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Abstract 

 

Due to the low inductance of an axial flux permanent 

magnet machine (AFPMM), the constant power speed 

regulation range is small. A new mechanical flux-

weakening method for single rotor single stator AFPMMs 

is proposed in this paper. By installing a mechanical flux-

weakening device on one side of the stator and rotating it 

certain angle, the speed regulation of the flux-weakening 

can be realized. The device is simple in structure, easy to 

operate, and can be operated in the process of machine 

operation. The validity of the device is verified by applying 

it to a machine. Finite element software is used to calculate 

and analyze the performances of two machines with the 

device. 
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1  Introduction 

 

In axial flux machines, the stator and rotor discs are 

parallel to each other, which has a larger rotor radius and a 

higher rotor utilization ratio, which obtains the advantages 

of high torque density, high power density, and high 

efficiency. In addition, the topology makes the air gap of 

the machine easy to adjust. Therefore, axial flux machines 

have better performance than traditional radial flux 

machines [1-4]. At present, axial flux machines are widely 

used in many fields, including household appliances, heavy 

industry, military equipment, renewable energy systems, 

transportation, and other applications with a compact axial 

space combined with high axial torque density and high 

efficiency requirements [5-9]. 

Due to the low inductance of axial flux machines, their 

constant power speed range is not high [10,11]. It is 

particularly important to study the flux-weakening speed 

regulation method of these machines. The methods of flux-

weakening regulation to improve the speed range of these 

machines mainly include flux-weakening regulation 

through inverter control of the machine and the use of 

electrical, mechanical, and other types of technology. [11-

17]. However, due to limitations in terms of the maximum 

current and voltage in the inverter of the machine, the speed 

regulation range has a certain limit, which is difficult to 

apply in high-speed occasions. The flux-weakening 

principle of the latter is to structurally adjust the permanent 

magnetic flux of the machine, to expand the speed range of 

the machine. This method is simpler to control and it can be 

supplemented with the former. Based on this approach, a 

new mechanical flux-weakening method for single rotor 

single stator AFPMMs is proposed in this paper. By 

installing a mechanical flux-weakening device on one side 

of the stator and rotating it certain angle, the speed 

regulation of flux-weakening can be realized. The device is 

simple in structure, easy to operate, and can be utilized in 

the process of machine operation. 

 

2  Topology and Operation Principle 

 

2.1  Topology 

 

An AFPMM and the mechanical flux-weakening device 

proposed in this paper are shown in Fig. 1. The armature 

winding adopts a concentrated winding with a symmetrical 

three-phase alternating current. The permanent magnet is 

pasted on the rotor side of the surface to reduce the eddy 

current loss. The adjacent permanent magnets have 

opposite polarities. In addition, the number of teeth of the 

flux-weakening device is the same as the number of stator 

teeth. Since the number of stator teeth and the mechanical 

flux-weakening device are both 24, when the flux-
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weakening device rotates by 7.5 deg, the stagger angle 

between the tooth of the stator and the flux-weakening 

device is the largest. Thus, the rotation angle of the flux-

weakening device is limited to 0-7.5 deg. Fig. 1(a) and Fig. 

1(b) show the topology of the flux-weakening device at 

rotations of 0 deg and 7.5 deg, respectively. Fig. 2 shows an 

explosion diagram of an axial flux permanent magnet 

machine with the mechanical flux-weakening device. The 

design parameters are presented in Table I.  

 
(a) 

 
(b) 

Fig. 1 Novel mechanical flux-weakening structure on an axial 

flux permanent magnet machine: (a) rotate the flux-weakening 

device by 0 deg; (b) rotate the flux-weakening device by 7.5 deg. 

 

 

Fig. 2 Explosion diagram of an axial flux permanent magne

t machine with a mechanical flux-weakening device. 

 

Table 1 Main Specification of the YASA 

Parameter Symbol Value  Unit 

Axial length Laxial 79.1 mm 

Stator outer radius Ro 140 mm 

Stator inner radius Ri 70 mm 

Rotor outer radius Rro 131.5 mm 

Rotor inner radius Rri 78.5 mm 

Air gap length between 

stator and rotor 
Hg 1 mm 

Axial length of stator Hs 53 mm 

Axial length of rotor Hr 10 mm 

Axial length of flux-

weakening device 
Hmech 15 mm 

Air gap length between 

stator and flux-weakening 

device 

Hmechg 0.1 mm 

Slot number of armature 

winding 
Q 24  

Pole pairs of PM p 14  

Turns of armature 

winding 
N 10  

Space factor fsf 0.5  

Rated current density J 6 A/mm2 

Rated speed n 2400 rpm 

 

2.2  Equivalent Magnetic Circuit 

 

The new type of AFPMM with the mechanical flux-

weakening structure designed in this paper adopts the 

YASA (Yokeless and Segmented Armature) unilateral 

machine structure for analysis. The machine has a stator 

unyoked armature block and a single rotor single stator 

structure. The armature winding is a drum winding around 

the stator teeth. A flux path diagram of the machine is 

shown in Fig. 3. Since the number of stator teeth and the 

number of mechanical flux-weakening device teeth are both 

24, the mechanical angle between the teeth is 15 deg. When 

the flux-weakening device rotates by 7.5 deg, the stagger 

angle between the teeth of the stator and the teeth of the 

flux-weakening device is the largest. Thus, the rotation 

angle of the flux-weakening device is limited to 0-7.5 deg. 

