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Abstract 

This thesis presents the design one unique single phase transverse flux 

machines (TFM) with one rotor disk. The necessity to use three dimensional 

finite element analysis (FEA) justified by analyzing a U-core, which is a 

fundamental element of the magnetic circuit in the TFM. The analysis is 

performed under different conditions with different methods viz. MEC 

analytical method and 3D FEA. Analytical models for the modular TFM are 

derived in order to calculate the fluxes in the core created by magnets and the 

current in the stator winding, in terms of its geometrical parameters. The 

calculated fluxes are used to calculate the torque of the machine. The accuracy 

of the analytical models are evaluated by comparing the results with that 

obtained from 3D FEA for different loading conditions. The analytical models 

are then used to obtain some optimized geometrical configurations by assigning 

a range of to each geometrical parameter. By applying design constraints such 

as a low utilization of the magnetic cores and current densities than 5 A/mm2 in 

the conductors, some of the geometrical configurations can be eliminated.
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                 Chapter 1- Introduction 
 

1.1   Electrical Machines 

Electric Machines are the most popular machines of everyday life and their number 

of types increases with developments in science, engineering and technology. 
Electric machines are used in a broad power range from mWs to 1.7GWs. To 

increase reliability and simplify maintenance of electromechanical drives, the dc 

commutator machine has gradually been replaced by an energy efficient cage 

induction motor and permanent magnet brushless motor. 

In electrical engineering, electric machine is a general term for electric motors and 

electric generators. They are electromechanical energy converters: an electric motor 

converts electricity to mechanical power while an electric generator converts 

mechanical power to electricity. The moving parts in a machine can be rotating 

(rotating machines) or linear (linear machines). Besides motors and generators, a 

third category often included is transformers, which although they do not have any 

moving parts are also energy converters, changing the voltage level of an alternating 

current. 

Electric machines, in the form of generators, produce virtually all electric power on 

Earth, and in the form of electric motors consume approximately 60% of all electric 

power produced. Electric machines were developed beginning in the mid19th 

century and since that time have been a ubiquitous component of the infrastructure. 

Developing more efficient electric machine technology is crucial to any global 

conservation, green energy, or alternative energy strategy.  

1.2 Classifications 

When classifying electric machines (motors and generators) it is reasonable to start 

with physical principle for converting electric energy to mechanical energy. If the 

controller is included as a part of the machine all machines can be powered by either 

alternating or direct current, although some machines will need a more advanced 

controller than others. Classification is complicated by the possibilities of combining 

physical principles when constructing an electrical machine. 

 

1.2.1 DC Motors 
A DC motor is any of a class of electrical machines that converts direct current 

electrical power into mechanical power. The most common types rely on the forces 

produced by magnetic fields. Nearly all types of DC motors have some internal 
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mechanism, either electromechanical or electronic, to periodically change the 

direction of current flow in part of the motor. Most types produce rotary motion; a 

linear motor directly produces force and motion in a straight line. 

 
                          Figure 1.1: Construction of a typical DC motor 

DC motors are of following types: 

1. Shunt DC motor: The rotor and stator windings are connected in parallel. 

2. Separately Excited motor: The rotor and stator are each connected from a different 

power supply, this gives another degree of freedom for controlling the motor over 

the shunt. 

3. Series motor: the stator and rotor windings are connected in series. Thus the torque 

is proportional to I2 so it gives the highest torque per current ratio over all other dc 

motors. It is therefore used in starter motors of cars and elevator motors 

4. Permanent Magnet (PMDC) motors: The stator is a permanent magnet, so the 

motor is smaller in size. It is only used for low torque applications. 

5. Compounded motor: the stator is connected to the rotor through a compound 
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of shunt and series windings, if the shunt and series windings add up together, 

the motor is called commutatively compounded. If they subtract from each 

other, then a differentially compounded motor results, which is unsuitable for 

any application. 

1.2.2 AC Motors 
AC machines are motors that convert ac electric energy to mechanical energy and 

generators that convert mechanical energy to ac electric energy. The two major 

classes of ac machines are synchronous and induction machines. The field current 

of synchronous machines (motors and generators) is supplied by a separate dc power 

source while the field current of induction machines is supplied by magnetic 

induction (transformer action) into the field windings. 

AC machines differ from dc machines by having their armature windings almost 

always located on the stator while their field windings are located on the rotor. A set 

of three-phase ac voltages is induced into the stator armature windings of an ac 

machine by the rotating magnetic field from the rotor field windings (generator 

action). Conversely, a set of three-phase currents flowing in the stator armature 

windings produces a rotating magnetic field within the stator. This magnetic field 

interacts with the rotor magnetic field to produce the torque in the machine (motor 

action). 

 

        
Figure1.2: Construction of AC Motor 
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• Induction Motor: Voltage is induced in the rotor (thus no need for brushes) of this 

type of motor, but for this to happen, the rotor must rotate at a lower speed than the 

magnetic field to allow for the existence of an induced voltage. Therefore, a new 

term is needed to describe the induction motor: the slip. 

