(2.41)

 Wire diameter
dw 

Based on the calculated wire diameter, the wire type can be selected from
gauge table (Table 2.2) which is shown below

 Coil cross section area is

Ac 
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Parameter
PM thickness
PM length
Width of stator coil
Width of stator
core
High of stator
High of stator yoke
High of stator coil

Value
(mm)
hPM=6mm
lPM=15mm
bs=15mm
bst=10mm

High of stator shoe
High of rotor
Width of stator shoe
Inner diameter

hst=11mm
hr=10mm
wst=27mm
Ri=50mm

hs=56mm
hsy=10mm

Outer diameter
Pole pitch

Ro=95mm

hs1=32mm

Pole arc coefficient

=0.80

Parameter

Value
(mm)

=37.3mm

Table 2.3: Geometrical Parameters of the Designed A-TFPMS Machine.
 Total area of the slot is calculated taking into account winding insulation
Aslot 

Ac
Kw

(2.43)

Where Kw is winding filing coefficient
 Height of the coil
hc 

Aslot
bs

(2.44)

 Actual height of the stator core
(2.45)

hs1  hc  hsy

 Average length of the coil, in A-TFPMs machine the coil have two ring,
one outer and another inner, the total length is

Lc  Lcout  Lcin   ( Dsout  2bst )   ( Dsin  2bst )  N ph

(2.46)

3.6 Leakage and Armature Reaction Reactance
The mutual reactance corresponding to the armature reaction reactance in a
synchronous machine can analytically be calculated in an approximate way.
One quasi C-shaped core (pole pair) of the stator can be regarded as an AC
electromagnet with Nph turn coil which, when fed with the sinusoidal current
Ia, produces peak MMF equal to 2 I a N ph . The equivalent d-axis field MMF per
pole pair per phase which produces the same magnetic flux density as the
armature reaction MMF is
2 I ad N ph 
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Where g’ is the equivalent air gap and kfd is the d-axis form factor of the
armature reaction.
k fd 

  sin 


(2.48)

s



(a)

(b)



p

f



(c)

(d)

Fig.2.8: Machine dimensions. (a) (b) Stator cores, (c) Permanents magnets and
(d) final dimensions all in (mm).
Thus, the d-axis armature current is
I ad 

Bad 1
0 k fd

g'
2 N ph

(2.49)

At constant magnetic permeability, the d-axis armature EMF
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2 I ad N ph 

Bad

0

g' 

Bad 1 '
g
0 k fd

(2.50)

At constant magnetic permeability, the d-axis armature EMF
Ead  2 2 fN ph p wst Bad 1

(2.51)

Thus the d-axis armature reaction reactance is
X ad 

X aq 

Ead
w
2
 4  0 fN ph
p 'st k fd
I ad
g
Eaq
I aq

2
 4  0 fN ph
p

 wst
g'

(2.52)

(2.53)

k fq

Where kfq is the q-axis form factor of the armature reaction.
k fq 

  sin 


(2.54)

Where  is pole arc coefficient, equal the pole-shoe arc-to-pole pith ration (1)
The d and q-axis form factors of the armature reaction are calculated in [1].
Most TFMs are designed with surface configuration of PMs and kfd=kfc=1
(Xad=Xaq).
Neglecting the saturation of the magnetic circuit, the equivalent air gap is
calculated as

h 
(2.55)
g '  2  g  PM 
 rrec 

Where g is the mechanical clearance in the d-axis, hPM the radial height of the
PM and µrrec is the relative recoil magnetic permeability of the PM. To take into
account the magnetic saturation, the air gap g should be multiplied by the
saturation factor ksat and Carter’s coefficient kc.
The armature reaction inductances
Lad 

Laq 

X ad
w
2
2
  0 N ph
p 'st k fd
2 f 
g

X aq
2 f



2



2
0 N ph
p

 wst
g'

(2.56)

(2.57)

k fq

The leakage inductance of the stator winding is approximately equal to the sum
of the slot leakage inductance and pole-top leakage reactance. The approximate
equation is
2
Ls  0 N ph
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Where hc , is the height of coil, hc=hs1-hy and hst is the top portion of the “slot”
not filled with conductors.

Fig.2.9: Equivalent circuit per phase of an A-TFPMs synchronous machine.
The coefficients of leakage permeances are


Coefficient of slot leakage permeance

ls 


hc hst

3bs bs

(2.59)

Coefficient of pole-top leakage permeance

lp 

5 g / bs
5  4 g / bs

(2.60)

Where ls and lp are coefficients of slot permeance and pole-top leakage
permeance respectively. For most TFPMs Ls>Lad and Ls>Laq. The synchronous
reactances in the d and q axis are the sums of the armature reaction reactances and
leakage reactance Xs=2πfLs.

3.7 Characteristics of A-TFPMs Synchronous Machine
When drawing phasor diagrams of synchronous machines (Fig. 2.9), for
generator system:
E ph  V  I a R  jI ad X sd  jI aq X sq
 V  I ad  R  jX sd   I aq  R  jX sq 
With

X sd  X s  X ad and

(2.61)

X sq  X s  X aq are the d-axis and-axis synchronous

reactance.
Where I ad  I a sin  and I aq  I a cos 
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The angle  is between the q-axis and armature current Ia.

Fig.2.10: Phasor diagram of synchronous generator machine for RL load.
the projection of voltage vector in phasor diagram on d-axis and q-axis as

V sin   I aq X sq  I ad R
V cos   E ph  I ad X sd  I aq R

(2.62)

And by using phasor diagram of synchronous generator machine for RL load
(for load side)

V sin   I ad RL  I aq X L
V cos   I ad X L  I aq RL

(2.63)

Where  is the load angle between the voltage V and EMF (q-axis), and
Z  RL  jX L is the load impedance per phase across the output terminals. The
d-axis and q-axis currents are


By using the equation (2.62) for calculating Iad and Iaq

I ad 
I aq 


E ph X sq  V  X sq cos   R sin  
X sd X sq  R 2
E ph R  V  X sd sin   R cos  

(2.64)

X sd X sq  R 2

By using the equation (2.63) for calculating Iad and Iaq
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I ad 

V  X sq cos   R sin  
X L2  RL2

(2.65)

V  RL sin   X L cos  
I aq 
X L2  RL2

The load angle between the voltage V and EMF can be determined, from
equation (2.62)

 I ad RL  I aq X L 

V



  arcsin 

(2.66)

Combining equations (2.62) and (2.63), the d-axis and q-axis currents are
independent of the load angle .
E ph  X sq  X L 

I ad 

2

 X sd  X L   X sq  X L   R  RL 
E ph  R  RL 
I aq 
2
 X sd  X L   X sq  X L   R  RL 

(2.67)

The angle  between the current Ia and d-axis and the angle  between the
current Ia and voltage V are respectively.

I aq
 I aq 
  arccos  2
 I ad  I aq2
 Ia 


  arccos 

 I a RL
 V

  arccos 

 E ph  I a R

V







(2.68)

(2.69)

4. Losses and Efficiency
In order to estimate the efficiency accurately, much attention is paid to the
calculation of the losses. The calculation of the loss components and the
prediction of the machine’s efficiency map are discussed. The loss components
of the machine can be summarized as
Ploss  Pfe  Pcu  Pro  Pmec

(2.70)

Where Pfe, Pcu, Pro, Pmec are stator core (iron) losses, copper losses, rotor eddy
current losses and mechanical losses respectively.
4.1 Core Losses
The core losses are generally the second largest loss component in AC
machines [2]. The magnetic flux in the stator core is nonsinusoidal. The rotor
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PM produces a trapezoidal shape of the magnetic flux density waveform,
normally; core losses in the stators are viewed as being caused mainly by the
fundamental frequency variation of the magnetic field. The stator windings are
fed from sources sinusoidal or with PWM control. Moreover the exposure to the
flux density variation at different parts of the core is not the same, especially in
an A-TFPMs machine, where the slot to tooth ratio changes with the radius.

(a)

(b)
Fig.2.11: Iron loss as a function of flux density at different frequencies, (a) for
SMC materiel at a mechanical density of 7390Kg/m3 and (b) for Fe-Si 3%
grain-oriented silicon steel materiel.
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The eddy current losses can be calculated using the following classical formula
[3].
(2.71)

Pfe  Pefe  Phfe

Pefe 

 2  sc 2 2
f d sc msc  Bsx2 1  Bsz2 1  d2
6  sc

(2.72)

Where sc , dsc , sc and msc are the electric conductivity, thickness, specific
density and mass of laminations respectively, Bsx1 and Bsz1 are the harmonic
components of the magnetic flux density in the x (tangential) and z (normal)
directions, and d is the coefficient of distortion of the magnetic flux density
(1).
In a similar way, the hysteresis losses can be expressed with the aid of
Richter’s formula [3].
Phfe  

Where

=1.2

to

f
msc  Bsx2 1  Bsz2 1  sc2
100

2m4/(HKg)for

anisotropic

(2.73)
laminations

with

4%

Si,

=3.8.m4/(HKg) for isotropic laminations with 2% Si and =4.4 to 4.8m4/(HKg)
to for isotropic siliconless laminations.
If the specific core losses are known, the stator core losses can be calculated on
the basis of the specific core losses of materiel are used in Fig.2.11, The power
loss data of the materials, is used to fit the Bertotti equation that describes the
specific loss in W/kg by using the Bertotti equation [4] [5] as



Pfe  Phfe  Pefe  Pexc  kh fB 2  ke B 2 f 2  kex Bf

 

3

2

(2.75)

Where kh, ke, and kex are constants determined by manufacturer’s data. Due
to the difficulty of using a laminated stator core made by thin silicon steel
sheets, the SMC soft magnetic component is chosen for the prototype machine.
4.2 Copper Losses
The JOLL losses cover a large part of the total losses. They depend on the load
as well as the temperature of the windings. It should be noted that in an
electrical machine, the major part of the copper losses is generated in the end
windings rather than in the slots (especially in disk shape). However, in order
to increase the efficiency of our design A-TFPMS, the end winding doesn’t exist.
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The design of the windings and the dimensions of the slots were discussed in
previous paragraph. The length of a turn is written by (2.46).
The phase resistance is
R ph 

 Lc
 d w2

(2.76)

Where  and dw are the resistivity of the copper, and the wire diameter of the
conductor respectively.
The resistance of the conductor is a function of the temperature as
R ph T2   R ph T1  1   T1 T2  T1  

(2.77)

