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Magnetic Equivalent Circuit Method for Analysis of PM Flux Distribution in Axial Flux 

Permanent Magnet Consequent Pole Generator 

 

 

 

Abstract 

According to the advantages of consequent pole machines, this paper presents a fast analytical model for 

estimating the components of the PM flux density distribution in the air gap for an axial flux permanent magnet 

consequent pole generator (AFPM-CP). The sample generator has a double-sided structure with a sector coil and 

poles. N identical poles (with only identical N poles in sequence and iron poles between them) are installed on 

the rotor, and the stator is placed between the rotors. The stator consists of coils that are wrapped concentrically 

around the teeth. A one-dimensional analytical solution based on the magnetic equivalent circuit method and a 

two-dimensional analytical solution based on the finite element method were presented to predict the performance 

characteristics of a three-phase AFPM-CP under no-load operating conditions. The effects of the stator slots have 

been studied using the air gap and flux path function methods. For verification purposes, the magnetic equivalent 

circuit (MEC) analytical results are compared with those of the finite element method (FEM). To further validate 

the MEC analytical and FEM results, 3D-FEM analysis has also been performed. This means that the proposed 

MEC method is effective for the AFPM-CP machine. 

 

Keywords: Equivalent Circuit Method, Finite Element Method, Axial Flux Machine, Permanent Magnet, 

Consequent pole, Generator 

 

1-Introduction 

Axial flux permanent magnet machines are attractive for applications such as electric vehicles, marine industries, 

aerospace industries, energy storage devices, power generation, and other industrial applications [1,2,3]. These 

machines are a convincing alternative to conventional radial flux machines due to their features such as compact 

structure, short axial length relative to the outer diameter, lightweight, large power/torque density, low losses, 

high efficiency, the ability to integrate quickly and easily with other mechanical equipment and the possibility of 

increasing the 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 fewer end 

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 as reducing the 

consumption of rare-earth permanent magnets, minimizing environmental hazards, lowering material and 

manufacturing costs while maintaining better performance, and featuring a simple and robust structure. It also 

has a simple rotor construction, simple winding, very low cogging torque, and favorable electrical characteristics. 

Additionally, it has lower losses and higher efficiency, making it possible to achieve an efficient and economical 

machine [15,16].  

With the introduction of various structures of electrical machines and the need to study them in detail, analytical 

methods have received more attention. By using analytical methods in the design and modeling of electric 

machines, it is possible to explore the structure of electrical machines in greater detail. Analytical methods can 

accurately show the effect of different parameters on the performance of an electric machine [17,18]. 

Most analytical methods are based on solving one-dimensional (1D) or two-dimensional (2D) equations. Among 

the one-dimensional (1D) analysis techniques, the MEC and winding function (WF) methods are more common. 

MEC and WF are widely used to calculate the no-load operation and armature reaction, respectively [17]. 

However, the accuracy of the MEC and WF methods is reduced in the magnetic flux calculation along the irregular 

flux path [19]. 

The 2D analytical solution of the Maxwell equations results in higher accuracy in predicting electromagnetic 

quantities. For instance, the cogging torque can be calculated by the net lateral force (NLF) method or the Maxwell 

stress tensor; however, the Maxwell stress tensor has higher accuracy compared to NLF, and Maxwell stress 

tensor techniques are based on 1D and 2D models, respectively [20]. Some of the well-known 2D analytical 

techniques are sub-domain (SD) [21,22,23], conformal mapping (CM) [17,24], and virtual surface currents 

(VSCs) [18,21,25], which are used to compute the air-gap magnetic flux density in electric machines with slotted 

stator/rotor structures. 

Reference [26] proposes an analytical model (AM) for predicting air-gap magnetic flux density in an axial flux 

permanent magnet machine with a yokeless and segmented armature under the stator module misalignment fault. 

The finite element method for AFPM machines causes a large computational burden during simulation. Thus, 

Reference [27] proposes an improved magnetic equivalent circuit method to predict the performance of 

segmented-Halbach AFPM machines, which can consider the different magnetization directions of Halbach PMs.  

