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Abstract x&

According to the advantages of consequent pole machines, this paper presents aJfast analytical model for
estimating the components of the PM flux density distribution in the air gap fofap axial flux permanent magnet
consequent pole generator (AFPM-CP). The sample generator has a doublgssided structure with a sector coil and
poles. N identical poles (with only identical N poles in sequence and i es between them) are installed on
the rotor, and the stator is placed between the rotors. The stator co of’coils that are wrapped concentrically
around the teeth. A one-dimensional analytical solution based o gnetic equivalent circuit method and a
two-dimensional analytical solution based on the finite element were presented to predict the performance
characteristics of a three-phase AFPM-CP under no-load ope% conditions. The effects of the stator slots have

S

been studied using the air gap and flux path function etI‘oE P r verification purposes, the magnetic equivalent
circuit (MEC) analytical results are compared Wit e finite element method (FEM). To further validate

the MEC analytical and FEM results, 3D-FEM analysis jaas also been performed. This means that the proposed
MEC method is effective for the AFPM-CP maghine.

Keywords: Equivalent Circuit etfwite Element Method, Axial Flux Machine, Permanent Magnet,
Consequent pole, Generator
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Axial flux perman agpet machines are attractive for applications such as electric vehicles, marine industries,
aerospace industsi ergy storage devices, power generation, and other industrial applications [1,2,3]. These
machines ari opvincing alternative to conventional radial flux machines due to their features such as compact

1-Introduction

structure, ghort) axial length relative to the outer diameter, lightweight, large power/torque density, low losses,
hig icieley, the ability to integrate quickly and easily with other mechanical equipment and the possibility of
incre e number of poles [4,5,6,7]. Axial flux permanent magnet machines have different types of structures
based'on the placement of magnets, slots, cores, coils, and multi-stage. These machines can generally be classified
into three categories: single-sided, double-sided, and multi-stage [8].

Single-sided machines consist of one rotor and one stator; the force of attraction between the rotor and the stator
in these machines causes unbalance. Multi-stage machines consist of several rotors and stators that are placed in
a row, which increases the axial length of the machine. Changing the number of rotors and stators makes it
possible to change the torque based on the axial length [9]. Double-sided machines are divided into two categories:
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Axial flux internal rotor (AFIR) and Axial flux internal stator (AFIS). Both categories are superior in terms of
production to single-sided and multi-stage machines because, on the one hand, almost no axial magnetic attraction
occurs and, on the other hand, they have a simpler structure than multi-stage machines [10,11,12].

The double rotor structure will be a solution to overcome the axial magnetic attraction force because the net axial
force on the rotor is about zero. In addition, it leads to achieving higher power density [13]. In the AFIS structure,
the stator is placed in the center, and the permanent magnet rotors are on its sides, which results in feWwd
windings in the stator. This reduction significantly improves the machine's efficiency [14].

The axial flux permanent magnet consequent pole machine has several advantages, such
consumption of rare-earth permanent magnets, minimizing environmental hazards, low
manufacturing costs while maintaining better performance, and featuring a simple and r ructure. It also
has a simple rotor construction, simple winding, very low cogging torque, and favorable al characteristics.
Additionally, it has lower losses and higher efficiency, making it possible to achi a&timent and economical
machine [15,16].

With the introduction of various structures of electrical machines and th@neﬁ@nudy them in detail, analytical
methods have received more attention. By using analytical methods esign and modeling of electric
machines, it is possible to explore the structure of electrical machine % ter detail. Analytical methods can
accurately show the effect of different parameters on the performar@an electric machine [17,18].

Most analytical methods are based on solving one-dimensiéhal or two-dimensional (2D) equations. Among
the one-dimensional (1D) analysis techniques, the MEC a ing function (WF) methods are more common.
MEC and WF are widely used to calculate the Io%ﬁeraﬁon and armature reaction, respectively [17].
However, the accuracy of the MEC and WF metho ed in the magnetic flux calculation along the irregular
flux path [19].