Where αT1 is the temperature coefficient at a particular temperature T1.
4.3 Rotor Losses
The eddy currents are mainly induced in the PMs, which are highly conductive,
and also in the rotor steel. The major causes of eddy currents can be
categorized in [6] [7]:
 No-load rotor eddy current losses caused by the existence of stator slots.
Due to slotting the flux density is stronger under the teeth and weaker
under the slots. The frequency of the induced current is equal to the slot
frequency of the machine.
 On-load rotor eddy current losses induced by the major MMF winding
harmonics (by the time harmonics of the phase currents). The estimation
of the rotor eddy current losses is particularly important in this case,
Excessive heat may result in the demagnetization of the magnets and
possibly rotor destruction.
 On load rotor eddy current losses induced by the time harmonics of the
phase current.
Eddy current losses in the magnets and the rotor steel are calculated using FE
methods, includes the use of MAXWELL FE software.
The eddy current loss problem in a magnet may be explained with the use of
Fig. 2.12 considering the magnet cube with length lpm, pole pitch , and
thickness hpm. The eddy current path (c) created by the existence of the time
varying flux density B in z-direction is shown. The eddy current problem can
be solved one-dimensionally by writing Maxwell Equations.
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  B
 E 
t
 
 H  J


J  H

(2.79)
(2.80)
(2.81)

Integrating both sides of equation (2.79) and using Stokes theorem
 
 
 E.dl     E .ds



c



(2.82)

s

Yields

 

  

 E.dl  t  B.ds
c

(2.83)

s

With the use of the electrical power equation



J2
2
P    E dV  dV
V

V

(2.84)



And considering the time average (over a time period T) of the power, the power
loss equation for the magnet cube shown in Fig.2.12 becomes

T
1
J 2 ( x, t )
P  
dxdydzdt
T0


(2.85)



y

B

x

lpm

z
J
c

Fig. 2.12: Eddy courant in magnet cub.
Using Equations .2.81 and 2.83, and considering the integral path shown in
Fig.2.12, the surface current density can be related to the time-varying flux
density of the magnet as
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J ( x)  x

dB(t )
dt

(2.86)

It should be noted that the end effects are doesn’t exist in our machine ATFPMs which means that the current density J has only y-axis component
(where

J(-x)=J(x)), and the

flux density

is one

dimensional (z) and

homogeneous. In this manner the eddy current loss can be calculated from
the FE solutions.
The integral equation 2.85 can be simplified as
2

T

P

1
 dB(t ) 
 x2 
 dxdydzdt




T0
 dt 
2

T

1
 B

      x2  
 sin t   dxdydzdt
T 0
2



(2.87)

Where ω is the angular frequency of the eddy currents. The integral equation
results in

P


48

l pm hpm 3 B3 2

(2.88)

For the power loss calculation explained above the skin depth in the magnet for
the relevant harmonic frequency



1
 f 

(2.89)

4.4 Mechanical Rotational Losses
The mechanical rotational losses considered are the friction loss in the bearing
and the windage loss from the rotating rotor disc. According to the reference
[8], the rotor windage losses can be estimated using Equation 2.90 for air
cooling.
Pmec  Pwin  Pfri
5
5
Pwin  0.5c f  air n3  Rout
 Rshaft


(2.90)

Here cf is the coefficient of drag for turbulent flow is given by
cf 

2.87
Re

In the above equation, Re is the Reynolds number for a rotating disc given by
Re 
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Where ρair: air density at 1atm and 20°C (1.2 kg/m3), ηair: dynamic viscosity of
air a 1atm and 20°C (1.8x10−5Pas), n: mechanical rotational speed in rad/s and
Rshaft radius of the shaft.
The friction loss in a small bearing can be roughly estimated as given below [9].
Pfri  0.03k fb  RotorMass  ShaftMass 

n



(2.91)

Where kfb=1 to 3 m2/s2 for bearings and the masses are given in kg.
The bearing loss calculation tools from the bearing manufacturer can provide
more accurate loss estimation. In addition, the bearing loss depends on the
axial and radial loads on the bearing. The large axial force between the rotor
and stator results in a large axial loading on the bearing and hence higher
bearing loss. On the other hand, the radial component depends on the weight
of the rotor. Therefore, the bearing should be chosen carefully in A-TFPMS
machine design so that they will be able to withstand both the required axial
and radial loading with acceptable bearing losses.
4.5 Efficiency
The total power losses of A-TFPMs machine are

Ploss  Pfe  Pcu  Pro  Pmec
 Pefe  Phfe  Pexc  Pcu  Pro  Pwin  Pfri

(2.92)

The output power for generating mode is
Pout  Pelm  Ploss

(2.93)

The efficiency is



Pelm  Ploss
Pelm

(2.94)

5. Mechanical Design Features
In the mechanical design of an A-TFPMs synchronous machine, obtaining a
uniform air gap between the rotor disc and the stator is important. Therefore,
the methods of fixing the rotor discs onto the shaft and the stator onto the
frame are very important. Improper methods of fixing, or misalignment in the
assembling of the stator and rotor will cause a non uniform air gap, vibration,
noise, torque pulsation and deterioration of electrical performance.
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To summarize, attention should be paid to the following aspects of the
mechanical design:
 Shaft.
The load torque, the first critical speed and the shaft
dynamics should be taken into account in the shaft design.
 Rotor.
The deflection of the rotor disc due to the strong magnetic
attraction force,
The means of mounting and securing the magnets on the
rotor discs to counteract the strong centrifugal force,
The balancing of the rotor discs.
 Stator.
The strength and rigidity of the resin reinforced stator and
frame,
The positioning and spacing of the stator core to ensure
perfect symmetry.
 Cooling.
For air cooled A-TFPMs machines, the air inlet and air flow
paths through the machine should be carefully designed in
order to ensure a better mass flow rate and therefore better
cooling.
 Assembly.
An effective tool to facilitate the assembling and dismantling
of the machine for maintenance.
5.1 Mechanical Strength Analysis
The deflection of the rotor discs due to the strong magnetic pull may have the
following undesirable effects on the operation and condition of A-TFPMs
machines: closing the running clearance (air-gap) between the rotor disc and
the stator; loose or broken PMs.
The attraction force between the PMs Rotor and the stator is
Fz 

1 B2
APM
2 0

(2.95)

The magnetic pressure is
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pZ 

Fz
APM

(2.96)

Where the active area of PM is
APM  


4

D

2
out

 Din2 

(2.97)

The backing steel disk thickness is
hr 

mr
2
2  Fe  Dout
 Din2  4

(2.98)

6. Conclusion
This chapter describes the design equations of an A-TFPMS. Thos equations
development led us to dimension through a program developed in MATLAB, the
geometric, electrical and magnetic parameters this allowed us to determine the
total mass, the losses and the efficiency of the designed machines. The program
developed of this dimensioning uses the design data (voltage, power, …) and use
the demagnetization curve to calculate the operating point, and try to developed
the model of this machine and calculating different machine parameters such
leakage and armature reaction reactance to use them during the control of this
machine.
Moreover, the program developed is a great tool. It automatically and quickly
performs the calculations and generates variants of prototypes according to the
adopted criteria and the constraints of the specifications.
The prediction of all losses in this machine is very imported; firstly we use
Bertotti equation for calculating the core losses, this formula is easy for
implementation in FEA program. Secondly the copper losses amount in this
machine are smallest than another machines type because no end winding
copper losses in A-TFPMS machine. Thirdly during the calculation of the rotor
losses we take only the back iron and PM eddy current losses caused by the
stator slots. the last one losses are calculated is mechanical rotational losses
created by the friction bearing and the windage, those losses to validate their
impact in our design we should use CFD simulation as next work. The
mechanical design features it’s the last point should be treated before building
the first prototype start, the mechanical simulation is agreed.
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dimensions,

electrical

parameters

and

magnetic

characteristics are found in this chapter, we will try in the next chapter to
introduce them in FEA simulation to validate our design procedure.
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1. Introduction
The finite element method (FEM) has proved to be particularly flexible, reliable
and effective in the analysis and synthesis of power-frequency electromagnetic
and electromechanical devices. Even in the hands of non specialists, modern
FEM packages are user friendly and allow for calculating the electromagnetic
field distribution and integral parameters without detailed knowledge of applied
mathematics [1].
The FEM can analyze PM circuits of any shape and material. There is no need to
calculate reluctances, leakage factors or the operating point on the recoil line. The
PM demagnetization curve is input into the finite element program which can
calculate the variation of the magnetic flux density throughout the PM system. An
important advantage of finite element analysis over the analytical approach to
PM motors is the inherent ability to calculate accurately armature reaction
effects, inductances and the electromagnetic torque variation with rotor position
(cogging torque).
This chapter deals with two, three dimensional static and dynamic finite element
analyses of a transverse flux permanents magnets synchronous machine, at noload and load conditions. At first, dimensions of the magnetic circuit are
analytically computed and then inserted into FEA ANSYS MAXWELL software.
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Machine employing two A-TFPMSM topologies are evaluated: the simple side
topology (three phase for one side) and that utilizing multi side (one phase for one
side). The calculations are reduced to a geometry containing one pole pair with a
quasi U-shaped stator core and a slot. The flux linked to the winding obtained in
the FEM simulations is compared with the flux calculated analytically. The poleto-pole flux leakage in the topologies with the various pole length combinations is
estimated.
For the design of fully 3-D machines, accurate models of the electromagnetic
fields are required. The electromagnetic field expressions can be derived from
Maxwell’s equations.

2. Maxwell’s Equations
Electric

and

magnetic

fields

are

the

foundation

of the

operation

of

electromagnetic systems. These fields and their interaction are described with a
set of four Maxwell equations [2]. These equations are in differential form given
by
Ampère’s law:
Gauss’ law for magnetism:
Faraday’s law of induction:
Gauss’ flux theorem:


  D
 H  J 
t

 B  0


B
 E  
t

D  

(3.1)
(3.2)
(3.3)
(3.4)

The magnetic field strength is represented by the vector H [A/m], the electrical
field strength by E [V/m], the magnetic flux density by B [T] and the electric
flux density by D [C/mm2]. These fields are dependent on time t [s] and space
(x, y, z) [m]. The current density is given by J [A/m2] and the electric charge
density by ρ [C/m3].
However, this set of field equations is not complete. In order to solve the
equations, three additional equations, describing the material properties,
should be considered.
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Electromagnetic
Analysis
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Numerical
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No iterative
Integral
Equations

Boundary
Elements

Differential
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Finite
Difference

Finite
Elements

Scalar Potentials

Vector Potentials

Components of HField

2D Electrostatic
2D/3D Thermal
3D Electrostatic

2D Magnetostatic
2D Eddy
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3D Magnetostatic
3D Eddy
3D Transient

Fig.3.1: Different methods of electromagnetic analysis.
These provide constitutive relations which complete the set of equations.