• Synchronous Motor: In this type of motor, the rotor tries to line up with the rotating 

magnetic field in the stator. It has the stator of an induction motor, and the rotor of 

a dc motor. 

 

1.2.3 Other Special Motors 
1. Reluctance motor: A synchronous‐induction motor. The rotor has salient poles 

and a cage so that it starts like an induction motor. Brushless DC runs like a 

synchronous motor. 

2.  Hysteresis motor: Hysteresis produces the torque, can be very tiny, used as the 

driver for electric clocks. 

3. Stepper motor: It is a special type of synchronous motors. It rotates a number of 

degrees with each electric pulse. 

4. Brushless DC motor: A close cousin of a permanent magnet stepper motor with 

electronic controllers. 

5. Universal motor: If a series dc motor has a laminated stator frame, it can run 

effectively from an ac supply as well as dc, this is the universal motor. 

 

1.3 Contents of Thesis 
 

Chapter 2 is comprised of the transverse lux motor concept where transverse flux 

concept has been discussed and a comparison of TFM is made with conventional 

motors. 

Chapter 3 consists different types of TFM configurations with their figure. 

Chapter 4 discusses the finite element method and also introduces the Maxwell 3D 

software along with some simulation done in the Maxwell software. 

Chapter 5 discusses the Magnetic Equivalent Circuit Modelling with equations. 

Chapter 6 discusses the results of the new transverse flux motor that has been 

designed analytically. 

Chapter 7 concludes the whole thesis with future work possibilities. 
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Chapter 2- TFM Concept 

 
2.1 Why Transverse Flux Motor? 

During the recent past years, the to obtain more power from electrical machines with 

space and mass has increased rapidly. In other word the attention of engineers, 

researchers and scientists is drawn towards specific torque output, which is generally 

defined as torque per unit volume or unit mass. Electric vehicle propulsion ship 

propulsion and industrial robots are some of the applications which highly benefit 

from a high specific torque output. 

Introduction of new permanent magnet material with increased remanence flux 

density has increased the specific outputs of electrical machines. However, since the 

stator teeth and the armature conductors compete for the same space, the magnet 

material cannot be fully utilized in conventional electrical machine designs. 

The restriction on the conventional machines and the necessity to increase the 

specific output has led to the development of a new concept of machines called 

transverse flux topology. 

2.2 Transverse Flux Concept 

                               
                Figure 2.1: Simplified Representation of conventional machine. 

In case of rotating machines, the flux lines have to be either radially or axially 

oriented in order- to be perpendicular to the direction of rotation. Then the direction 

of current in conductors has to be either- axially or radially oriented respectively to 

produce a force in the peripheral direction. The first case (Figure 2.1), with radial 
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flux and axial current, includes the synchronous and asynchronous or radial 

machines. 

                                
                 Figure 2.2: Simplified Representation of an axial flux machine 

The second case with the excitation flux in the axial direction and current in the 

radial direction is shown in Figure 2.2. After the description of the magnetic and 

electrical circuits of the basic transverse flux machine topology, a check will be 

made to see whether the transverse flux machine obeys the same rules as the 

previously described machines.  

                          
                Figure 2.3: Basic Topology of Transverse flux machine 

Figure 2.3 shows the basic topology of a transverse flux machine (TFM) and the 3D 

co-ordinate system as used in Figure 2.1. The dashed lines shown in the figure denote 

the path of the flux generated by the current in the winding. Permanent magnets 
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polarized radially are placed around the circumference of the rotor in an alternate 

manner. The second ring of permanent magnets axially displaced and ISO electrical 

degrees rotated relative to the first ring. are placed around the circular winding, one 

core per poll-pair (two magnets) of each ring. The path of the flux from the 

permanent magnets goes radially through the airgap into a leg of C-core, passing 

then axially along U-core, again radially inwards passing the airgap and magnet, and 

finally axially through the flux guiding elements under the magnets completing a 

plane which is parallel to 𝑟𝑂𝑧. The winding lies on the plane rog in the direction of 

motion. This type of the motor is called TFM due to the flux path being transversal 

to the speed vector. 

2.3 Comparison of TFM with Conventional Machines 

The specific output torque of any electrical machine can be either by increasing the 

air gap flux induction or by increasing the current loading of the armature. Increasing 

the airgap flux density requires to increase the teeth width to keep the level of 

saturation in the iron at a reasonable value. Increasing the current loading requires 

to increase the winding area to keep the level of the current density according to 

thermal capabilities. In brief, the strong competition for the same space by the stator 

teeth and the armature conductors sets restrictions to achieve high power- densities 

in the conventional machine arrangements. 

In the basic topology shown in Figure 2.3, the advantage is that the stator teeth (C-

cores) and the armature conductors are not competing for the same space any more. 