 
(a) 

 
(b) 

Fig. 3 Flux path of the novel mechanical flux weakening structure 

on an AFPMM: (a) rotate the flux-weakening device by 0 deg; (b) 

rotate the flux-weakening device by 7.5 deg. 
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Starting from the N pole of the rotor permanent magnet, 

the flux passes through the air gap to the stator tooth, then 

through the air gap to the mechanical flux-weakening 

device, then through the air gap to the adjacent stator tooth, 

then through the air gap to the S pole of the permanent 

magnet, and finally through the rotor core to the N pole of 

the rotor permanent magnet. In practice, there is flux 

leakage between adjacent permanent magnets and between 

permanent magnets and the rotor core. 

For the magnetic flux path of the AFPMM shown in Fig. 

3, the flux leakage is ignored. The air gap flux is considered 

to be equal to the main flux, and the existence of the stator 

boots is not considered. Based on the above assumptions, 

the equivalent magnetic circuit of the AFPMM with the 

flux-weakening device is established, as shown in Fig. 4. 

 
Fig. 4 Equivalent magnetic circuit of the novel mechanical flux-

weakening structure on an axial flux permanent magnet machine. 

 

where Φg is the air gap magnetic flux, Rpm1 and Rpm2 are 

permanent magnets reluctances, Rδ1 and Rδ2 are the air gap 

reluctances between the stator and the rotor, Rδ3 and Rδ4 are 

the air gap reluctances between the stator and the flux-

weakening device, Rr is the rotor core reluctance, Rs1 and 

Rs2 are the stator core reluctances, Rmech is reluctance of 

flux-weakening device, and Fpm1 and Fpm2 are 

magnetomotive forces of the permanent magnets. 

According to Fig. 4, the equivalent magnetic circuit 

formula of the machine is obtained as follows: 

Φg=
Fpm1 +Fpm2

Rr+Rpm1+Rpm2+Rδ1+Rδ2+Rδ3+Rδ4+Rs1+Rs2+Rmech  
   (1) 

In this formula, the magnetomotive force of the 

permanent magnet Fpm, the permanent magnet reluctance 

Rpm, the rotor core reluctance Rr, the stator core reluctance 

Rs, and the flux-weakening device reluctance Rmech can be 

expressed as: 
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where hmech is the axial length of the flux-weakening device, 

Wmechy is the circumference equivalent width of the teeth of 

the flux-weakening device at the mean radius, Lmecht is the 

radial width of the teeth of the flux-weakening device, 

Wmechy is the circumferential equivalent width of the yoke at 

the mean radius of the flux-weakening device, Hmechy is the 

axial length of the yoke of the flux-weakening device, and 

Lmechy is the radial width of the yoke of the flux-weakening 

device. When the flux-weakening device rotates from 0 deg 

to 7.5 deg, the air gap between the stator and the flux-

weakening device becomes longer, and the air gap 

reluctances Rδ3 and Rδ4 increase. In practice, this leads to an 

increase in machine flux leakage and a further decrease in 

the flux through the stator core. 

 

2.3  Permanent Magnet Flux Linkage and 

Inductance 

 

For the permanent magnet flux linkage, the flux through 

the stator core of the machine decreases and the reluctance 

increases when the stator tooth of the machine and the tooth 

of the mechanical flux-weakening device are staggered by 

rotating the device. Furthermore, it can be seen from 

formula (7) that the permanent magnet flux chain through 

the stator core decreases. 

                                        Ψ=NΦ                                         (7) 

For the inductance, it can be seen from the inductance 

formula that the inductance is directly proportional to the 

permeability and inversely proportional to the reluctance. 

When rotating the mechanical flux-weakening device, the 

reluctance increases and the inductance decreases. 

                                L=
A

l
N2μ=

A

lR
N2                                (8) 

where A is the area the flux passes through, l is the length 

of the magnetic circuit, μ is the permeability, and R is the 

reluctance. When combined with the principle of the flux-

weakening speed regulation mentioned above, reducing the 

permanent magnet flux linkage and reducing the inductance 

can improve the speed regulation range of the machine, 

which verifies the feasibility of the flux-weakening speed 

regulation of the device. 

 

2.4  Materials 

 

As for the stator core, the flux-weakening principle of this 
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mechanical flux-weakening device is based on changing the 

length of the air gap between the stator core and the device. 

Thus, when the stator core adopts an oriented silicon steel 

sheet, and the rotation angle of the flux-weakening device 

is 7.5 deg, the total air gap length of the machine is at its 

longest, which can achieve a better effect in terms of the 

variable flux and variable inductance. Therefore, in this 

paper, the stator core adopts an oriented silicon steel sheet. 