 
B  0 H  M




 
D  0E  P


J E



(3.5)
(3.6)
(3.7)

Here, μ0=4π×10−7 [H/m] and 0=8.854×10−12 [F/m] are the natural permeability
and permittivity constant of free space, respectively. The magnetization of the
material is given by M [A/m] representing the net magnetic dipole moment per
unit volume, whereas the polarization is given by P [C/m2] representing the
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electric dipole moment per unit volume. Further, the electric conductivity of the
material is given by σ [S/m].
3. Electromagnetic Analyses Methods
The Finite Element Method is one of many accepted methods of numerically
solving complicated fields where analytically solutions are not sufficient. Below
is a chart displaying different methods of electromagnetic analysis (Fig. 3.1),
each method with its own strengths and weaknesses. Finite elements have
proven to be very robust for general electromagnetic analysis. Finite element
refers to the method from which the solution is numerically obtained from an
arbitrary geometry. The arbitrary, complicated geometry is broken down into
simple pieces called finite elements.

3.1 Magnetostatic 2D
To reduce the complexity of the electromagnetic field description, the
magnetostatic set of Maxwell’s equations may be considered. The justification
of this approach is undertaken by estimating the error in the obtained
magnetic field solution. The approximation is valid if the error in the obtained
magnetic field solution is small compared to the original field solution. In order
to consider the magnetostatic set of Maxwell’s equations, the electric
displacement current should be neglected.

 J  0
 
 H  J

  0 H  0

(3.8)
(3.9)
(3.10)

in Maxwell 2D The magnetostatic field simulator solves for the magnetic vector
potential, Ax(y,z) in equation (3.11), Given Jx(y,z) as an excitation, The
magnetostatic field simulator computes the magnetic vector potential at all
points in space.

 1

J x  y, z     
  Ax  y, z   

 0  r
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Where:
Ax(y,z) is the z component of the magnetic vector potential.
Jz(x,y) is the DC current density field flowing in the direction of transmission.

0 and r are the relative and free space permeability respectively.
In general, both J and A are vectors. However, J is assumed to only have an xcomponent. A consequence of this is that A only has a x-component as well.
Both quantities can therefore be treated as scalars.
The equation that the magnetostatic field solver computes is derived from
Ampere’s law equation (3.9), and from Gauss’s equation (3.2).
Since H 

B

0 r

then

 B

 0  r


J


(3.12)

We put the potential term B    A in the equation (3.12) we found

 1


B  A  J
 0  r


(3.13)

The magnetostatic field simulator solves this equation using the finite element
method, after Ax(y,z) is computed, the magnetic flux density, B, and the
magnetic field, H, can then be computed.

Fig.3.2: Mesh operation using in 2D magnetostatic simulation.
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A transverse flux (A-TFPMSM) topology has basically considered a single side
structure. Therefore several single side units could be stacked together in such
a way that a desirable multistage machine is produced. The performance of one
unit determines the performance of the entire machine; simulate one pole-pair
model sufficient for finite element analysis.
The model obtained is given in Fig. 3.2 where the different materials are
represented: air, ferromagnetic materials, windings and permanent magnets.

Leakage fluxes

Fig. 3.3: Simulation 2D of one stator core by using ANSYS MAXWELL software.
The dimensions of the magnetic circuit are at first estimated analytically as
described in previous chapter. Assuming certain input (machine rating power,
rotor speed, etc.) and deciding on the desired performance, the dimensions can
be calculated. The assumptions outlined below are made while estimating the
dimensions:
• BsFe is limited to 1.6T. The same maximum flux density is allocated in the
stator core and rotor yokes, i.e. BsFe = BrFe.
• A maximum air-gap flux density created by the magnets Bav =0.9T is assumed
based on the magnetic properties of iron and the magnet material.
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The initial dimensions of the basic geometry corresponded to Fig. 3.3 are
tabulated in Table 2.1. The dimensions with no particular topology specified
are valid for both topologies.
The goal of the static FEM analysis at no-load condition is to analyze the flux
and the flux leakage for the given geometry. Thus as shown in Fig. 3.3 there is
some area are is saturation case, especially the parts are near of winding, also
we have few leakage flux , firstly between the PMs in the same pole, secondly
between own core parts and thirdly between the PMs and stator core shoes.

Leakage fluxes

Fig. 3.4: 2D Field distribution of one stator core by using FEMM software.
To validate a 2D-FEM model of ANSYS MAXWELL simulation for the A-TFPM as
the complimentary tool in respect to the analytical models the software FEMM
3.0 (Finite Elements Method Magnetics) [3] is used. It allows the distribution of
the vector potential and the post-processor submits the processing of the data
and calculation of interesting physical values, such as flux density
In Fig. 3.4 presented the 2D field distribution of stator core in FEMM
environment, it results compared with ANSYS MAXWELL 2D simulation are
agreed.
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Fig.3.5: Magnetic flux density module in machine parts (ANSYS).

Fig.3.6: Real magnetic flux density in machine parts (ANSYS).
in Fig. 3.5 and Fig. 3.6 are presented the magnetic flux density in many parts
of our machine, the first presented the module of flux density and the second
presented only the flux density in Y axis, thus as shown only the rotor flux
density has two direction X and Y.
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3.2 Magnetostatic 3D
In a Magnetostatic 3D solution, the magnetic field is produced by DC currents
flowing in coils and by permanent magnets. Thus, as far as magnetic material
properties are concerned, the distribution of the magnetic field is influenced by
the spatial distribution of the permeability. There is no time variation effect,
and objects are considered to be stationary.

Fig. 3.7: Magnetostatic Solution Process [4].
The principle of operation of the A-TFPMS machine is presented in the previous
chapter, demonstrates the existence of two-dimensional flux paths (main flux
path of permanent magnets in same pole, plane (yoz) (z axis of the machine))
and (second (tangential) flux paths nearby pole). Since the tangential
component of the flux is not a secondary phenomenon, a 2D FE modeling of
the structure will be incomplete and the implementation of a 3D finite element
model is necessary. We propose to present the different steps necessary for the
establishment of these models by ANSYS MAXWELL software. The process
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solution Maxwell steps through several stages of solution process as shown in
diagram Fig. 3.7, we can use in this solution type the nonlinear materials (r
varies according to BH curves) in this case the energy is less than the coenergy .

Fig.3.8: Mesh operation using in 3D magneto-static simulation.
Table

3.1:

Mesh

statistics

of

transverse-axial

flux

machine

in

3D

magnetostatic simulation.
Parts
Rotorin
Region
StatorC_3
PMin_5
PMin_6
PMout_5
PMout_6
StatorC_2
PhaseC
PhaseC_1
Total
mesh
elements

79

Num. of
triangles
10339
43504
11011
1948
1868
2975
2992
15879
3526
2587

Min edge
length
1.56463
1.38429
2.41807
1.61153
1.75
1.75
1.44377
1.84362
3.02666
2.85752

Max edge
length
7.35894
36.75
10.0158
5.64424
3.95815
5.33639
5.12312
8.99549
10.0467
9.69555

Min Tr.
Vol.
0.20275
0.04214
0.50243
0.21833
0.24328
0.32694
0.17436
0.25276
1.11332
0.85566

Max Tr.
Vol.
18.2648
1928.11
47.3968
7.57952
6.49844
6.43328
7.12386
46.725
35.2763
33.9567

96629
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The meshing operation in magnetostatic 3D simulation is adaptive, that mean
the number of triangles and his edge length are regenerate for all new solution
at the energy of error is converged or number of passes is true, thus the finale
mesh are presented in Fig. 3.8 and its statistic in Table 3.1. The variation of
stop criterion is represented in Fig. 3.9.

Fig. 3.9: Variation of energy error during the FE simulation.
The Fig. 3.10, Fig.3.11 and Fig.3.12 are represented the distribution of
magnetic flux at no-load condition. The Fig.3.10 shown the streamline path of
the magnetic induction, there is flux lines in tangential and normal directions,
no areas saturations neither in core stator nor in rotor.

Fig. 3.10: Streamline FE simulation at no-load condition.

80

Contribution a l’étude d’une Machine synchrone à Aimants Permanents

Chapter Three

3D-FEA and Analytical Modeling

The Fig.3.11 give us an clearly image about flux density in different machine
parts, as shown the maximum flux density in core stator is 1.05T and 1.17T in
rotor. To detect the path of flux density and its orientation, the Fig.3.12 shown
the vector of flux density of one pole, the orientation of flux lines are
homogeneous.

Fig.3.11: Magnetostatic flux density of the transverse-axial flux machine at noload.

Fig.3.12: Magnetostatic 3D of the transverse-axial flux machine at no-load.
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Fig.3.13: Magnetostatic flux density of the transverse-axial flux machine at
full-load.
The flux distribution of A-TFPMS machine at load condition is represented in
Fig.3.13, Fig.3.14 and Fig.3.15. The flux density is represented in Fig.3.13, the
core stator has some area in saturation, and the maximum induction is nearly
1.9T, no saturation in back iron rotor.

Fig.3.14: Magnetostatic flux density of the transverse-axial flux machine at
full-load.
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In Fig. 3.14 the flux density is represented as vector, as shown the path of flux
lines nearby of winding aren’t homogenous, to discover what happen in this
area we use streamline function, as shown we have three area in saturation
case caused by interaction between the winding flux lines and PMs flux lines,
maybe to avoid this problem we can use iron bridge or modified the core stator
dimensions.

Fig.3.15: Streamline FE simulation at full-load.
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The airgap flux density in inner and outer radius are represented in Figs.3.16
(a) and (b) respectively, as shown in first curve the maximum airgap flux
density at load and no-load conditions are same value in both positions, in the
inner and outer radius airgap flux density curves.
The distance at inner and outer pole in our A-TFPMS machine design aren’t
equals, thus 3D airgap glux density curve is represented in Fig.3.18.

(a)

(b)

Fig.3.16: Air-gap flux density at full-load and no-load conditions, (a) inner radius

and (b) outer radius.

(a)

(b)

Fig.3.17: Armature reaction flux density distributions at full-load condition, (a)

inner airgap and (b) outer airgap.
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The airgap flux density is directly related to the produced torque. The machine
is continuously exposed to the magnet flux, where the armature reaction flux is
dependent on the amount of stator current. The effect of the armature reaction
may be clearly seen. The armature reaction flux plot over the machine and the
armature reaction flux density distribution in the inner airgap and outer airgap
are shown in Figs. 3.17 (a) and (b) respectively.

Outer pole

Inner pole

(a)

(b)

(c)

Fig. 3.18: 3D plot of air gap flux induction of one pole. (a) z component, (b) y
component and (c) x component.
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3.2.1 Magnetostatic Material Properties
In a Magnetostatic simulation, the following parameters may be defined for a
material


Magnetic Coercivity: Used to define permanent magnetization of

magnetic materials, magnitude and direction specification, the direction
specified is z-axis in our machine design.