The conventional machines have the following features. 

 The total mmf of the winding related to the electric loading, and is limited 

thermally. 

 The maximum flux linkage seen by each turn of the winding is the per pole 

flux. This is inversely proportional to the number of poles and is limited by 

the magnetic loading. 

 The spatial frequency of the magnetic flux directly proportional to the number 

of poles. 

The transverse flux machines have the following characteristics. 

 Larger coil cross sections can be achieved with a favorable slot design. 

 Relatively small pole pitches are possible. 

 The conductor length is relatively small and reduced to the circumferential 

dimension. 

 The magnetically required may be dimensioned with restrictions and does not 

depend (so strongly) on the conductor cross-section. 
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 Since there is interaction between phases, fault in one phase does not bring 

the operation of the machine to standstill. There will be specific torque and 

more torque ripple in case of fault. 

 In designs which achieve the highest specific torque, the magnet pole number 

tends to be high, producing a relatively high operating frequency, and core 

making the machines more suitable for low or moderate speeds. 

 The flux-concentrating configurations are robust, which tends to limit 

operating speed. 

 The power factor is generally low due to high leakage flux. Because of the 

high leakage flux that makes the flux path in third dimension as well, 

powdered soft magnet material are used to construct the stator of TFMs. 
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Chapter 3- TFM Configurations 
 

Laithwaite et al mentioned that although the transverse flux concept was stated in 

1904 and 1934 in German patents they were not developed further since no relative 

advantages were claimed. The publications by Prof. E.R. Laithwaite et al gave a new 

life to the machines with transverse flux for application in railway motored wheels. 

However, all these publications had focused on linear machines. Though the 

possibility of rotary machines with transverse flux concept was mentioned they were 

not discussed in detail due to their 'cumbersomeness'. Prof. H. Weh et al the rotary 

machines with transverse flux for the first time in detail — as far as it is known to 

the author. 

3.1   Transverse Flux Configurations 

 
Different machine configurations have been developed so far. However, the 

geometries are basically a one phase motor that can be transformed in a three phases 

motor without or with a very low magnetic coupling between the three phases. This 

feature simplifies the prediction of the performance of the machines as it can be 

deduced by analyzing single phase machine only. 

 

3.1.1 Single Sided Transverse Flux Machines (SSTFM) 

 

The simple arrangement of the SSTFM configuration shown in Figure 2.3. The 

armature winding is wound peripherally. The flux generated by the armature 

winding is conducted by the stator core pieces placed around the winding. 
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                           Figure 3.1 Single sided Transverse Flux Motor. 

In case of the SSTFM, it is desirable to select an inner stator (outer rotor) concept 

due to following reasons: 

 It is much wiser to wind the copper around the U cores than to fill into a slot 

in the inside of the cylinder. 

 The ratio of airgap diameter to the outer diameter of the machine is greater 

because the rotor is thinner than the stator. This results in a large torque for 

the same volume of the motor. 

The SSTFM is easier to construct than the other TFM arrangements. 

There also another arrangement of the SSTFM which uses iron-bridge pieces and 

rotor magnets separated axially as shown in Figure 3.1. 

This design has the advantage of eliminating unwanted iron material in the rotor. 

The bridges between the stator poles provide shunt paths for the magnet flux whose 

instantaneous linkage with the stator cores would otherwise be counter-productive 

for the torque. All the magnets are used at a given instant. However, there are some 

disadvantages of using the bridge topology. The available window for the stator 

winding is reduced due to the presence of bridges which also leads to the reduction 

of the stator excitation mmf. The bridges also attract significant leakage flux from 

the adjacent stator cores. 
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3.1.2 Double Sided TFM (DSTFM) 

This configuration uses both sides of the rotor magnets. It has, in many ways, better 

performance than the SSTFM configuration. The arrangement of stator elements and 

rotor magnets is shown in Figure 3.2. 

                          
                      Figure 3.2: Double-sided TFM with bridge elements 

The topologies of DSTFM have the active components of the rotor supported in a 

cantilevered arrangement, which seem-s both difficult to construct and tends to be 

mechanically weak unless measures are taken to strengthen the design. 

3.1.3 Double-sided flux-concentrated TFM 

(DSFCTFM) 
Here the rotor magnets are arranged in a flux concentrating geometry, which utilizes 

all of the magnetized magnets. The arrangement is illustrated in Figure 3.3. 

This configuration also suffers from the following drawback: 

The active components of the rotor are supported in a cantilevered arrangement, 

which seems both difficult to construct and can be mechanically weak except the 

variant shown in Figure which is mechanically stronger. 
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  Figure 3.3: Double Sided flux concentrated TFM and its axial view with flux paths. 

