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Abstract  

This paper proposed a design technique to improve the 

electromotive force (EMF) of the switched flux permanent 

magnet (SFPM) generator by using the Multi-tooth technique. 

The simulations were carried out through the 2-D finite element 

method. The configuration of stator pole and rotor pole as well 

as the number of electrical phases were modified based on the 

principle of Multi-tooth technique. The output characteristics 

of the proposed generator structure including the magnetic field 

distribution, phase flux linkage, EMF and cogging torque were 

characterized and were compared with those of the 

conventional SFPM generator. The symmetrical property of 

magnetic field distribution was firstly confirmed. Then, the 

results indicated that the proposed multi-tooth SFPM generator 

can produce 4% higher EMF than the conventional model at 

same rotational speed. The EMF waveform of the proposed 

structure was indicated better smoothness than that of 

conventional structure. Meanwhile, the cogging torque scale of 

the proposed structure was slightly improved from the 

conventional structure. From the results, it was obviously seen 

that the proposed multi-tooth SFPM generator requires only 

half volume of permanent magnet compared to the 

conventional structure, while indicating the better EMF scale. 

Therefore, the proposed multi-tooth SFPM generator can be 

valuable choice for manufacturing in the SFPM generator, this 

structure could significantly reduce the usage of a permanent 

magnet which usually dominates the overall cost of the 

generator fabrication. 
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I. INTRODUCTION  

The renewable energy has received much attention for an 

electrical generation, especially during the past few decades. In 

order to produce the electrical power from the renewable 

energy i.e wind and hydro energy, the permanent magnet (PM) 

machines have been widely focused because of their 

outstanding characteristics such as no field excitation and better 

thermal management [1-3]. The PM machines can be divided 

into 2 types depending to the location of the PM, namely, the 

stator permanent magnet machine (SPM) and rotor permanent 

magnet machine. The SPM can be categorized into 3 types 

according to the location of installed PMs, including the doubly 

silent permanent magnet machines, the flux reversal permanent 

magnet machines and the switched-flux permanent magnet 

(SFPM) machines. Especially, the SFPM machine has been 

appropriately used in automobile industries as well as wind 

power generation system [4]. Remarkably, the SFPM generator 

can provide the great electrical characteristics such as high 

torque density, electromotive force (EMF) and output power 

[5]. The EMF is an important factor of generator that indicates 

the ability to produce the voltage of the generator. A 

symmetrical property of the EMF waveform can also indicate 

the torque ripple profile when supplying the electrical load. In 

2010, the optimal stator and rotor pole combination of SFPM 

brushless AC machine was proposed aiming to increase the 

phase back EMF of the generator [6]. It was shown that the 

back EMF can be improved by adjusting the number of stator 

and rotor pole. Later on, a novel partitioned stator switched flux 

permanent magnet machine was presented in 2015, it was 

found that the generator based on multiples of stator teeth 

technique can achieve higher back EMF [7]. In 2019, the multi-

phase SFPM machine have been designed as the wind power 

generators [8]. The higher and more symmetrical EMF 

waveform could be achieved by adjusting the split ratio, the 
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stator tooth width and the rotor pole width of the generator. 

Recently, the SFPM machine with using multi-phase technique 

has been investigated to enhance the electromagnetic 

performance and improve the control strategy [9, 10]. However, 

the weakness of the SFPM generator is the high usage of PM 

installed in the generator structure which significantly increase 

the fabricating cost as well as reduce the slot area for winding 

coil. Accordingly, many techniques have been proposed for 

reducing the magnet usage, i.e. E-core [11], C-core [12] and 

multi-tooth [13]. Particularly, the outstanding advantage of 

multi-tooth technique is that this technique could essentially 

increase the slot area for winding coil. Then, the electrical 

performances of the generator such as mutual inductance, 

torque density, and EMF could be improved. 

Then, the aim of this work is to improve the electrical 

characteristics of the multi-phase SFPM generator by using the 

multi-tooth technique. The magnetic field distribution, phase 

flux linkage, EMF and cogging torque were analysed in no-load 

condition. The performance of the conventional structure and 

the proposed multi-tooth SFPM structure were compared in the 

same dimeter. The simulation was based on the 2-D finite 

element method. 