The 2D analytical solution of the Maxwell tions results in higher accuracy in predicting electromagnetic
quantities. For instance, the cogging to. becalculated by the net lateral force (NLF) method or the Maxwell
stress tensor; however, the Maxwell str nsor has higher accuracy compared to NLF, and Maxwell stress

tensor techniques are based on 1
techniques are sub-domain (SD)
(VSCs) [18,21,25], which are

stator/rotor structures. &

nd 2D models, respectively [20]. Some of the well-known 2D analytical
2,23], conformal mapping (CM) [17,24], and virtual surface currents
compute the air-gap magnetic flux density in electric machines with slotted

Reference [26] propos % analytical model (AM) for predicting air-gap magnetic flux density in an axial flux
permanent magnet@ﬂ e with a yokeless and segmented armature under the stator module misalignment fault.
The finite ele hod for AFPM machines causes a large computational burden during simulation. Thus,
Reference poses an improved magnetic equivalent circuit method to predict the performance of
segmented@)ach AFPM machines, which can consider the different magnetization directions of Halbach PMs.

and tooth-tip leakage flux of AFPM machines with different slots and poles have been analyzed and
resear d Firstly, the air-gap leakage coefficient is derived based on the equivalent magnetic circuit model with
different slot and pole combinations. Then, the tooth-tip leakage coefficient is calculated using the analytical
method and compared with the finite element method [28].

Although the high accuracy of the 3D analytical method is considered an advantage over other analytical methods,
the need for extensive analysis time and software skills to use this method is one of its disadvantages. In contrast,
analytical methods are very fast and do not depend on software skills.
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In this article, a three-phase axial flux permanent magnet generator with a consequent pole structure (AFPM-CP)
is analyzed using one-dimensional and two-dimensional analysis methods, with magnetic equivalent circuit
methods and finite element analysis methods, respectively. The 3D-FEM analysis has also been used for further
validation and comparison of the results

2- Introduction of the analyzed generator

o
The schematic structure of the proposed axial flux permanent magnet generator with a consequen Qshown

in Figure 1. It consists of a double-sided structure with two rotors and one stator. This model h impfle structure
for manufacturing and also reduces the consumption of magnets, which lowers production tooth-wound
winding is wrapped around the iron teeth of the stator and is placed between the two ro jth an air gap of 1

mm. The iron used for the teeth and the rotor has a relative permeability of 4,0 a%ulk conductivity of
10,300,000 Siemens/m. &

Sector-shaped magnetic poles made of Nd-Fe-B magnets are placed on thg diWed rotor, and instead of using
magnetic S poles, iron poles (of the same type as the rotor) are used. Theadimensions of the N and S poles are
equal. Figure 2 shows the arrangement of machine components from top’view. In this machine, the rotors
rotate while the stator remains stationary. If Figure 2 includes the t 71t cannot show the internal elements
like teeth and windings. To address this, we hide the top layer to objects visible. Figure 3 illustrates the
configuration of machine poles and flux paths in the proposed r. The primary flux path is represented by
solid red lines, while the leakage flux paths are denoted by dNe( ed lines.

The voltage of each phase of the generator is obtal the sum of the voltages of two sets of 60-turn
concentrated coils connected in series, as shown Igure 4. Eight types of NdFe35 permanent magnets have
been used as magnetic poles. Figure 5 illustratgs the’sChematic of the analytical model with a linear structure,
where the sector poles are represented as rectangles. The sector-shaped poles are arranged in an N-iron structure.
The general specifications of the AFP%e ator are listed in Table 1.

3- Magnetic equivalent circuit a@s method

The 2-dimensional struct (@ axial flux permanent magnet consequent pole slotted and slot-less generator
at a radius of 30 mm is shewn In Figures 6 and 7, respectively. The process begins by analyzing the flow of
magnetic flux within t erator, which can be divided into distinct paths, such as through the rotor, stator, and
air gap. In the ME these paths is represented by a reluctance element. The rotor reluctance accounts for
the resistance to | magnetic flux in the rotor material, while the stator reluctance corresponds to the flux
resistance in tr%or material. The air gap reluctance represents the resistance in the air gap, where the magnetic
flux passe n the rotor and stator. Additionally, the leakage reluctance model accounts for the flux that
does not cmute to useful work but instead leaks across the poles.

The ryagnetic flux in the system follows a path from the magnets to the rotor, through the stator and air gap,
completing the circuit. The reluctances are then combined into an equivalent circuit, where the flux is distributed
according to the reluctance of each path. Figure 8 shows the main magnetic equivalent circuit of the slot-less
structure, while Figure 9 provides a simplified version of this MEC for easier understanding. With the assumption
of linear magnetic behavior and by neglecting saturation effects, the magnetic flux value is determined using
Equation (1).
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The coefficient k, value is defined in equation (3){If gme the relative permeability of the stator and rotor
iron to be infinite, the equivalent circuit will be as s in Figure 11, and the flux value will be obtained as in
equation (4). Additionally, the air gap flux density is determined using Equation (5).
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In the above equations, r., B,, n, k, A_,and A, represent the rotor radius, pole flux densi &r of machine

layers, leakage correction factor, average magnet area, and air gap of a pole, respec iv&e tionally, 1, and I,
re

denote the magnet thickness and the length of the air gap along the tangent ctively. In the above
equations, p, is the magnetic permeability coefficient, which is almost equal to one.