3.1.4 Claw-pole configuration 

                 
                               Figure 3.4: Claw-pole stator tooth 

This configuration is basically the same as the SSTFM configuration. However, the 

shape of the stator cores, shown in Figure 3.4, differs from those of the SSTFM. The 

claw pole arrangement which uses the rotor magnets simultaneously has 

performances similar to the SSTFM. However, the overlapping tooth arrangement 

provides a short circuit path for approximately of the useful flux that enters the stator. 

This linkage flux limits the performance of the machine. 
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3.1.4 Z-TFM 
In this configuration, the rotor magnets are magnetized in the radial directions 

similar to the SSTFM configuration, but the shapes of the stator teeth are different. 

Radial sectional views of the two peripherally adjacent stator cores are shown in 

Figure 3.5. This arrangement has the advantage of using all the magnets in the rotor 

unlike the SSTFM, which leads to a higher torque density and a better power factor. 

              
   Figure 3.5: Radial Cross section of peripherally-adjacent stator cores of Z-TFM. 

 

3.2 Conclusions 
In this chapter, most of the basic topologies, namely single-sided TFM double-sided 

TFM, flux-concentrated transverse flux machines were presented. Though the 

single-sided TFM has lower torque density and lower power factor than other 

topologies, it is easier to construct and mechanically robust. Whereas other 

topologies have higher torque density and a better power factor but are difficult to 

construct and can be mechanically weak. The majority of the topologies present 

magnetic circuits that consist of a certain number of small-sized parts. These parts 

can advantageously be made of magnetic powder. 
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 Chapter 4- Finite Element Analysis 
In this chapter a brief introduction is given to the principle of finite element analysis 

(FEA) in electromagnetics and to the 3D FEA software Ansys Maxwell. 

4.1 Introduction to Finite Element Analysis 

Finite element analysis (FEA) is the core of every successful and innovative design 

of electromechanical design. It is based on a numerical calculation method called 

finite element method (FEM) which resolves various multi-physics problems in 

order to obtain the optimal approximate solutions which can improve the 

performance and the quality of any of electromechanical equipment.  

The finite element method (FEM) is used to find approximate solution of partial 

differential equations (PDE) and integral equations. The solution approach is based 

either on eliminating the time derivatives completely (steady state problems), or 

rendering the PDE into an equivalent ordinary differential equation, which is then 

solved using standard techniques such as finite differences, etc. 

 

In solving partial differential equations, the primary challenge is to create an 

equation which approximates the equation to be studied, but which is numerically 

stable, meaning that errors in the input data and intermediate calculations do not 

accumulate and destroy the meaning of the resulting output. There are many ways 

of doing this, with various advantages and disadvantages. The Finite Element 

Method is a good choice for solving partial differential equations over complex 

domains or when the desired precision varies over the entire domain. 

In electromagnetics, the partial differential Equations to define a model is given by 

the complete set of Maxwell 's equations. 

                                                          �⃗� ⋅ �⃗� = 0                                               (4.1) 

                                                          �⃗� ×�⃗⃗� = 𝐽                                                (4.2)                            

Gauss’ Law for electric field: 

                                                

enc

0

E
S

q
d


    E A

                                          (4.3) 

                                                              or  

                                                         0




 E

                                                  (4.4) 

Gauss’ Law for magnetic field: 

                                                 
0B

S
d    B A

                                               (4.5) 

                                                           or          

                                                      0 B     (no magnetic monopole charges) (4.6) 
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Faraday’s Law of Induction: 

                                         C S
d d

t


   

 E s B A
                                                 (4.7) 

                                                         or  

                                                   t


  



B
E

                                                     (4.8) 

Ampere’s Law and Maxwell’s Law of Induction: 

                                      
0 0 0 enc

C S

d
d d i

dt
      B s E A

                                      (4.9) 

                                                       or  

                                              
0 0 0

t
  


  



E
B j

                                              (4.10) 

 

The main steps followed in a typical finite element analysis are shown in the figure 

below:  

 
 

         Figure 4.1: Flow Chart of the steps in finite element analysis 

 

 

4.2 Introduction to Ansys Maxwell 

Maxwell 3D is a high performance interactive software package that uses finite 

element analysis (FEA) to solve electric, magnetostatic eddy current and transient 

problems. 

Definition of the 
model

Discretization into 
finite elements

Solution of the 
model

Processing of the 
results
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Maxwell solves the electromagnetic field problems by solving Maxwell's 

equations in a finite region of space with appropriate boundary conditions and when 

necessary with user-specified initial conditions in order to obtain a 

solution with guaranteed uniqueness. 

The flow diagram used by Maxwell while solving the 3D field problems include 

Meshing, Computing Fields, Error Analysis and Solution. 