Composition: can be solid or lamination setting composition to

lamination creates an anisotropic magnetization effect.
In magnetostatic simulation the material are used in the machines parts are
non lamination steel 1008 and NdFeB permanents magnet
With the following constitutive (material) relationship being also applicable:

 


(3.14)
B  0 H  M  0  r .H  0 .M




where: H  x, y, z  , B  x, y, z  , J  x, y, z  and M  x, y, z  are the magnetic field strength,





the magnetic flux density, the conduction current density and the permanent
magnetization respectively.
3.2.2 Boundary Conditions
Natural boundaries very rarely exist in electromagnetic field problems. In most
types of applications the electromagnetic field is an infinitely extending space.
In this application boundaries are used to simplify the FE model and
approximate the magnetic vector potential at node points. Rotary electrical
machines have identical pole pitches or sometimes

half-pole pitches.

Boundaries due to symmetry greatly reduce the size of the FE model; boundary
conditions can be classified into three types [5].
3.2.2.1 Dirichlet Boundary Conditions
Dirichlet boundaries force the flux lines to be parallel to the boundary’s edge.

By using the boundary condition A  0 , flux lines are constrained to follow the
boundary. The outer edge of the stator yoke, for example, could have a

Dirichlet boundary of A  0 . This is a simplification since any leakage flux which
would extend beyond the stator’s yoke is now neglected. The high relative
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permeability of the ferromagnetic yoke would ensure that most of the flux
remains inside the yoke and in most motor designs this boundary condition is
a reasonable simplification to make.

(a)

B=0rH+0
B=0rH

(b)
Fig.3.19: (a) BH curve of stator and rotor material (steel 1008) and (b)
demagnetization curve of NdFeB magnet.
3.2.2.2 Neumann Boundary Conditions
Neumann boundary conditions require the normal derivative of the magnetic
vector potential be zero. Neumann boundaries are natural boundaries in the
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FEM since they do not have to be specified explicitly. Flux lines cross a
Neumann boundary orthogonally.

Fig. 3.20: Boundary conditions in 3D magnetostatic simulation.
3.2.2.3 Symmetry Boundary Conditions
In our simulation of one pole of the A-TFPMS machine the field behaves as
follows: Odd symmetry (flux tangential) the H is tangential to the boundary and
its normal components are zero. Even Symmetry (flux normal) the H is normal
to the boundary and its tangential components are zero as shown in Fig.3.20.
3.2.3 Mashing Operation in Finite Element Method
The fundamental unit of the FE is a tetrahedron. These elements are
constructed together in what is known as the FE mesh. Equilateral tetrahedra
work best for the 2nd order quadratic interpolation that is used between nodes.
It is good to keep in mind that a relatively uniform, equilateral mesh is often
desired. The desired field in each element is approximated with a 2nd order
quadratic polynomial:

H  x, y, z   a0  a1 x  a2 y  a3 z  a4 xy  a5 yz  a6 xz  a7 x2  a8 y 2  a9 z 2

(3.15)

In order to obtain the basis functions, field quantities are calculated for 10
points in a 3D simulation (nodal values at vertices and on the edges) Fig.3.21.
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All other quantities are determined from the field solution in part or in all of the
solution space.
The accuracy of the FE solution is dependent on the mesh topology. The mesh
is thus an important part of any FE model and attention should be placed on
creating it. Essentially, there are two types of mesh generators. The first being
an analytical mesh generator that define the problem geometry using large
global elements. These global elements are subsequently refined according to
the user, usually automatically; this mesh type is used in our 3D
magnetostatic analyses. The other type of mesh generator is a synthetic
generator where the user designs a mesh region at a node-by-node level and
the model is the union of a number of different meshes, this second type we
used it in our case only in first A-TFPMS machine simulation to avoid nonconvergence the solution.

Fig. 3.21: The fundamental unit of the finite element in 3D analysis.
Fully automated mesh generation can only be achieved if the errors which arise
from the mesh discretization are taken into account. This is called self-adaptive
meshing, and relies on an accurate and reliable method of estimating the
discretization errors in the mesh. Modern FE packages that use self-adaptive
meshing normally calculate the discretization error estimates from a FE
solution. These packages usually create a crude mesh which is solved. Error
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estimates are made from this solution and the mesh is refined in the
approximate places. This process is repeated until the required level of
accuracy is obtained for the model. The error estimates used in the program
depend generally on the application, but general FE programs usually calculate
their error estimates from the change in flux density across element edges.
There is some fundamental defining equation that provides an error evaluation
for the solved fields. In the case of the magnetostatic simulation, this defining
equation is the no-monopoles equation, which says:

.B  0

(3.17)

When the field solution is returned to this equation, we get an error term:

(3.18)
.B solution  err
The energy produced by these error terms is computed in the entire solution
volume. This is then compared with the total energy calculated to produce the
percent error energy number.

%.error.energy 

error.energy
100%
total.energy

(3.19)

This number is returned for each adaptive pass along with the total energy,
and these two numbers provide some measure of the convergence of the
solution. The error energy is presented in Fig. 3.9.
The first simulation was magneto-static finite element analyses, in this type of
simulation the calculations of losses, cogging torque and EMF aren’t possible,
for this reasons the transient simulation is very useful in A-TFPM machine.

3.3 Transient Magnetic Analysis
The quantities for which the transient field simulator solves are the magnetic
field, H, and the current distribution, J; the magnetic flux density, B, is
automatically calculated from the H-field. Derived quantities such as forces,
torques, speed, position, winding flux linkage, and winding induced voltage
may be calculated from these basic field quantities.
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In the magnetic transient, motion is allowed and nonlinear BH material
dependencies are also allowed. The support of voltage excitations for the
windings has as consequence the fact that the winding currents are unknown
and thus the formulation has to be modified slightly to allow Maxwell to
account for source fields due to unknown currents in voltage-driven solid
conductors. The rotational type of motion a simpler formulation is obtained by
using a cylindrical coordinate system with the z axis aligned with the actual
rotation axis.

3.3.1. Rotational Movement Simulation in FEA
In transient simulations, taking into account rotor motion is an essential
aspect of dynamic machine modeling. If the mesh of the rotor and the stator
are homogeneous, a distortion of the mesh of the gap appears. When the
distortion becomes too large, convergence problems are noted. Moreover, the
ANSYS MAXWELL software does not allow the movement of one part of a
homogeneous mesh compared to another (Fig. 3.23).

Fig. 3.23: Air-gap mesh variation during stator/rotor movement.
This involves the preparation of two distinct meshes: one for the rotor and its
gap; the other for the stator and its gap. The two domains are then combined at
their common border. There are two approaches to achieving this goal: (i) the
non-meshed gap method, (ii) the mesh gap method. In this work, the mesh gap
method has been adopted.
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We find two main techniques using the method of the mesh air-gap: the
technique of the sliding surface and the technique of the motion band, in our
case the domain of the rotor, and the stator having distinct coordinate systems
and one of which is in motion and the other static (Fig.3.24). The technique are
used by the author of this thesis in ANSYS MAXWELL is the technique of the
sliding band, the meshes of the rotor and the stator are generating separately.

(a)

(b)

Fig. 3.24: The mesh air-gap techniques, (a) sliding surface (b) motion band.
All types of motion applications require a band object that must contain the
moving parts. If there are multiple moving objects, all of the moving parts must
be included in one all-inclusive object; this is because they all must be moving
as one rigid body, with single force acting on the assembly.
For problems involving rotational type of motion a "sliding band" type of
approach is followed and thus no re-meshing is done during the simulation.
The following equations (3.1), (3.2) and (3.3) are relevant for transient (low
frequency) applications; by arranging them we find the next equation:



1



 H 

B
0
t

(3.23)

The final result is a formulation where vector fields are represented by first
order edge elements and scalar fields are represented by second order nodal
unknowns.
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(a)

(b)

Sliding Band

(c)
Fig. 3.25: (a) Rotor and stator assembly with band object in between, (b) Band
object and (c). Sliding Band mesh.
Field equations are coupled with circuit equations for both solid and stranded
conductors because, in the case of applied voltage supplies, the currents are
unknown.

3.3.2. Calculating the Torques in FEA
The calculation of torques using the FEM is one of the most important
functions of this method. In electrical machine problems four methods of
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calculating forces or torques are used: the Maxwell stress tensor, the co-energy
 
method, the Lorentz force equation ( J  B ), and the rate of change of field energy

method ( B B x ).The most frequently used methods are the Maxwell stress
tensor and co-energy methods.
In this case the electromagnetic force/torque is calculated using the virtual
work approach (co-energy method).

Fig. 3.26: Torque generated from FEA transient simulation.
The force or torque is calculated as the derivative of the stored magnetic coenergy W' with respect to a small displacement. The finite difference
approximation approximates the derivative of co-energy by the change in coenergy for a displacement x, the component of instantaneous force F, in the
direction of the displacement x is [6].

Fx 

dW ' W '

dx
x

(3.24)

For an instantaneous torque T with a small angular rotation displacement 
(mechanical angle)

T

dW ' W '

d


(3.25)

The instantaneous torque can also be expressed in the following form
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T

W '  i, 




W   ,  

i  cinst



(3.26)
 const

Where W,  and i are the magnetic energy, flux linkage vector and current
vector, respectively.
The torque equation developed in the previous section is used to perform the
analysis of the machine torque. The validation of the model is made on the
basis of the results obtained from the 3-D transient FEM simulation. The
waveform of the generator torque is shown in Fig. 3.26. This waveform has
significant oscillations. The cause is the cogging torque generated by the airgap reluctance variation, to reduce the cogging torque we use PM skewing
method, the torque generated after a skewing of PM is show in Fig.3.26, the
amplitude of cogging is significantly reduced. Skewed torque is less than the no
skewing torque generated.
A- Pulsating Torque Components
In [7] torque ripple components of PMs machine are categorized very clearly.
Hence, the same terminology for de fining torque ripple components according
to their origin will be used here as well. Four types of torque ripple are
described:


Pulsating torque: torque ripple component produced by the space
harmonic components of the windings and PMs.



Fluctuating torque: torque ripple component produced by the time
harmonic

components

of

the

input

current

(non-sinusoidal

current).


Cogging torque: torque ripple component due to the reluctance
variations

in

the airgap,

mainly because

of

slotting.

This

component also exists when there is no current, so it can be
determined easily with the FEM by calculating the torque for
several positions of the rotor
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The fluctuating and the mechanical system torques can’t be improved during
the design stage. The pulsating and the cogging torque components should be
studied. Cogging torque can be removed by skewing the magnet by one slot
pitch [7]. Also odd numbers of slots are known to reduce the cogging torque to
an acceptable level [7].
B- Minimizing Cogging Torque
The cogging torque components are show in Fig. 3.27. Cogging torque is one of
the most important sources of torque oscillation [8], [9]. Pole shifting and
skewing are the main methods to reduce the cogging torque [9], [10]. The
simplest method is skewing the magnets. To find the optimum skew angle of ATFPMSM, a 3-D FEM analysis for seven different skew angles is used.