'O

4- Analysis with considering slot effect 0

The length of the air gap in slot-less machines is constant, but in slo?ator machines, the main part of the flux
tends to pass through the teeth of the stator, while a small part (@ X enters the open area of the stator teeth.
There are different methods to consider the stator slot effect: s the permeability function [29], the air gap
function [30], and the flux path function [20], with similar undetlying principles. In the air gap function method,
the air gap is defined as a function. The value of th@ under the stator slot is equal to the height of the slot
o £l

opening. In addition, the height of the air gap is (h , and under the tooth, it is equal to the height of the air

gap (l,,). Figure 12 shows the flux passing path{n the air gap function method.

In reality, the flux density lines' path,@s nsidered in the flux path function method, is shown in Figure
13. Roughly, it can be said that th&flux density lines in the open area of the stator slot travel a length equal to a
gity equation (4) is zero-dimensional, and the MEC method is also a zero-
dimensional analytical methgd”If*We consider the flux density distribution in the air gap according to the
¥0n (6), the air gap flux density diagram in the vertical direction in terms of ot is

obtained. g
BX(0.0)= 3 o &sif("P)cosnz(0-6))  (6)

in Equatio@ 0, represents the rotor position, and « is the relative length of the magnet arc, which is considered
equ?% in this paper. Also, the air gap function under the teeth and the slot is given in Equations (7) and

(8), respectively.

I,(0)=1, ()

1,(0) =1, +h, (8)



In the above equations, |, is the height of the air gap, and h, is the height of the opening of the slot. Using an

analytical method, Figure 14 shows the slot-less machine's vertical flux density diagram in the air gap. The length
of the air gap in Equation (5) is considered to be 1mm. To validate the results, the analysis has also been
performed using a 2-D and 3-D method. As seen in Figure 15, the red line represents the 3-D finite element
analysis, the blue line represents the 2-D finite element analysis, and the black line represents the magnetic
equivalent circuit analysis. It can be observed that the results of the three methods overlap very well.

Due to the large size of the stator slots, we have considered their effect as a combination of both a|r
and flux path function methods. The flux path and the air gap length are shown in Figures 16 and 1

If the flux density in terms of 6 is obtained from Equation (6), and the air gap is defined as a f then using
an analytical method, the air gap flux density diagram in the vertical direction, conside %Iot effect, is

obtained in Figure 18.
To validate the results, the analysis has also been performed using 2-D and 3- D&&As seen in Figure 19,

the red line represents the 3-D finite element analysis, the blue line represents t: e 2-D finite element analysis, and

the black line represents the magnetic equivalent circuit analysis. It can ®e obgefwed that the results of the three

methods overlap very well.

Due to the numerous advantages of consequent pale r@ es—such as reduced consumption of rare-earth
permanent magnets, lower environmental hazar reased material and manufacturing costs, improved
performance, simple and robust structure, simple rotQr€onstruction, simple winding, very low cogging torque,
favorable electrical characteristics, lower losseS, and higher efficiency—this article investigates and analyzes a

sample of an axial flux generator with % t pole structure.

4-Conclusion

A 1-D analytical solution based og th method and a 2-D analytical solution based on the FEM method
were presented to predict the %mance characteristics of a three-phase axial flux permanent magnet
consequent poles generator at operating conditions. The 3D-FEM analysis has also been used for further
validation. The generator @IS performed in two modes: slotted and slotless. In the slot mood, due to the
large size of the stator e|r effect has been considered as a combination of both the air gap function and
flux path function : In the slotless mood, the length of the air gap is considered equal to 1 mm. By
comparing the res n see that adding a tooth to the machine increases the flux linkage and, as a result,
improves the @ency of the machine. As is known, the proposed method has high accuracy, is faster than
numerical based on iteration, and is effective for the AFPM-CP machine.
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Figure:
Fig 1. Structure of the proposed model
Fig 2. Top view of the proposed model

Fig 3. Magnetic linkage and leakage flux path

Fig 4. Coils arrangement O
)

Fig 5. Schematic of analytical model with linear structure

Fig 6. The structure of the slotted machine in the radius of 30 mm ,Q

Fig 7. The structure of the slot-less machine in the radius of 30 mm

Fig 8. The main MEC of the slot-less machine x&’
Fig 9. The simplified MEC of the slot-less machine .