 
       Figure 4.2: Flow Diagram Maxwell 3D uses to get the solution of 3D fields 

 
 

 

 

 

 

 

 

Start Solution

Generate Initial 
Mesh

Compute Fields

Perform error 
analysis

Has the Stopping 
Criteria Met

If the Criteria 
doesnot meet

Compute Field, again 
and Refine Mesh

If the criteria is met

Stop Solution
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4.3 Simulations in Maxwell 3D 

4.3.1 Study of PM motor (2004 Prius IPM Motor) 

It is an 8-pole permanent magnet motor with embedded magnets. The single layer 

windings are made of 3 phases. The stator has 48 slots. This motor is public, 

we therefore have the full set of parameters. 

 

     
                   Figure 4.3: 3D Prius Motor drawn in Maxwell 3D 
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                    Figure 4.4: Reduced Portion Used For Simulation 

 

 
 

                      Figure 4.5: Magnetic Flux Density (Saturation) 
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             Figure 4.6: Torque Resulted from the Rotation of the Motor 

 

 
 

                         Figure 4.7: Flux Linkage of the Motor 
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4.3.2 Study of Transverse Flux Motor [1] 

Transverse Flux Motor of the following dimensions obtained from the research in 

[1] is being implemented in Maxwell 3D software. The following figures will show 

the different portions and dimensions of the motor drawn in Maxwell 3D 

environment. 

 
                                               Figure 4.8: Full TFM 
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(a)                                                                 (b) 

Figure 4.9: Stator Parts of the TFM 

 

 

 

 

Stator Geometry  

No. of Poles 30 

No. of Phase 1 

Slot Width 27mm 

Slot Height 10mm 

Slot Material Steel 

Table 4.1: Stator Geometry 
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                               Figure 4.10: Circular Rotor with PMs sandwiched 

 

 

Rotor Geometry  

Number of Poles  30 

Inner Diameter 142mm 

Outer Diameter 225mm 

Thickness 26mm 

Rotor Material  Steel 

 Table 4.2: Rotor Geometry 
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                                   Figure 4.11: Magnet Geometry 

 

Magnet Geometry  

Magnet Material Ferrite 

Relative Permeability 1.05 

Remanence 0.4 

Magnet Thickness 26mm 

Table 4.3: Magnet Geometry 

 

Design Specifications  

Rated Speed 400rpm 

Current Density 5A/sq.mm 

Air Gap 1mm 

Outer Diameter 255mm 

DC Bus Voltage 48V 

Excitation Frequency 100Hz 

Peak Current  105A 

Air Gap Flux Density 1.2T 

Axial Length 80mm 

Table 4.4: Design Specifications 
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Chapter 5- Magnetic Equivalent Circuit 
5.1 Magnetic Equivalent Circuit 
Predicting the parameters and characteristics accurately for electromagnetic devices 

with complex geometry and high saturation can be quite involved and time requiring. 

Even special techniques are required to obtain relatively accurate results with 

advanced numerical methods like finite element method; in particular for design 

refinement or dynamic analysis programs in which repetitive computations are 

required. A method was therefore required which can combine both the speed of the 

conventional method and the flexibility of the FEA method. Magnetic Equivalent 

Circuit is a technique which is used to model electrical machines and can support 

both steady state and dynamic simulations. This method improves the numerical 

calculation and analysis for non-linear magnetic fields of electromagnetic devices. 

This numerical process is based on representation of magnetic material which is 

mainly comprised with a series of permeance elements. In this process, the flux from 

one tube never crosses the walls of the other tube. With the help of Gauss and 

Faraday’s Laws, both Kirchoff’s current law and voltage laws of basic electrical 

circuits are valid in these circuits. Electrical circuit matrix method is implemented 

here by sampling the flux into flux tubes. These are then named as permeance 

elements which gives produces a dual circuit with ampere turn sources. 

The modelling of mmf in this design is made implementing the current carrying coil 

conductor and the permanent magnets. The polarity of the PMs gradually changes 

with the changes of rotor position due to the variation of rotor orientations of the 

magnets embedded in the rotor. For this reason, the calculation of flux has to be done 

very precisely and carefully for every rotation of the rotor. The electromagnetic 

characteristics of the TFM is repetitive and every pole has similar characteristics. In 

MEC approach, magnetic material characteristics and reluctance network based on 

machine geometry provides information about the magnetic saturation and leakage 

for FEA. As MEC technique requires less computational effort, it is much more 

advantageous to use in design optimization, control and modelling when juxtaposed 

to FEA technique. 