The air-gap and tooth-tip leakage flux of AFPM machines with different slots and poles have been analyzed and 

researched. 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 

The schematic structure of the proposed axial flux permanent magnet generator with a consequent pole is shown 

in Figure 1. It consists of a double-sided structure with two rotors and one stator. This model has a simple structure 

for manufacturing and also reduces the consumption of magnets, which lowers production costs. A tooth-wound 

winding is wrapped around the iron teeth of the stator and is placed between the two rotors with an air gap of 1 

mm. The iron used for the teeth and the rotor has a relative permeability of 4,000 and a bulk conductivity of 

10,300,000 Siemens/m. 

Sector-shaped magnetic poles made of Nd-Fe-B magnets are placed on the disc-shaped rotor, and instead of using 

magnetic S poles, iron poles (of the same type as the rotor) are used. The dimensions of the N and S poles are 

equal. Figure 2 shows the arrangement of machine components from the top view. In this machine, the rotors 

rotate while the stator remains stationary. If Figure 2 includes the top layer, it cannot show the internal elements 

like teeth and windings. To address this, we hide the top layer to make all objects visible. Figure 3 illustrates the 

configuration of machine poles and flux paths in the proposed generator. The primary flux path is represented by 

solid red lines, while the leakage flux paths are denoted by dashed red lines. 

The voltage of each phase of the generator is obtained from the sum of the voltages of two sets of 60-turn 

concentrated coils connected in series, as shown in Figure 4. Eight types of NdFe35 permanent magnets have 

been used as magnetic poles. Figure 5 illustrates 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 AFPM-CP generator are listed in Table 1. 

 

3- Magnetic equivalent circuit analysis method 

The 2-dimensional structure of the axial flux permanent magnet consequent pole slotted and slot-less generator 

at a radius of 30 mm is shown in Figures 6 and 7, respectively. The process begins by analyzing the flow of 

magnetic flux within the generator, which can be divided into distinct paths, such as through the rotor, stator, and 

air gap. In the MEC, each of these paths is represented by a reluctance element. The rotor reluctance accounts for 

the resistance to the flow of magnetic flux in the rotor material, while the stator reluctance corresponds to the flux 

resistance in the stator material. The air gap reluctance represents the resistance in the air gap, where the magnetic 

flux passes between the rotor and stator. Additionally, the leakage reluctance model accounts for the flux that 

does not contribute to useful work but instead leaks across the poles. 

The magnetic 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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In this equation, rR , sR , mR , gR   , and lR  represent the rotor iron reluctance, stator reluctance, internal reluctance 

of the magnet, air gap reluctance, and leakage path reluctance between the two poles, respectively. The effect of 

leakage reluctance can be accounted for using a coefficient, allowing the magnetic air gap flux equation to be 

simplified, as shown in Equation (2). In this case, the equivalent circuit structure without leakage reluctance is 

illustrated in Figure 10. 
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The coefficient 1k value is defined in equation (3). If we assume the relative permeability of the stator and rotor 

iron to be infinite, the equivalent circuit will be as shown 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, 
rr , pB , n , k , 

mA , and gA  represent the rotor radius, pole flux density, number of machine 

layers, leakage correction factor, average magnet area, and air gap of a pole, respectively. Additionally, ml and gl  

denote the magnet thickness and the length of the air gap along the tangent line, respectively. In the above 

equations, r is the magnetic permeability coefficient, which is almost equal to one. 

 

4- Analysis with considering slot effect 

 

The length of the air gap in slot-less machines is constant, but in slotted stator machines, the main part of the flux 

tends to pass through the teeth of the stator, while a small part of the flux enters the open area of the stator teeth. 

There are different methods to consider the stator slot effect, such as the permeability function [29], the air gap 

function [30], and the flux path function [20], with similar underlying principles. In the air gap function method, 

the air gap is defined as a function. The value of the function under the stator slot is equal to the height of the slot 

opening. In addition, the height of the air gap is so g0(h l ) , and under the tooth, it is equal to the height of the air 

gap g0(l ) . Figure 12 shows the flux passing path in the air gap function method. 

In reality, the flux density lines' path, which is considered in the flux path function method, is shown in Figure 

13. Roughly, it can be said that the flux density lines in the open area of the stator slot travel a length equal to a 

quarter of a circle. The air gap flux density equation (4) is zero-dimensional, and the MEC method is also a zero-

dimensional analytical method. If we consider the flux density distribution in the air gap according to the 

arrangement, as shown in Equation (6), the air gap flux density diagram in the vertical direction in terms of t  is 

obtained. 
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in Equation (6), r  represents the rotor position, and   is the relative length of the magnet arc, which is considered 

equal to 0.955 in this paper. Also, the air gap function under the teeth and the slot is given in Equations (7) and 

(8), respectively. 
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In the above equations, gl  is the height of the air gap, and 
sh  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 air gap function 

and flux path function methods. The flux path and the air gap length are shown in Figures 16 and 17, respectively. 