Fig. 3.27: Cogging torque for various skews angles.

The back-EMF waveforms of skewed PM rotor are shown in Fig. 3.28 When the
PM core is skewed too deeply, the amplitude of back-EMF declines sharply. The
FEM simulation is run for the skew magnet angles 0, 4, 8, 12, 16, 20, and 24
degrees. The results of the simulation are in Fig. 3.27. The peak to peak values
of the cogging torque are shown in Fig. 3.29. The no-skew cogging torque is
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1.55Nm while at 16 deg. skew the minimum cogging torque of 0.8Nm is
achieved. Further increasing the skew angle, the cogging torque starts to
increase.

Fig. 3.28: Back-EMF waveforms.

Fig. 3.29: Peak cogging torque against skew angles.

3.3.3. Solving Nonlinear Equations in FEA
The materials in an electric machine have non-linear magnetic characteristics
Fig.3.30. The permeability of the materials constituting the magnetic circuit
changes with the variation of the magnetic field within the machine. So the
permeability is a function of the flux density. The ANSYS software uses in its
calculation algorithm, the method of Newton Rhapson.
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The ferromagnetic parts of the first machine consist of two different materials:
one solid (steel 1008) for the stator parts and the other laminate consisting of a
stack of 3% silicon-iron plates for back disk rotor (PMs). Due to the difficulty of
manufacturing the laminated parts of the stator, we try to manufacture the
latter by the iron powder composition (SMC).

(a)

(b)

(c)

(d)

Fig. 3.30: Variation of relative permeability (non linear). (a) Solid materiel, (b) x
direction, (c) y direction and (d) z direction (Kf=0.96).
We give in Fig. 3.31 the BH characteristics of these ferromagnetic materials in
the direction of easy magnetization. 3% Silicon Iron is characterized by lower
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saturation induction but relative permeability in its larger linear operating
range than SMC, soft magnetic composites (SMC) generally have good magnetic
properties such as good relative permeability and high magnetic saturation
combined with high electrical resistance. In addition, they have quite unique
possibilities for conducting flux in all three dimensions.

Fig. 3.31: BH curves of A-TFPMS machine parts materials.
The laminated parts are defined by two characteristics: the constitutive law is
given according to the plane of the sheet (plane <xoy>) and an equivalent
relative permeability μreq modeling the lamination along the z axis. This
permeability is calculated according to the expansion coefficient according to
equation 3.27 [11]. This gives the relation between the relative permeability of
the sheets as a function of the relative permeability of the material in the linear
case and the stacking coefficient of the lamination sheets.

req
With k f 

 1


k f 1 k f 
 r .inf


1

(3.27)

thikness.of . plate
thikness.of . plate  insulation.thikness

The variation of the relative permeability equivalent, as a function of the
stacking coefficient and the initial permeability (μr=2000), is given in Fig. 3.32,
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as shown, the change from a solid material to a laminated material
characterized by an expansion coefficient which decreases by 10 times the
value of the equivalent permeability.

Fig.3.32: Relative permeability variation as a function of stacking coefficient.

3.3.4. Losses Calculated in FEA
In this section the author wishes to compute the coreloss of the A-TFPMS
machine. In the FEA Transient solver, we are able to compute coreloss,
hysteresis loss, stranded loss and eddy current loss. We need to enter the
coreloss data values of the all materials are using.

3.3.4.1. Core Loss Formulation in 2D Transient Simulation
According to simplistic physic concept of core losses in ferrous materials the
losses can be divided into hysteresis, classical eddy current and anomalous or
excess losses. The specific core loss energy over a magnetization cycle can be
expressed as a sum of the loss components.
This formulation (Eq. 3.28) is applicable when the magnetizing field waveform
over the magnetization cycle is assumed to be sinusoidal. For a proper core
loss evaluation it is necessary to consider the instantaneous flux density 3D
waveform at different parts of the core (Eqs. 3.32, 3.33 and 3.34).
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Core loss is normally computed in the frequency domain with Steinmetz
equation with Bertotti modification.
Losses separation approaches for ferro-magnetic materials are summarized as
shown.
PCL  Phy  Pec  Pex

(3.28)

Phy  K hy fBm

(3.29)

Hysteresis loss Phy

Classic eddy current loss Pec
Pec  K ec  fBm 

2

(3.30)

Excess loss Pe
1.5

Pe  K e  fBm 

(3.31)

Where Khy, Kec and Ke are the coefficients of core losses versus frequency curve
to each material are using in this analyzes, to calculate them the author used
the interpolation technique of core losses curves.
Table 3.2: Manufactory data losses materials are used [W/kg].
B [T]
0
0.166
0.267
0.372
0.473
0.563
0.664
0.785
0.896
0.991
1.18
1.45
1.71
1.86
1.92

P. losses
0
0.746
1.19
1.79
2.54
3.28
4.63
6.12
7.61
8.81
11.9
18.2
24.2
26.1
27.8

(a) SMC data losses
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B [T]
0
0.1
0.2
0.3
0.5
1
1.2
1.4
1.6
1.8

P. losses
0
0.1
0.2
0.4
0.6
5
8
10
13
16

(b) Iron-Si3 data losses
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(a)

(b)

Fig. 3.33: core losses data and fitting curve for (a) SMC powder and (b) ironSi3 material.
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By using two different data from manufacturer data sheet in Table 3-1(a) and
(b), at 200 Hz coefficients are calculated as Khy=0.017984, Kec=11.3*10-5 , and
Ke=2.52x10-3 for iron-Si3. Also for SMC coefficients are calculated as
Khy=0.026496, Kec=4.179*10-5 , and Ke=6.35x10-3. Resulting approximated core
loss curves and actual data from the core loss curves are shown in Fig.3.33 for
different maximum magnetic flux density. The Maxwell solver requires the
coefficients Khy, Kec and Ke. A special menu allows the coefficients to be derived
from manufacturer core loss data (Core Loss versus Frequency curve).
6. Conclusion
In this chapter, we began by introduce the geometric and physical bases of the
field problem. The equations present the electromagnetic field have been
formulated for the different components of the machine. Subsequently, the
boundary conditions to be imposed in the field problem were discussed. The coenergy method is put forward to calculate the electromagnetic torque from the
result of the field problem. A formula for computation of the magnetomotrice force
has been presented based on the integration of the magnetic vector potential on
the surface of a conductor. To complete the definition of the field problem, the
coupling equations for the field and the external electric circuit have been
described for the no-load and load conditions. Taking into account the dynamics
of the movement, through the sliding surface, and the non-linearity of the
materials, through the method of Newton-Rhapson, are also integrated in the
finite element model of the machine. The calculation of core losses in the different
parts of this machine is also integrated in FE method by using of Bertotti
modification and calculated their coefficients.
The 3-D finite element analysis of the axial transverse flux machine provides the
magnetic flux density values in the different sections of machine at no-load. The
flux density values are within normalized design intervals, the magnetic flux
density distributions are shown. The optimization of the cogging torque has been
studied, and the magnet skew method is used.
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1. Introduction
The using of the MEC (magnetic equivalent circuit) is: approach, surfaces of equal
magnetic potential within the machine are chosen using engineering judgment.
Volumetric tubes are then created to model the paths of magnetic flux between
each surface. The ratio of the endpoint potentials to the flux enclosed by the
volume represents a magnetic reluctance, which is similar conceptually to the
resistance of an electric conductor. The value of the tube reluctance can be
obtained from the flux tube geometry and material characteristics. By connecting
points of equal magnetic potential, the magnetic characteristics of a machine can
be modeled using a network of standard dc circuit elements (resistances, voltage
sources. current sources). The MEC: approach represents a compromise between
the FEM models and ILPM (inductive lumped parameter magnetic). In the review
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of PM machines in Chapter one, it was discussed that surface-mounted
permanent magnet machines have been mostly used for direct-drive applications.
The aim of this chapter is to create a generalized analytical model (MEC) for this
topology of permanent magnet (PM) machine. Therefore, a generalized MEC
model for this topology of A-TFPM machines is discussed in this chapter with the
following outline. Firstly, an introduction about MEC method theory. Secondly,
generalized electromagnetic circuit analysis models of our design machine are
developed in the second chapter. The models include nonlinear B-H curve
characteristics of materials are using. Next, the proposed analysis model is
verified through a comparison with finite element analysis of the previous
chapter.
2. Machine Structure and Principal of Operation
2.1. Machine Topologies
Fig. 4.1 shows the proposed structure of the A-TFPMSM, which consists of a
rotor core, a stator core, winding, and permanent magnets. The rotor of this
machine is totally passive and the permanent magnets are glued of it, the
stator cores it can be lamination with iron or with solid parts with base of iron
or SMC (Soft Materiel Composite) and the winding of armature (Fig. 4.1). The
stator coils are powered by alternating currents and allow generating the
torque at the machine.

Fig.4.1: Structure of A-TFPMSM. (1) Shaft. (2) Housing. (3) Stator cores. (4)
Rotor. (5) Coils. (6).Permanent magnets.
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The stator winding of A-TFPMSM features a modular structure and can be
arranged as needed. The stator winding can be arranged into three phases both
for the one-side machine Fig. 4.2 (b), and for the double-side machine Fig. 4.2
(a); or one phase for one side machine Fig. 4.2 (d), and for multi-sided machine
Fig. 4.2(c).
In Fig. 4.2b, the stator winding form is ring portion, in this design has two
disadvantages, the one is the end rings and the second is the poles pitch of the
stator and the rotor aren’t equals. And in the anther side the main advantage
of this design is, can be use it as simple face or multi face.

Fig.4.2: Configuration of A-TFPMSM.

In Fig. 4.2d, the main two disadvantages of the first design (Fig. 4.2b) are
solved; by using the ring form winding, there no end windings and the pole
pitch of the stator and the rotor are the same. But it has one problem, the
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simple face construction is impossible, will be deal us to the final configuration
(Fig. 4.2c).
Fig. 4.2 (c) and (d) show that the structure of A-TFPMSM has a three-phase
ring winding, each phase occupies one side of the stator. The machine can be
built with multi-sided stator also. This configuration, which is shown in Fig.
4.2(c), is even more advantageous and will be dealt with in this thesis.
2.2. A-TFPMS Machine Principle
The cross-sectional view of the machine in Fig. 4.3 shows the magnetic flux
path. Two quasi U cores are traversed by fluxes going in opposite directions.
The proposed position of the stator core is very important, because the change
of the direction of magnetic flux path is necessary to keep the torque
orientation. Two permanent magnets are in the inner and outer radiuses, and
magnetized in opposite direction, generating the flux in opposite directions for
two consecutive poles.
The windings are supplied by an alternating power, creating the magnetic flux
in the stator. The stator flux interacts with the rotor permanent magnet field,
which produces the force that rotates the machine.