The basic equations which determines each elements of the MEC design[23] is 

                                                             𝐹 = 𝜑𝑅                                                 (5.1) 

Where, F, ϕ and R, are mmf, flux and reluctance respectively, and 

                                                             𝑅 =
𝐿

𝜇𝑟𝜇𝑜𝐴𝑐
                                            (5.2)  

Where 𝜇𝑟 , 𝜇𝑜, 𝐴𝑐 and 𝐿 are the relative permeability, the permeability of free space, 

the cross-sectional area, and the length of each elements, respectively. 
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5.2 Modelling of MMF sources: 
Each of the stator winding is modelled as an MMF source 𝐹𝐶 , 

                                                         𝐹𝑐 = 𝑁𝐼                                                (5.3)                                                                                                                                                      
Where 𝑁 is the number of turns and 𝐼 is the phase current. Each permanent magnet 

machine is designed as an MMF source FM in series with an internal reluctance 𝑅𝑀 

[24] where, 

                                                      𝑅𝑀 =
𝐿𝑚

𝜇𝑟𝑚𝜇𝑜𝐴𝑀
                                        (5.4)                         

                                                              𝐹𝑀 =
𝐿𝑚𝐵𝑟

𝜇𝑟𝑚𝜇𝑜
                                            (5.5) 

                                                          𝐴𝑀 = 𝐻𝑀𝐿𝐴                                            (5.6) 

𝜇𝑟𝑚  and 𝐵𝑟  are the recoil permeability and remanence, respectively. 𝐴𝑀  , 𝐿𝑀 , 𝐿𝐴 , 
and 𝐻𝑀 are the cross-sectional area and thickness of the magnets in the direction of 

magnet field orientation, the axial length of the core and length of the magnets in the 

radial direction, respectively. 

 

5.3 Flux Linkage: 
The total flux linking which links the stator winding  𝜆(𝜃) is obtained by 

                                                   𝜑(𝜃) =
𝐹𝐶+𝐹𝑀

𝑅𝑇(𝜃)
                                             (5.7)     

                                                    𝜆(𝜃) = 𝑁𝜑(𝜃)                                          (5.8) 

Where 𝜃 is the rotor position, 𝑅𝑇 is the total machine reluctance including the rotor, 

stator, air gap and leakages. The flux entering the core of the TFM is a part of the 

flux present in the air gap. Armature leakage is the left part of the flux in the air gap 

[25]. Because of the presence of armature flux leakage all the flux that magnets 

produce do not enter the core and actually links the coil[26]. The detailed design for 

the air gap and leakage fluxes are discussed here. 

5.4 EMF: 
The flux through the core calculated earlier provides us with the EMF and so no load 

EMF is generated by the TFM. The EMF 𝑒(𝜃) is given by 

                                                   𝑒(𝜃) = 𝑁 
𝜕(𝜑)

𝜕(𝜃)
                                         (5.9)  

 

 

5.5 Torque: 
Torque in an electrical machine can be defined as the rate of change of magnetic co-

energy of its winding with respect to position [27]. Here MEC model has been 

integrated with virtual work method to envisage the torque in machines using air gap 
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flux information which is obtained during the change of rotor position. The virtual 

work method states that for a rotating machine, torque is given by 

                                                        𝑇 =  
𝜕𝑊′(𝜃,𝑖)

𝜕𝜃
                                    (5.10)  

Where 𝑊′ is the magnetic co-energy stored within the machine which is obtained 

by, 

                                              𝑊′(𝜃, 𝑖) = ∫ 𝜆(𝜃, 𝑖)𝑑𝑖
𝐼

{𝑖=0}
                        (5.11) 

Where 𝜆 is the flux linkage in the coils. It is more convenient in MEC method to 

keep the current constant instead of flux linkage. So the co-energy method is 

preferred here for the calculation of torque. 

5.6 Air Gap Reluctance: 
The flux tube in the air gap is the most vital component in MEC modelling. The 

energy is primarily stored in the air gap of the machine. It is generally difficult to 

establish a closed form of expression for the model as the rotor moves relatively with 

the stator and changes its position. So, the tube dimensions change as a function of 

rotor position. The tube reluctance, 𝑅𝑎𝑖𝑟𝑔𝑎𝑝 which is a function of tube length,𝐿 

cross-section area, 𝐴𝑐 and magnetic permeability 𝜇 inside the tube [27] is given by, 

                                                    𝑅𝑎𝑖𝑟𝑔𝑎𝑝 =  
𝐿

𝜇𝑜 𝐴𝑐(𝜃)
                                     (5.12) 

                                                           𝑑𝑅 =  
𝑑𝑥

𝜇𝐴𝑐(𝜃)
                                        (5.13)  

                                                             𝑅 = ∫
𝑑𝑥

𝜇𝐴𝑐(𝜃)
                                     (5.14)  

In general cases, the volume of the tube between the plates has a non-uniform or 

cross-sectional area. For such conditions, the volume of the tube is discretized to 

differential tube reluctance where 𝑑𝑥 is the differential tube length and 𝐴𝑐(𝜃) is the 

cross sectional area. The two components are then derived analytically. The total 

tube reluctance is calculated by the integration of differential reluctance over the 

entire tube length. The different types of reluctances that has been considered for the 

modelling of the machine are variable air gap reluctance, complete and partial pole 

overlap fringing reluctance, stator core fringing reluctance and winding leakage 

reluctance. 