 

II. MACHINE DESIGN 

 Figure 1(a) indicates the 12-phases SFPM generator with 

24/22-pole (stator/rotor-pole), this structure was proposed by 

Shao et al [14]. The generator configuration includes the “U-

shape” of stator yoke and the permanent magnet inserted at the 

middle of the stator tooth. Each stator tooth is wound by the 

winding coil with non-concentration type. The rotor part is the 

salient pole without permanent magnet, winding and brushes, 

accordingly this rotor configuration has light weight and low 

inertia. In order to improve the EMF of the conventional SFPM 

generator, the multi-tooth technique was performed to the 

conventional structure, as shown in Fig. 1(b). The suitable 

number of stator poles (𝑁𝑠) and rotor poles (𝑁𝑟) of multi-tooth 

structure was introduced by [15], as given by 

sN km      (1) 

(2 1) 2r sN N n       (2) 

where n  , k  and m  are the number of stator teeth, even 

positive integral and number of phase, respectively. 

 

In order to perform the multi-tooth technique to the 

conventional structure, half of the stator teeth number of the 

conventional structure was firstly removed. Then, the two-teeth 

stator tip was made at the end of stator pole. Accordingly, the 

number of stator poles became 12 and the number stator teeth 

became 2. From equation (2), the number of rotor poles can be 

35 or 37 poles. However, in order to obtain the symmetrical 

EMF waveform, the number of rotor pole usually set with the 

even number to balance the magnetic force [15]. Accordingly, 

the number of rotor pole can be 34 or 38 poles. From our 

analysis, we found that the generator with 38 rotor poles 

indicated a better performance than the that with 34 rotor poles, 

therefore the number of rotor pole of 38 will be focused in the 

proposed multi-tooth structure. In addition, the phase number 

of the multi-tooth SFPM generator has to be reduced from 12-

phases of conventional structure to be 6-phases due to the 

limitation of stator area. The main design parameters of the 

conventional and the proposed multi-tooth SFPM generators 

are given in Table 1. 

 

 

 

 

Fig. 1. Cross-section of conventional and proposed SFPM 

generator; (a) 24/22-pole multi-phase structure with 12-phases 

and (b) 12/38-pole multi-tooth with 6-phases. 
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Table 1. The main design parameters of conventional and 

multi-tooth SFPM generators  

Item Conventional 

structure 

[14] 

multi-

tooth 

structure 

Number of phases 

[phase] 

12 6 

Stator-pole number 24 12 

Rotor-pole number 22 38 

Magnet remanence [T] 1.2 

Rate rotor speed [r/min] 500 

Stack length [mm] 185 

Stator outer radius [mm] 163.5 

Stator yoke length [mm] 8.56 

Split ratio 0.7 

Stator inner radius [mm] 114.45 

PM length [mm] 42.519 

Cut delta length [mm] 8 

Air gap length [mm] 1 

Stator pole arc [˚] 3.9375 

Stator slot arc [˚] 3.75 

PM arc [˚] 3.375 

Stator teeth arc [˚] - 3.75 

Rotor pole arc [˚] 5.25 

Rotor pole-yoke arc [˚] 12.075 

Rotor pole height [mm] 25.96 

Coil turn [turns] 65 

Stator small slot depth 

[mm] 

- 7.864 

 

III. ANALYSIS OF GENERATOR CHARACTERISTICS 

In the analysis of generator characteristics including the phase 

flux-linkage, EMF and cogging torque, the magnetic vector 

potential in the z-axis, Az, was firstly derived from the 

Ampere’s law, which is written as equation (3): 

  
0

1z
z r e

A
A B J

t




 
       

  (3) 

where Br is the remanent flux density of Nd-Fe-B permanent 

magnet (1.2 T), Je is an external generated current density (0A), 

µ0 is the vacuum permeability of air and σ is the electrical 

conductivity of air.  

Then, the phase flux linkage,  linkage , can be obtained by using 

equation (4). 

linkage z

L
N A dA

A
        (4) 

In order to calculate the EMF, the electric field in the z-

direction, Ez, was calculated from the Az, as shown in equation 

(5): 

( )
z

z

A
E
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    (5) 

Then, the EMF can be obtained from equation (6). 

z

L
EMF N E dA

A
      (6) 

where N is the number of turns of winding coil, L is the stack 

length in the z-axis, A is the area of the winding cross-section. 

The cogging torque, Tcog, is generated by an interaction of PMs 

and the rotor saliency cores. This torque generally causes noise 

and vibration to the generator outputs, especially during the 

starting condition and low-speed operation. The cogging torque 

can be expressed as equation (7) [16].  