Fig 10. The MEC of the slot-less machine without leakage reluctance ,\(b

Fig 11. Equivalent circuit of machine with simplified structure &

Fig 12. Flux passing path in the air gap function method ° 0

Fig 13. Flux passing path in the open area N

Fig 14. Vertical flux density diagram in slot-less machine byzéna 'Qethod

Fig 15. Vertical flux density diagram in slot-less machine

Fig 16. Flux path in slotted machine

Fig 17. Air gap length in slotted machine @

Fig 18. Vertical flux density diagram in machine by analytical method

Fig 19. Vertical flux density diagra ed machine
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Table 1. Characte'bi@on equent pole permanent magnet generator



Biographies

Mahmoud Marousi Noushabadi was born in Kashan, Iran, on 1989. He received a B.Sc. degree in electrical
engineering from Technical and Vocational University, Kermanshah, Iran, in 2012 and an M.Sc. degree in
electrical power engineering from Islamic Azad University, Kashan, Iran in 2016. He is currently a Ph.D%ﬂﬂt
in Electrical Power Engineering at Islamic Azad University, Kashan, Iran. His special fields of.inte@ ude
designing, analyzing, and optimizing electric machines and hybrid vehicles. \

e

Saeid Javadi was born in Aran and Bidgol, Iran, on March 21, 1969. He receive Qc. degree in
communication engineering and the M.Sc. and Ph.D. degrees in electrical power,en g&; from Amirkabir
University of Technology, Tehran, Iran, in 1992, 1999 and 2010, respectivelySle urrently an Assistant
Professor in the Department of Electrical and Computer Engineering, Kashan Brancgtslamic Azad University,
Kashan, Iran. His special fields of interest include the design, analysis and opgiization of electric machines and
hybrid vehicles. e z‘b'

&s in electrical engineering from the

ytechnic), Tehran, Iran, in 2003, 2005,
ectrical Engineering Department, Padova
neering, Shahrekord University, Shahrekord,
sociate Professor from 2016 to 2020. He had a
y, France in GREEN Lab. He has been a Full Prof.
ests include modeling, design, analysis, optimization, and
generators.

Samad Taghipour Boroujeni received the B.Sc., M.Sc., and Ph.
Department of Electrical Engineering, Amirkabir University (Te
and 2009, respectively. In 2008, he was a Visiting Scholarewit
University, Padova, Italy. In 2009, he joined the Department
Iran, as an Assistant Professor, where he was servi
postdoctoral carrier in 2018-2020 in Lorrain Univ
since 2020 at Shahrekord University. His research
control of electrical machines, especially variabje-sp

List of Figure: @

1- Back Iron
2-Iron
3-Stator
4-N Pole
5-Rotor

10


https://b.sc/
https://m.sc/

Fig 1. Structure of the proposed model
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Fig 4. Coils arrangement
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Fig 6. The structure of the slotted machine in the radius of 30 mm
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Fig 9. The simplified MEC of the slot-less machine
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Fig 11. Equ circuit of machine with simplified structure
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Fig 12. Flux passing path in the air gap function method
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Fig 14. Vertical flux density diagram in slot—@uine by analytical method
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Fig 16. Flux path in slotted machine
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17

160

180



List of table:

Table 1. Characteristics of consequent pole permanent magnet generator

QQ’Q

O

Parameter Values
Number Of Phases 3
Number Of Coils 6

Neoil 60
Ns phase 120
Wire Diameter 0.75 (mm)

Number Of Poles (NdFe35)

Brem Residual Flux Density Of PM

Outer Radial Length Of PM

Inner Radial Length Of PM

Permanent Magnet Arc Arfgel W 43°
Distance BetV@P es g 2°
Pole Thih? 10 (mm)
Thickness{Of Back Iron 10 (mm)
Olgr C'us Back Iron Disc 55 (mm)
AxiaP¥Fength Of Generator 52 (mm)
Air Gap 1 (mm)
&@ Outer Radial Length Of Coil (ro) 54.5 (mm)
Inner Radial Length Of Coil-1 (ri) 44.5 (mm)
Inner Radial Length Of Coil-2 (rii) 12 (mm)
Coil Width 10 (mm)
Coil Height 10 (mm)
Coil Arc Angele 57°
Tooth Length 19.75 (mm)
Tooth Width 2.5 (mm)
Tooth Arc Angele 54°
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