 

A) Variable Air Gap Reluctance: 

There are usually two components for the variable air gap reluctance across the 

overlapping poles which depends upon the pole position. When the rotor changes 

position same stator pole can experience two different rotor poles with alternate flux 

paths. The sum of the two flux paths produced from the different overlapping rotor 

poles give the net flux path. 
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                       Figure 5.1: Variable Air Gap Reluctance 

 

 

 

B)  Partial Overlapping Fringing Reluctance: 

                                          
                   Figure: 5.2 Partial Overlapping Fringing Reluctance 

The fringing field is portrayed as 90⁰ wedge curve lines coming out of one pole and 

entering the side of the overlapping pole when there is partial overlap between the 

rotor and stator poles[26]. It is calculated by, 

                                      𝑅𝑝𝑜𝑣𝑒𝑟𝑙𝑎𝑝1 =
2𝜋(𝑠ℎ𝑎𝑓𝑡+𝑙𝑝1)

8(𝜇𝑜𝑝)(𝑠ℎ𝑎𝑓𝑡)(𝑙𝑝1)
                              (5.15) 

                                      𝑅𝑝𝑜𝑣𝑒𝑟𝑙𝑎𝑝2 =
2𝜋(𝑠ℎ𝑎𝑓𝑡+𝑙𝑝1+𝑚𝑎𝑔𝑖𝑛+𝑙𝑝2)

8(𝜇𝑜𝑝)(𝑠ℎ𝑎𝑓𝑡+𝑙𝑝1+𝑚𝑎𝑔𝑖𝑛)(𝑙𝑝1)
            (5.16) 
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C)  Complete Pole Overlapping Fringing Reluctance: 

                                                   
             Figure 5.3: Complete Pole Overlapping Fringing Reluctance 

At the time of complete overlapping between the rotor and stator poles, the flux tube 

is approximated by an 180 degree semicircle [26] as calculated by, 

                                                       𝑅𝑜𝑣𝑒𝑟𝑙𝑎𝑝1 =
2

𝑅𝑜𝑣𝑒𝑟𝑙𝑎𝑝1
                            (5.17) 

                                                     𝑅𝑜𝑣𝑒𝑟𝑙𝑎𝑝2 =
2

𝑅𝑜𝑣𝑒𝑟𝑙𝑎𝑝2
                              (5.18) 

D)  Stator Core Fringing Reluctance: 

The possible flux paths through the air gap and the fringing paths around the air gap 

of the stator core is numbered serially from 1 to 4. 

The semicircular line number 1 denotes the fringing path between the two stator pole 

faces. Assuming that the fringing between the planes form a volume of half annulus, 

the reluctance of fringing between planes is given by, 

                                   𝑅1 =
𝜋

𝑝𝜇𝑜(𝑟𝑤2) log((𝑜.5𝑙𝑔+ℎ𝑟𝑦)/0.5lg ) 
                       (5.19) 

The line 2 denotes the fringing between the two vertically-aligned parallel edges 

forming a volume of a quadrant of a spherical shell. The reluctance for fringing 

between these two parallel edges is given by 

                                                     𝑅2 =
4.34

𝑝𝜇𝑜(𝑟𝑤2)
                                     (5.20) 

Line 3 denotes the fringing between two aligned edges forming a volume of 

semicircular cylinder. The fringing reluctance between two aligned edges can be 

approximated by, 

                                                𝑅3 =
4

𝑝𝜇𝑜ℎ𝑟𝑦
                                             (5.21) 



30 

 

The final line 4 represents the fringing between the corners of the pole faces forming 

a volume of spherical quadrant. The reluctance is given by, 

                                             𝑅4 =
6.5

𝑝𝜇𝑜(0.5𝑙𝑔)
                                            (5.22)        

 

E) Winding Leakage: 

By using Biot-Savart law, the flux 𝜑𝑤 leaking the conductor can be calculated which 

is a function of the conductor radius 𝑅𝑐. The reluctance of the winding leakage 𝑅𝑤 

given by 

                                                𝑑𝜑𝑤 = 𝑑𝐵𝐴𝑐𝑜𝑖𝑙                                       (5.23) 

                                                  𝜑𝑤 =  ∫ 𝑑𝜙 = 
𝜇𝑜𝑁𝐼𝑅

12

𝜋

3
0

                           (5.24) 

                                                  𝑅𝑤 =  
𝜑𝑤

𝑁𝐼
                                               (5.25) 

Where 𝐴𝑐𝑜𝑖𝑙 is the cross-section area of the coil. 
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Chapter 6- Transverse Flux Motor 
A new design has been established following the work of [1]. This new motor 

includes few modifications from the original work. The new TFM was designed in 

FLUX 3D software and the FEM analysis was performed on it. An analytical model 

was developed in Matlab Environment to match the properties of the motor obtained 

from the FEM analysis. 