 


 
1

sin(6 )
M

cog chm r r cogh
h

T T hP    (7) 

Where h is the harmonics order, Pr is the rotor pole-pairs number 

and � r is the rotor position. Tchm and cogh are the amplitude and 

phase of the harmonics, respectively. 

 

IV. RESULT AND DISCUSSION 

The magnetic field distribution of the conventional structure 

and the proposed multi-tooth structure of SFPM generator is 

shown in Figs. 2(a) and 2(b), respectively. It was confirmed that 

the magnetic flux distribution flowing through the generator 

structure was greatly symmetric for both structures. 

Remarkably, the proposed multi-tooth structure indicated 

lower leakage flux between the stator teeth than the 

conventional structure. This was due to the less PM usage of 

the proposed multi-tooth structure, which produce the lower 

intensity of magnetic flux density.   

 

      

(a)                                                       (b) 

Fig. 2. The magnetic flux distribution at no-load conditions of 

(a) conventional structure and (b) the proposed multi-tooth 

structure of SFPM generator. 
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Figure 3 demonstrates the open-circuit phase flux-linkage 

profile at no-load condition of the conventional structure and 

the proposed multi-tooth structure of SFPM. The symmetrical 

waveform of both structures was well observed. It was 

remarkably found that the magnitude of flux-linkage of the 

multi-tooth structure was lower than the conventional structure. 

The reason was because of a smaller number of PM installed in 

the generator structure, which is consistent with the magnetic 

field intensity shown in Fig. 2. 

 

Fig. 3. The phase flux-linkage of the conventional and the 

proposed SFPM generators. 

 

The no-load phase EMF waveforms of both SFPM generators 

at various rotor positions are shown in Fig. 4. It is seen that the 

maximum EMF of the multi-tooth SFPM generator is 4% 

higher than that of the multi-phase SFPM generator. The reason 

is that the multi-tooth SFPM generator has more rotor pole 

number than that of the conventional structure, which directly 

increases both of the phase flux-linkage derivative and electric 

frequency. Furthermore, the result indicates that waveform of 

phase EMF of the proposed multi-tooth structure is more 

smoothness than that of the conventional structure. 

Accordingly, this implies that the torque profile of the proposed 

multi-tooth structure will contain smaller ripple than that of the 

conventional structure as previously described in [17]. 

 

 

Fig. 4. The phase EMF waveforms of the conventional and 

the proposed SFPM generators. 

 

As seen in Fig. 5, the cogging torque waveform of the 

conventional and the proposed multi-tooth structures are 

obtained. It is seen that the peak cogging torque of the 

conventional and the proposed multi-tooth structures is 41 and 

37 Nm, respectively. This implies that the proposed multi-tooth 

structure indicates a better performance at starting condition 

and low-speed operation. The reason was due mainly to a 

reduction of the permanent magnet usage in the proposed multi-

tooth structure. 

 

 

Fig. 5. The cogging torque waveforms of the conventional and 

the proposed SFPM generators. 

 

From these results, it is summarized that the SFPM generator 

with applying the multi-tooth technique could produce higher 

phase EMF value and the better cogging torque than that of 

conventional structure. Another advantage of the proposed 

multi-tooth SFPM generator is that this structure requires only 

half of PM usage than the convention structure to produce the 

slight better EMF than the conventional structure, which could 

be benefit in term of fabrication cost. This also imply that the 

proposed multi-tooth structure indicates a better magnet usage 

efficiency than the conventional structure. Consequently, the 

proposed 12/38-pole multi-tooth SFPM generator could be a 

suitable choice for electrical generation from renewable energy 

source. 

 

V. CONCLUSION 

In this work, we proposed a design technique to improve the 

open-circuit phase EMF of the SFPM generator. It was firstly 

confirmed that the magnetic field distribution in the generator 

structure was symmetric. The result of phase flux-linkage 

indicates that the phase flux-linkage of the proposed multi-

tooth structure was lower than the conventional structure due 

to a fewer magnet volume. Meanwhile, the open-circuit phase 

EMF produced by the proposed multi-tooth SFPM generator 

was 4% higher the conventional multi-phase SFPM generator 

indicating the better generator performance. The improved 

cogging torque scale was also observed in the proposed multi-

tooth SFPM generator. In summary, the proposed multi-tooth 

SFPM generator requires only half volume of permanent 

magnet compared to the conventional structure, while 

indicating the better EMF and cogging torque scale. Therefore, 

this proposed structure could significantly reduce the generator 

fabricating cost which is normally dominated by the permanent 

magnet volume. 
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