Fig.4.3:.Flux path in two poles pairs of A-TFPMSM for single sided and one
phase.
3. Models are Using in Design Procedures
These models can be classified into two main families [1]:
 Numerical models.
 Analytical models.
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3.1 Numerical Models
They are based on methods of numerical resolution of the mathematical
equations describing the functioning of the system studied. The finite element
method and finite difference represent the most widely used numerical
methods.
Once the digital model has been developed and validated, it can be applied to
several electrical machine structures without having to adapt it. In the
commercial world, these codes are paired with one or more graphical modelers
and relevant interfacing, and the time required solving basic problems
decreased to the time needed to draw the structure studied. We also note the
progress of computing capabilities, the computing time for solving 3D problems
remains high [1].

Fig.4.4: Classification of modeling methods in a precision-speed calculation.
Fig. 4.4 gives a good overview of the classification of modeling methods in a
precision-speed calculation. In order to have a fast and accurate model, we
chose a combination of analytical methods and equivalent circuit methods.
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However, comeback to numerical methods is necessary to validate and correct
the MEC model thus established.
3.2 Analytical Models.
3.2.1 Method Based on the Analytical Resolution of Maxwell Equations
Unlike numerical models, these methods are based on a formal resolution of
Maxwell's equations to determine the exact expression of the vector potential in
the air gap of the machine studied [2]. Two hypotheses are nevertheless
necessary to carry out this modeling [3] [4]:


Ferromagnetic parts have infinite permeability.



Axial flux paths are neglected.

Once the vector potential has been calculated, all electromagnetic quantities
(torque, forces, etc.) can be determined
Among the advantages of this family of models are:


Speed of calculation.



The explicit link between the input parameters (geometric dimensions,
physical

characteristics)

and

the

output

parameters.

A

better

understanding of the interaction between the different parameters is
therefore possible.
Nevertheless, these models have a certain number of disadvantages:


They aren’t adapted to calculations of non-linear phenomena such as
magnetic saturation and are not generic.



The change of machine structure requires a complete development of all
equations.

3.2.2. Reluctance Method MEC
3.2.2.1 Reluctances Calculations
The reluctance being given by a flux tube (Fig. 4.5) in a quasi-stationary
magnetic field of section S (x) and of total length l, the magnetic reluctance is
defined as the following quantity:
l


0

dx
1

 ( x) S ( x ) P

(4.1)

With μ (x) is the permeability of the material and P the magnetic permeance.
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Fig.4.5: Magnetic flux tube.
Reluctances can be classified into three categories [5]:
 Reluctances

invariants:

these

are

reluctances

which

have

fixed

geometries and fixed magnetic characteristics.
 The saturable reluctances: it is the reluctances that have a permeability
that depends on the magnetic excitation H.
 Reluctances with variable geometry: these are reluctances whose
geometric parameters (Length of the flux tube or section of the flux tube)
are variable as the reluctances modeling the air gap of an electrical
machine.
Thanks to a large number of works that allowed to model electromagnetic
structures using this method, different reluctance geometries have been
calculated and their integrated expressions can be directly exploited. We
present below some expressions of constant reluctances that one can meet in
the literature [5] [6]:

Fig. 4.6: Reluctance example.
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L

L2  L1
0 r
L 
h.ln  2 
 L1 

(4.2)

As shown in Fig. 4.7, the flux paths cutting the airgap of this machine have
two loops, the first one loop is the flux line crossing the rotor permanent
magnets (cross the outer and inner permanent magnets) this loop contain the
normal direction flux, the second one loop is the flux line crossing the rotor
adjacent permanent magnets poles (four permanent magnets), this loop has
two tangential flux lines.

Fig.4.7:.Flux path in two poles pairs of A-TFPMSM for single sided and one
phase.
In the A-TFPMS machine the development of the different reluctances parts are
very hard; the flux path in this machine type has two directions, radial
component (in this case the surface of reluctance is varied) and component (in
this case the length of reluctance is varied). Examples of reluctances
calculations are done in Fig.4.6 and Fig.4.8.
In the case of a tangential flux tube, the reluctance can be expressed as follows



l
l

 S  Lh

(4.3)

With S=Lh is the section perpendicular to the flux, l is the length of the flux
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tube,  is the permeability of the materiel.
In the case of a radial flux tube, can approximate the reluctance by:

l
h

 S  L  L1  L2  / 2

(4.4)

L

L



(a)

(b)

Fig.4.8: Common flux tubes. (a) Radial flux tube. (b) Tangential flux tube.

The reluctance of the radial flux tube can be expressed by a more precise
relation than (4.4):
L1



dl

h ln  L2 L1 
2  L1 

  S (l )   L  L

L2

(4.5)

In electrical machines, two modeling approaches using reluctant techniques
have already been adopted:
Modelization in plane abc [5] [7] [8]: they take into account the relative
movement of the rotor with respect to the stator. We then obtain the evolution
of the different parameters as a function of the rotation angle of the rotor.
Harmonic studies are therefore possible. Modeling under the assumption of the
first harmonic [6] [9]: the model is summed up in one position. These models
do not allow harmonic analyzes but are faster.
3.2.2.2 Magneto Motive Force Source
An MMF is used to present the effect of electrical conductors in a magnetic
system. The MMF source is similar to a voltage source in an electrical circuit.
The value of MMF source is determined using Ampere’s current law.
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In particular, Ampere’s law can be expressed in integral form as [10]
 
 H  dl  ienc

(4.6)

Where H is the magnetic vector potential and ienc is the current enclosed by the
line of integration. For multiple conductor winding, Equ. (4.6) is often written
in the form

 
H  l  Hl  Ni

(4.7)

Where N is the number of turns and Ni is defined as the MMF.
F  Ni

(4.8)

4. Magnetic Circuit Calculation
4.1 Identification of the Different Flux Tubes of the A-TFPMS Machine
The realization of a reluctance network should be firstly starting by the
identification of the different flux tubes to be taken into account. This step is
necessary because it makes it possible to define the geometrical characteristics
for the calculation of the reluctances of the equivalent network. To observe the
distribution of those flux tube by a finite element analyses of the machine is
therefore necessary. Fig. 4.9 shows the different flow paths in the machine
under study.

Fig. 4.9: Flux lines in the machine.
The large part of the flux is exchanged between the stator cores and the rotor
PM. However, a weaker part is exchanged between the back rotor and PM
poles. This section shows leakage fluxes in the same core stator legs, which
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increase with the current of the machine. Thus the precise calculation of these
leakage fluxes is necessary.
4.2. Linear Model without Leakage
The model presented below is based on strong assumptions, i.e the
ferromagnetic parts have infinite permeability and magnetic leakage are not
taken into account. Only the sources of MMF and the air-gaps reluctances are
modeled. Figure 4.10 show the structure that will be modeled.

Fig. 4.10: Cross-section of a simplified magnetic circuit of A-TFPMS machine.
Using Ampere’s circuit law, the contour in figure 4.10 is expressed as

H sls  H r lr  2 H g g  2 H pm hpm  0

(4.9)

Where l is the magnetic field length.
At low values of the magnetic field intensity, the flux density in iron cores
increases almost linearly. The permeability of iron cores with low magnetic
intensity is much larger than the permeability of the air and the magnets.
Therefore, equation (4.9) can be simplified by neglecting terms of the magnetic
field intensity of iron cores for the range of low magnetic field intensity as.

2 H pm hpm  2 H g g  0

(4.10)

From the continuity of flux, the flux φ is same in all machine parts φ=B.A
Where A is the area (we assume that have a same area in 2D representation)
An equation for the B(H) characteristic of the magnets in the second quadrant
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is given as

Bpm  0 rm H pm  Br

(4.11)

In order to calculate the flux density in the air gap, equation (4.10) is
reformulated as equation (4.12) using equation (4.10) and equation of flux.

2

Bg

0

Bg
g2

Ag
Apm

 Br
hpm  0

0 rm

(4.12)

Therefore, the air gap flux density is determined as

Bg  2

Br hpm

0 rm



2g

0



1
2 Ag hpm

(4.13)

0 rm Apm

The results obtained by this model were compared to those obtained by 3D
linear FE simulations (Table 4.1). Despite the simplicity of the model
developed. The relative difference between the two models exceeding 35%,
shows the existence of quite significant leaks in the structure. At this point the
leakages fluxes are neglects them in the MEC model presented here.
Table 4.1: Comparison of linear MEC model and FEA simulation.
Air-gap flux induction
FEA simulation

0.7T

MEC method

1T

4.3 Nonlinear Model without Leakage Reluctance
When the magnetic field intensity H in iron cores is increased, their flux
density increases nonlinearly, which lead to a decrease in the permeability of
the iron cores. Further increasing the magnetic field’s intensity results in the
iron cores being saturated and an increase in the reluctances of the magnetic
path. Therefore, it is necessary to consider the nonlinear characteristic of the
flux density of the iron cores when designing electric machines meant to
operate in the region of higher flux density.
 How taking account the saturation level at the reluctance?
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The study of saturation level of reluctant circuit has been the subject of several
studies [11] [12]. The method adopted consists in varying the relative
permeability of the ferromagnetic parts of the machine according to a nonlinear
expression. Several analytical expressions of characteristic B (H) found in the
literature [13]. Four analytical expressions of this characteristic have been
investigated, in order to select the one that best corresponds to the
experimental B (H) curve available [14].
The first expression is based on an arc-tangent formulation:



2 Bsat
 H
arctan   r max  1 0 
 r ( H )  1 
0 H 
Bsat 

2
B    (H )H
0 r


(4.14)

Where:
μrmax Slope of the linear part of the B (H) curve and Bsat Induction at
saturation.
The second analytic expression of characteristic B (H) is based on a square root
formulation:


 B( H )   H  J H g  1 
0
s



0 H
 H g  ( r 0  1)
Js


(a)
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2 1   

(4.15)

Chapter Four

MEC Study of Axial-Transverse Flux PM Machine

(b)

(C)
Fig. 4.11: B (H) curves comparison of different analytical expressions. (a) and
(b) double exponential an approximate, (a) Iron 3%Si and (b) soft material
(SMC), (c) polynomial function of Iron 3%Si.
The third is a double exponential an approximate expression point has
therefore been obtained is formalized by the following equation [15]:


B  J sat  A1e

H
H1

  J sat  A1  e



H
H2

 0 H

(4.16)

With Jsat=1.6, A1=0.3, H2=400 and H1=10.for Iron3% material. And Jsat=2,
A1=0.3, H2=550 and H1=7000 for SMC material.
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The various coefficients of the above-mentioned expression were determined by
the least squares method in order to minimize the differences between the
analytical expression and the real curve (Figure 4.11).
In some paper [16] the researchers are trying to use a simple equation, in order
to obtain the analytical MEC model, the relationship H(B) in saturated region is
approximated with a polynomial function by fitting.