6.1. Geometry of TFM 

6.1.1 Rotor Geometry: 
 

 

 

 

 

 

 

 

                                      

                                     

 

 

                                               Figure 6.1 Rotor of New TFM 

The rotor of the new TFM design consists of four permanent magnet parts. Each of 

the PM is sandwiched between the rotor poles. The rotor poles are made up of Steel 

and the permanent magnets are made up of Ferrite. The total number of rotor poles 

present in the TFM is 30. The height of the rotor is 26mm. 
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6.1.2 Stator Geometry: Each of the stator part is made up of steel like 

rotor parts. The height of the stator slot is 24m and the inner height is 17mm. The 

stator is of U-shape. The number of poles in the stator part is 15 but the stator is 

distributed alternatively in both the sides of the rotor. 

 

 

 
                                    

                                        

 

 

 

 

 

 

                                   Figure 6.2: Stator of New TFM 

6.1.3 Magnet Geometry: 
 

 

 

 

 

 

 

                             

 

                         

 

 

 

 

 

 

 

                             Figure 6.3 Magnet Geometry of New TFM 

 

The magnet used in this TFM is permanent magnet and the material used for PM is 

ferrite. The relative permeability is 1.05 and the remanence of the magnet is 0.4. The 

24mm 17 m

8.664m
m 

10mm 7mm 

10mm 
8.664m
m 

7mm 
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PMs sandwiched between two rotor arcs are of 10mm in length. The outer rotor arc 

contains PM of 7mm length and the inner arc rotor contains PM of 8.664mm.  

The magnets are well directed in this TFM for completing the electrical equivalent 

circuit and have been provided with proper directions before conducting simulations. 

Each of the pink and green magnets are directed in opposite directions as well as the 

blue and the yellow PM parts. This alternate configuration in the direction allows 

the modular TFM to have once complete circuit. 

 

 

 

 

 

 

 

                               

 

 

 

 

 

 

 

                                 Figure 6.4: Permanent Magnet Directions 
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6.1.4 FULL TFM: 

 
                              Figure 6.5: The full structure of TFM 

6.2 Magnetic Equivalent Circuit of New TFM 
The analytical circuit is modelled using the equations described in the previous 

chapter. The modelling does not include saturation calculation. The modelling 

includes no load modelling and loaded modelling. The new magnetic equivalent 

circuit of the new design is given below: 
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                          Figure 6.6: Magnetic Equivalent Circuit for one TFM pole 

R1= Winding Leakage Reactance 

R2,R3,R5,R6= Stator Iron Reluctance 

R9,R10,R12,R13=Rotor Iron Reluctance 

R11=Permanent Magnet Reluctance 

R8,R15= Air Gap Fringing Reluctance 

R7,R14= Air Gap Overlap Reluctance 

NI= MMF from coil conductor 

FPM= MMF from permanent magnet  
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6.3 Results 
The MEC and 3D FEA model was based on dimensions stated before. The no-load 

flux linkage and EMF was determined for different rotor positions. Flux linkage and 

torque was also determined for different rotor positions while the coil conductor with 

different values of current for non-saturated conditions. 

6.3.1 Flux Linkage, EMF and Torque at no load 

 
                Figure 6.7: Flux Linkage comparison at 0A current or no load 

 
                 Figure 6.8: Back EMF comparison at 0A current or no load 
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                               Figure 6.9: Torque at no-load condition 

 

 

6.3.2 Flux Linkage, EMF and Torque at different Loads 

 
Figure 6.10: Torque generated at different loading conditions with respect to angular 

positions. 
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Figure 6.11: Flux Linkage at different loading conditions with respect to angular 

positions. 

 

6.3.3 Torque at Full Load Condition 

 
                                     Figure 6.12: Full Load Current Input 
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                                        Figure 6.13: Full Load Torque. 

 

 

6.3.4  Phase Cogging Torque 
 

 
                           Figure 6.14: Phase Cogging Torque 
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 Chapter 7- Conclusion 

7.1 Future Works 
In this work, it has been shown how analytically we can model a Transverse Flux 

Motor with minimum air-gap and less material and size. This work can be extended 

and developed to build stronger MEC model to apply saturation. Different 

optimization algorithms can be used to maximize the torque within a certain 

constraint of the geometries and dimensions. Algorithms like Genetic Algorithm, 

Particle Swarm Optimisation, MPSO etc have already proven to be successfully 

achieve results with less error. Nature inspired other algorithms can also be used in 

this Case. A prototype can be built to improve its performance. It could be interesting 

to study other topologies with an adapted analytical modelling.   

7.2 Conclusion 
A single phase, 1KW, 400 rpm Transverse Flux Motor has been analytically 

modelled here. The 3D model was developed using Flux 3D software. A dynamic 

MEC approach has allowed us to model the motor for its dimension and performance 

analysis with reduced computational resources. TFM requires magnets with high 

remanence in order to have high torque density. At the same time the torque density 

and the power factor are coupled inversely. The power factor of the transverse flux 

machine can be improved by sacrificing the torque density.  
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