If the flux density in terms of   is obtained from Equation (6), and the air gap is defined as a function, then using 

an analytical method, the air gap flux density diagram in the vertical direction, considering the slot effect, is 

obtained in Figure 18.  

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

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. 

 

4-Conclusion 

Due to the numerous advantages of consequent pole machines—such as reduced consumption of rare-earth 

permanent magnets, lower environmental hazards, decreased material and manufacturing costs, improved 

performance, simple and robust structure, simple rotor construction, 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 a consequent pole structure. 

A 1‐D analytical solution based on the MEC method and a 2-D analytical solution based on the FEM method 

were presented to predict the performance characteristics of a three-phase axial flux permanent magnet 

consequent poles generator at no‐load operating conditions. The 3D-FEM analysis has also been used for further 

validation. The generator analysis is performed in two modes: slotted and slotless. In the slot mood, due to the 

large size of the stator slots, their effect has been considered as a combination of both the air gap function and 

flux path function methods. In the slotless mood, the length of the air gap is considered equal to 1 mm. By 

comparing the results, we can see that adding a tooth to the machine increases the flux linkage and, as a result, 

improves the efficiency of the machine. As is known, the proposed method has high accuracy, is faster than 

numerical methods 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 

Fig 5. Schematic of analytical model with linear structure 

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

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  

Fig 9. The simplified MEC of the slot-less machine 

Fig 10. The MEC of the slot-less machine without leakage reluctance 

Fig 11. Equivalent circuit of machine with simplified structure 

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

Fig 13. Flux passing path in the open area 

Fig 14. Vertical flux density diagram in slot-less machine by analytical method  

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 slotted machine by analytical method  

Fig 19. Vertical flux density diagram in slotted machine 
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Fig 1. Structure of the proposed model  

 

 

Fig 2. Top view of the proposed model  

 

 

Fig 3. Magnetic linkage and leakage flux path 
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Fig 4. Coils arrangement 

 

 

Fig 5. Schematic of analytical model with linear structure 

 

 

Fig 6. The structure of the slotted machine in the radius of 30 mm 
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Fig 7. The structure of the slot-less machine in the radius of 30 mm 

 

Rl

φr RlRm

Rr1

Rr

Rg

Rs

Rg

φr 
Rm

Rr

Rr2

Rg

Rs

Rg

 

Fig 8. The main MEC of the slot-less machine  

 

Rl

φr RlRm

Rs

2Rg

Rr

φr 
Rm

Rr

2Rg

Rs

 



 

14 
 

Fig 9. The simplified MEC of the slot-less machine 

 

φr Rm

4Rg

φr Rm

 

Fig 10. The MEC of the slot-less machine without leakage reluctance 
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 Fig 11. Equivalent circuit of machine with simplified structure 

 

 

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

 

 

Fig 13. Flux passing path in the open area 
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Fig 14. Vertical flux density diagram in slot-less machine by analytical method  

 

 

Fig 15. Vertical flux density diagram in slot-less machine 
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Fig 16. Flux path in slotted machine 

 

 

Fig 17. Air gap length in slotted machine 
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Fig 18. Vertical flux density diagram in slotted machine by analytical method  

 

 

Fig 19. Vertical flux density diagram in slotted machine 
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List of table: 

Table 1. Characteristics of consequent pole permanent magnet generator  

Parameter Values 

Number Of Phases 3 

Number Of  Coils 6 

NCoil 60 

NS Phase 120 

Wire Diameter 0.75 (mm) 

Number Of Poles (NdFe35) 8 

Brem Residual Flux Density Of PM 1.2 (T) 

Outer Radial Length Of PM 45 (mm) 

Inner Radial Length Of PM 4 (mm) 

Permanent Magnet Arc Angel 43° 

Distance Between Poles 2° 

Pole Thickness 10 (mm) 

Thickness Of Back Iron 10 (mm) 

Outer Radius Of Back Iron Disc 55 (mm) 

Axial Length 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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Speed 1000   (rpm) 

 