H  B   p1 B 4  p2 B3  p3 B 2  p4 B  p5

(4.17)

Because the relative permeability is get by dividing flux density by magnetic
field strength, it is deduced that：
Coefficients: p1=16397, p2=-47098, p3=41809, p4=-11382 and p5=409.29.

r  B  

B
p1B  p2 B  p3 B 2  p4 B  p5
4

(4.18)

3

The equivalent circuit of the magnetic reluctance of the model is shown in Fig.
4.12 (a). In the figure, the white rectangles with bold lines represent the iron
core reluctances; the gray rectangles represent the air gap reluctances. The
black rectangles represent the magnet reluctances.

(a)

(b)

Fig. 4.12: A simplified equivalent reluctance model. (a) and (b).
The total magnetic reluctance of the magnetic circuit of the model is given by

Rt  Rgap  RPM  RS  Rr
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Where Rgap is the reluctance of the air gap, RPM is the reluctance of the
magnets, Rr is the reluctance of the yoke of the moving part and Rs is the
reluctance of the tooth of the stationary part.
General expressions of the magnetic reluctances are given as a function of the
magnetic field length, its permeability and area.
The MMF of the permanent magnet is defined as:

FPM 

Br hPM

rm 0

(4.20)

Where 0, rm, Br, and hPM are the air permeability, the recoil permeability, the
remanence and the length of the permanent magnet in z-axis direction,
respectively.
The reluctance of the permanent magnets RPM is defined as:

RPM 

hPM
rm 0 S PM

(4.21)

Where SPM is the sections of the permanent magnet.
The reluctances modeling the air-gap, depend on the active air gap of the
machine, the width of the stator shoe core and the radial length of the
machine. In this stage of simulation the author assumed, the air-gap inner and
air-gap outer are same. It expression is given by equation 4.22.

Rgap 
Where S gap 

2

p

g
0 S gap

(4.22)

 R  W   R 
2

i

st

2
i

The flux caused by the magnets was calculated as equation (4.23) from the
continuity of flux. The flux caused by the magnets is also calculated as a
function of the magnetic field intensity of the magnets Hpm, the magnetic field
length of the magnets hpm and the total reluctance in the equivalent circuit Rt
as equation (4.19).



H PM hpm
Rt

(4.23)

By using the expression obtained from the characteristic B (H), the values of
the different reluctances can be calculated taking into account the saturation
phenomenon.
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The calculations are as follows, from the continuity of flux, it is possible to
calculate the flux density in the deferent parts of machine. After determining
the flux density in the air gap, the procedure and the expressions to calculate
the flux φ, the flux linkage λ and the no-load voltage EMF are the next step.
The procedure to determine the flux density, the flux, the flux linkage and the
no-load induced voltage of a magnetic circuit including nonlinear characteristic
is made as the following steps
1) Input predefined parameters of A-TFPMS machine.
2) Determine the initial values of the flux densities of all machine parts using a
FEA.
3) Assume the initial value of the permeability. In this work we assume μr=300
as an initial value.
4) Calculate the magnetic field intensity of the stator core part Hs by

H PM 

Bs hpm  2 

rs 0  3

5) Re-calculate the flux density of the stator core part Bs with the B-H curve of
the iron core (using equation 4.16). A same work for auther machine parts.
6) Re-calculate the permeability of the stator core part μrs by  rs 

rs 

Bs  2 
H s 0  3

,

Bs  5
H s 0  4 

Calculate the permeability of the rotor yoke of the moving part μrr.
7) Calculate the total reluctance of the magnetic circuit Rt by equation (4.19).
8) Calculate the flux φ by equation (4.22)
9) Re-calculate the flux density of the stator core part Bs by Bs 

j
Ss

using φ

calculated in (8).
10) Re-calculate the magnetic field intensity of the stator core part Hs by

Hs 

Bs  9 

rs 0  6 

11) Re-calculate the flux density of the stator core part Bs with the B-H curve
of the iron core (using equation 4.16) Hs of (10).
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12) Compare Bs calculated in (9) with Bs calculated in (11). If Bs (11)  Bs (9)   ,
then proceed to the next step. If not, go back to (6).
13) Re-calculate the flux densities of the air gap Bg, the magnets Bm and the
rotor yoke of the moving part Bro using the continuity of flux.
14) Re-calculate the flux φ, and calculate the flux linkage λ and the no-load
induced voltage EMF.
4.4 Nonlinear Model with Leakage Reluctances
Until this step of modeling, the problem of leakage magnetic in the structure
isn’t take account. For non saturation model, these leaks exist in a restricted
way, but when the magnetic saturation phenomenon is integrated, the
reluctances of the ferromagnetic parts increase. As a result, leakage paths
become important. We propose to model of these leakage paths and integrate
them into in the saturation reluctance model presented in the previous
paragraph.
R s1
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Fig. 4.15: A-TFPMSM simplifies equivalent 3D magnetic circuit.
The electromagnetic characteristics of the A-TFPMS machines are the same
and repetitive in every one pole pair. Therefore, the electromagnetic equivalent
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circuit of one pole pair is considered for the analytical model. The equivalent
circuit including the leakage fluxes is illustrated in Fig. 4.15. The black
resistances are the iron core reluctances, the red resistances are the air gap
reluctances and the green resistances are the PM reluctances. The bleu
resistances are the leakage flux reluctances.
Fig. 4.15 presents MEC of two neighbor poles, the geometry of stator cores are
different we should us two reluctances Rs1 and Rs2, the machine air gap also
has two sections first one outer and second one is inner outer for this raison
the machine has two air-gap reluctances Rgap1 and Rgap2, PMs dimensions
aren’t equals (outer section greater than inner section) this implicate to R01and
R02 are different reluctances, the rotor has four reluctances; normal
reluctances Rrn are equals and tangential reluctances Rrt1 and Rrt2 aren’t
equals.
After the found the MEC equivalent circuit the next step is calculates the
reluctances expression for all machine parts and also the leakage reluctance
wish is the hard step. Firstly, in Figures (4.16) (a) and (b) the geometry of stator
cores are varied, each portion it has self section, these are involved the
derivations of the equivalente section S and length l.
4.4.1 Stator Cores Reluctances
The total reluctance of the first stator is the sum of all stator portions as fellow:
RS 1  RS 11  RS12  RS13  RS 14  RS 15  RS16

(4.24)

The reluctance RS11

RS 11 

hst
2
2
0 r11  B   Ro2   Ro  wst 
P





(4.25)

The reluctance RS12

hs  hst  hsy
RS 12 

The reluctance RS13
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Fig.4.16: Stator reluctances, (a) first core and (b) second core.
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The reluctance RS15
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The reluctance RS16
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In the same way, the total reluctance of the second stator is the sum of all
stator portions as fellow:
RS 2  RS 21  RS 22  RS 23  RS 24  RS 25  RS 26


(4.31)

The reluctance RS21
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4.4.2 Rotor Yoke Reluctances
Rotor reluctances consist of normal and tangential components.

Fig.4.17: Rotor Reluctances.
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 In the normal direction
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Ro  Ri  lm
2 hr  Ro  Ri  lm 
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(4.38)

 In the tangential direction


Reluctance rotor for outer diameter
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(4.39)

Reluctance rotor for inner diameter

 Ro  lm 2  2
Rrt 2 

p
R
 R 
0rr  B  hr  o i 
 2 
2

(4.40)

4.4.3 Permanents Magnets Reluctances
The permanents magnets of A-TFPMSM have two PM groups, first outer and
second inner. The sections of them aren’t equal as shown in Fig.4.18.
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Fig.4.18: Permanents magnets reluctances.
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Reluctance of PM2

hPM

R02 



2

0 rPM   Ri  lm   Ri2

(4.42)



4.4.4 Leakage Reluctances
Similarly of the rotor yoke reluctances, the leakage reluctances have two
components:
1) The total leakage in the tangential direction (outer diameter) in done by:
RLt1  Rmmt1  Rmgt1  Rcct1

(4.43)

Where: Rmmt1 , Rmgt1 and Rcct1 are the magnet to magnet neighbor, magnet to core
and core to core, respectively.
 The magnet to magnet leakage reluctance Rmmt1

Rmmt1 



(4.44)
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2).The total leakage in the tangential direction (inner diameter) in done by:
RLt 2  Rmmt 2  Rmgt 2  Rcct 2

(4.47)

 The magnet to magnet leakage reluctance Rmmt 2

Rmmt 2 
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l 

Where  2   f  Ri  m 
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 The magnet to stator core leakage reluctance Rmgt1
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 The magnet to stator core leakage reluctance Rcct1

Rcct 2

l
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3) The leakage of permanent magnet
 Leakage magnet: RLPM 1
RLPM 1 

hm
l 

o f  Ro  m  lm
2


(4.51)

 Leakage magnet: RLPM 2
RLPM 2 
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l 

0 f  Ri  m  lm
2


(4.52)

4.4.5 Air-gap Reluctances
lgap

Rgap1 

0 S gap1

Rgap 2 

Rgap 

lgap

0 S gap 2

R

gap1

 Rgap 2 
2

(4.53)

(4.54)

(4.55)

lgap: The air-gap reluctance of each divided elements.
Sgap:Air-gap areas that perpendicular to the air-gap flux path of every divided
elements.
4.5 Solving Method
In Fig. 4.19 we are trying to convert 3D MEC to another 2D development MEC
to simplified Kirchhoff loops equations.
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Fig. 4.19: MEC model with it branches and loops.
The basic equations for each element of the equivalent magnetic circuit loop in
Fig. 4.19 are as follows:
1- By using Kirchhoff’s law the flux equations in the different parts of the
machine is:
 gap   PM 2   Ln   Lt 2

 PM 1   rt 2   rn

 PM 2   rt1   rn

(4.56)

Where gap is the main magnetic flux,PM1,PM2 are the permanent magnet
flux,Lt2, Ln are the air-gap flux leakage in the tangential and normal
directions respectively,rt1, rt2 and rn are the flux in the rotor in the
tangential and in the normal directions respectively.
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2- The MMF equations achieved by using Ohm’s law for magnetic circuits
yields:

0  2 R   R   R
Ln Ln
Lt 1 Lt1
Lt 2 Lt 2

0

2

R


R



rn rn
rt1 rt1
rt 2 Rrt 2

0   Ln RLn   gap  Rs1  Rgap 

(4.57)

Where the reluctances, RLn, RLt1 and RLt2, are the air-gap leakage reluctance in
the normal and in the tangential direction, respectively. Rrn, Rrt1 and Rrt2 are
the rotor core reluctances in the normal and in the tangential direction,
respectively. And Rs1 and Rs2 is the all stator core unit reluctance. Rgap is the
air-gap reluctance.
Where

Rgap 

R

gap1

 Rgap 2 
2

The MMF of the permanent magnet is defined in equation (4.20)
FPM   2PM 2 Req2 Lt 2RLt 2 rt1Rrt1  2

FPM   2PM1Req1 Lt1RLt1 rt 2 Rrt 2  2


2FPM   PM1Req1 PM 2 Req2 Ln RLn rn Rrn 

2FPM   PM1Req1 PM 2 Req2 gap (Rgap  Rs2 ) rn Rrn 

(4.58)

Where Req1 and Req1 are the permanent magnet leakages equivalents
reluctances.
The permanent magnet leakage equivalent reluctance can be written as:
Req1  RLPM1 / / R01  RLPM1R01  RLPM 1  R01 

Req 2  RLPM 2 / / R02  RLPM 2 R02  RLPM 2  R02 

(4.59)

Where R01 and R02 are the permanent magnet reluctance, RLPM1 and RLPM2 are
the permanent magnet leakages reluctances.
By arranging of above equations, the main flux in the air-gap is achieved as:

 gap 

2 FPM  R10 R12  R13 R11 
R10 R14  R13 R9

Where R9, R10, R11, R12, R13 and R14 are provided in Appendix I.
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The variation of the air-gap reluctance Rgap is a function of the rotor position,
which can be obtained as:
Rgap 

1
0 hPM

hPM


0

g ( z)
dz

(4.61)

Where g(z) is the function of air-gap length.
In order to validate the concept method, a MEC has been established, the
resulting circuit is shown in Fig.4.19 where the main and leakage flux paths
are shown by arrows.
The determination of each flux is achieved through the Hopkinson law which is
expressed as follows

F  R

(4.62)

Where R, F and  are matrix reluctance, MMF and flux, respectively.
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(4.63)

Knowing the number of the nodes and of the loops of the circuit in Fig.4.19, we
will determine the numbers of independent loops that are set up in matrix
form.
The reluctance matrix is a diagonal square matrix composed by the reluctances
of different branches of the circuit with dimensions of 14*14. The matrix of the
MMF is a matrix m*1 such that m=7 is the number of independent loops of the
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circuit. The matrix of flux is matrix of n*1 dimension with n=14 is number of
legs.
Where

 R1  Rs1  Rgap1  Rgap 2

 R2  RLt1
 R3  RPM 2

 R4  RLn
R  R
rt1
 5
 R6  Rrn

 R7  RPM 1

And

 R8  Rrt 2

 R9  Rrn
 R10  RPM 2

 R11  RLn
R  R  R  R
s2
gap1
gap 2
 12
 R13  RLt 2

 R14  RPM 1

(4.64)

The MMF flux law can be derived as follows and the magnetomotric matrix F is
written as:
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(4.65)

And the branch matrix flux  is written as:

T  1 2 3 4 5 6 7 8 9 10 11 12 13 14 
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(4.67)

To solve above equation we use this matrix form



  S T SRS T
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Where S is the connectivity matrix, enabling a matrix representation of
Kirchhoff’s laws. This matrix has m rows and n columns.

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

 0 1 1 0 1 0 0 0 0 1

S   0 0 0 0 1 1 0 1 1 0
 0 0 0 0 0 0 1 1 0 0

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


0
0
0
0
0
0
0

0
0

0
0

0
0 
0 0 0

0 0 0
0 1 1

1 1 0 
1 1 0 

(4.69)

To solve MEC model, a numerical procedure is developed. Both the position
and the reluctance are varying, as in the flowchart in Fig.4.20.

Fig.4.20: Flowchart of procedure used for solving the MEC model.
In Fig.4.20 the numerical solution of the MEC procedure is started by
geometrical and material data insertion, including the relative permeability,
next the calculation of initial reluctances is made. By using equation (4.68) the
flux is achieved. Then the relative permeability is computed again by using the
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B (H) curves. The gap results in the previous process are used in the next
steps to computed both the EMF and the torque.

4.6 MEC and 3D Finite Elements Results
The computations of the air gap flux density by using FEA and MEC are
represented in Fig. 4.21, where a good agreement is achieved for both results.
In Fig.4.21, the torque generated by FEA and MEC at different current values
and in the position where the stator core are fully aligned to the rotor pole,
calculated by using Equation (20), are shown; the results of the proposed
method are in good accordance with the FEA simulation.

Fig.4.21: Air-gap flux density distribution.
Fig.4.22: Average torque with stator current of A-TFPMSM.

Fig.4.23: Flux linkage at no-load by FEA and MEC.
Fig.4.24: No-load back EMF of A-TFPMSM. For FEA and MEC.
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The no-load back EMF of the machine at 375 r/min rotation speed for both
analyses are shown in Fig.4.24.By using equation (2.10), the EMF rms is
E=200V.The waveform of FEA is lower than the waveform of MEC, as the MEC
analysis inevitably neglects some of the leakage flux lines The flux linkage at
no-load for different position achieved from both MEC and FEA analyses are
shown in Fig. (4.23), the flux linkage is larger at 0 ms when the stator core and
permanent magnet pole are fully opposite; the flux linkage is smallest at 6 ms
when the stator core unit located between two poles.

(a)

(b)

(c)
Fig.4.25: Flux density distribution of A-TFPMSM:(a)Stator core aligned to the
magnetic poles; (b) Stator core between two poles and (c) Stator core nearly
almost opposite to the magnet poles.
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In state one Fig.4.25 (a) the stator core unit is aligned to the closest rotor poles.
In this case, the stator core flux density is 1T and the air-gap flux density is
0.78 T. In state two Fig. 4.25 (c) the stator core unit is nearly aligned to the
rotor poles and the flux lines generated by the permanent magnets cross the
air-gap. In this case, the stator core flux density is 0.6 T. In state three Fig.4.25
(b), the stator core unit is located between two rotor poles and the flux line
generated by the permanent magnet cross the air-gap, and in this case the
stator core flux density is 0.35T. The magnetic conditions of the A-TFPMSM
prototype are acceptable, showing no significant saturation area in the design.

2.7 Conclusion
Engineering judgment is used to establish the principal flux paths and model
the machine in sufficient detail to pony only the salient magnetic properties
However, using the MEC approach, the offsets of magnetic saturation are
obtained directly from knowledge of the material characteristics and machine
geometry, as in the FEM model.
The developed MEC of novel A-TFPMSM has been used for the analyses of the
air-gap flux density, of the no-load back EMF and of the flux linkage. In order
to validate the analysis, a 3-D FEM simulation is used.
In this chapter provides a description of the A-TFPM machine design, that
utilize a two-dimensional, reluctance network to represent the magnetic stat of
this system. In beginning, in the linear magnetic region, the MEC method is
presented and compares it’s with 2D FEA, compare favorably with our wishes.
However, when the machine operates at high levels of magnetic flux, the MEC
model shows poor agreement with FEA analyses.
In addition the using a magnetic equivalent model to predict output
performance of electric machinery. Air gap flux density results from MEC
method are presented and good agreement with FEA simulation, and
demonstrate the capability of the MEC method.
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Conclusion

Conclusion
The work presented in this thesis deals with the study of the axial-transverse
flux permanent magnets machine (A-TFPMSM). The quasi-U stator core is very
useful for this type of machine, as that core is easy to be manufactured and
each of the three phase windings contributes separately to the generation of
the electromagnetic torque. An initial design program is developed for generate
quickly the machine dimensions. The next attempt is developed the machine
model, the model of Axial-transverse PMs synchronous machine is based upon
magnetic equivalent circuit techniques (MEC), using a reluctance network to
model the flux path within the A-TFPMS machine. Output results show good
agreement with finite element analyses (FEA). This A-TFPMSM topology was
investigated because it is believed to yield reduction in manufacturing cost.
After critically reviewing previously proposed designs of radial, axial and
transverse flux machines, a special type of axial-transverse flux permanents
magnets machine having quasi-U core in the stator, two permanents magnets
groups in the rotor and ring type winding was invented. The invention is
based on the flux direction required for the machine’s construction, and also
because of the flux surface mounted construction (which surface mounted
magnets was found preferable compared to flux concentrated at low speed).
The back iron rotor and magnets two groups’ thirty-two identical core parts (or
sixteen parts with two different diameters) build up the rotor. The stator is
equally simple with three half ring coils and twelve identical core parts (or six
parts with two different layouts). The core parts are made of iron silicon or Soft
Magnetic Composites (SMC); consisting of iron powder particles that are
individually insulated and can be readily pressed into complex geometries.
Furthermore, A-TFPMSM stator cores can use steel laminations, because the
path of magnetic flux lines is two dimensional. Iron core loss is reduced in this
way while the magnetic flux density is increased.
This A-TFPMSM machine is single face can be compensated by using the
second configuration of this machine. This configuration leads to the multidisc
or multistage A-TFPMSM model proposed in this thesis. In this configuration,
the stator core pitch and the rotor magnet pole pitch are equal, maximizing the
torque density and the flux linkage, and obviously minimizing the leakage flux.
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Conclusion

To obtain accurate design results, finite element analysis is necessary. The
traditional 2-D model isn’t suitable for an accurate simulation as the magnetic
flux leakage of A-TFPMSM between adjacent poles is significant. A 3-D finite
element analysis is therefore necessary; The FEA of the axial transverse flux
machine provides the magnetic flux density values in the different sections of
machine at load and no-load conditions. The flux density values are within
normalized design intervals, the magnetic flux density distributions are
shown.
The results obtained were studied and allowed to validate the design
methodology. Then, we moved to a gradual improvement of the different
magnetic models of the machine. After modeling the ferromagnetic parts of the
machine, we integrated the phenomenon of magnetic saturation and magnetic
leakage. At each stage of the modeling, the results obtained were compared
with those determined by FEA simulations. The developed MEC of novel ATFPMSM has been used for the analyses of the air-gap flux density, of the noload back EMF and of the flux linkage.
Future Work
 Improving the analytical model. There was still some disagreement
between the results from the improved analytical model and FEM-simulated
results. In order to improve the analytical model the reluctance paths, that
have been derived, can be further divided into several more paths.
 Modeling of the temperature distribution would also add to the
knowledge, especially useful when designing the winding and the cooling
system.
 Optimal length of the magnet. Use the improved analytical model
together with FEM analysis in order to find an optimal length ratio between
the length of the pole and the length of the magnet.


Other alternative applications for A-TFPMS machines should be

investigated, for example, a large motor for direct-drive traction applications. A
high power factor would still be important but for such an application the
number of poles could be higher (40-80 number of poles) as the frequency (and
speed) would be much lower (about 50 rpm).


Alternative building of A-TFPMS to give more reality on our invention.
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