On the one hand, the stator core can have a high 

permeability in the axial direction, and the flux-weakening 

property can be improved. On the other hand, when 

compared with an ordinary silicon steel sheet, the material 

has fewer losses and lower cost, which can improve 

efficiency and reduce cost. 

For the rotor core and flux-weakening device, a non-

oriented silicon steel sheet is used. The non-oriented silicon 

steel plate used in this paper is an M19_29G. In addition, 

for the permanent magnet, an NdFeB permanent magnet 

with a high magnetic co-energy is selected in this paper. 

 

3  Electromagnetic Performance Analysis 

 

In this section, the electromagnetic properties of the two 

machines, the air gap flux density, the core flux density, the 

permanent magnet flux linkage, and the back electromotive 

force are calculated and compared. The results are obtained 

by the finite element method. 

 

3.1  Air Gap Flux Density and Core Flux Density 

 

When the flux-weakening device rotates 7.5 deg, the 

reluctance between the stator and the device is at its biggest. 

Therefore, in this section, the air gap flux density between 

the stator and the rotor, the flux density of the stator core, 

and the air gap flux density between the stator and the 

device are calculated and compared at the rotation position 

of 0 deg and 7.5 deg. respectively. As for the locations of 

the measured flux density, the radial distribution is at the 

average stator radius, and the axial length is at the midpoint 

of the air gap between the stator and the rotor, the midpoint 

of the axial length of the stator, and the midpoint of the air 

gap between the stator and the device. 

 
(a) 

 

(b) 

 
(c) 

Fig. 5 No load flux density in air gap and stator core of machine 

2: (a) air gap flux density between the stator and the rotor; (b) 

stator core flux density; (c) air gap flux density between the stator 

and the flux-weakening device. 

 

Waveforms of the air gap flux density and the stator core 

flux density when the flux-weakening device rotates 0 deg 

and 7.5 deg are shown in Fig. 5. By rotating the mechanical 

flux-weakening device, the change of the air gap flux 

density between the stator and the rotor is not obvious. For 

the air gap flux density between the stator and the flux-

weakening device, by rotating the mechanical flux-
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weakening device, the peak value decline of the flux density 

is obvious, from more than 1.5 T to close to 0.5 T. The 

designed mechanical flux-weakening device has a certain 

flux-weakening capability for the machine. 

 

3.2  Permanent Magnet Flux Linkage 

 

Fig. 6 shows the permanent magnet flux linkage of the 

machine at its rated speed of 2400 rpm. It can be seen that 

the peak value of the permanent magnet flux linkage of the 

machine is decreased by 27.8% from 0.036 Wb to 0.026 Wb 

when the weak-magnetic device is rotated from 0 deg to 7.5 

deg, which verifies that the device has good flux-weakening 

properties. 

 
Fig. 6 PM flux linkage of the machine. 

 

3.3  Back EMF 

 

 
Fig. 7 Back EMF of the machine. 

 

Fig. 7 shows the back EMF of the machine at its rated 

speed of 2400 rpm. Since the back EMF and the permanent 

magnet flux linkage are derivative relations, the variation 

of the back EMF of the machine changes with respect to the 

rotation of the mechanical flux-weakening device is the 

same as that of the permanent magnet flux linkage. When 

the rotation angle of the flux-weakening device increases, 

the peak value of the back EMF decreases. 

As can be seen from Fig. 7, when the magnetic weakening 

device rotates 4.5 deg, the peak point of the back EMF has 

an obvious deviation. This is due to the fact that when the 

device rotates 0 deg or 7.5 deg, the main magnetic circuit 

between the stator teeth and the device is circumferentially 

symmetric. When the rotation angle of the device is 

between 0 deg and 7.5 deg, the length of the air gap of the 

magnetic circuit from the teeth of the device to the stator 

teeth is different, which leads to an uneven distribution of 

the magnetic field and the harmonics. In addition, the 

waveform of the back EMF shows an obvious deviation. 

 

3.4  Inductance 

 

Fig. 8 shows the self-inductance changes of phase A at 

different current densities when the flux-weakening device 

rotates at 0 deg, 4.5 deg, and 7.5 deg at its rated speed. With 

an increase of the rotation angle, the inductance decreases. 

The inductance value decreases with an increase of current 

density. When the current density is greater than 6 A/mm2, 

the inductance value decreases and the speed slows down 

due to the saturation of the magnetic circuit. 

 
Fig. 8 Inductance of the machine. 

 

3.5  Speed Control Performance 

 

The mechanical flux-weakening device proposed in this 

paper is designed to improve the speed range and output 

power of the machine. Therefore, an analysis of the 

machine speed regulation performance is particularly 

important. The speed regulation performance of the 

machine is analyzed according to two control methods. The 

two methods are the control method with id=0 and the flux-

weakening control method with changing the current of the 

d and q axes. It includes the torque speed curve and power 

speed curve of the machine when the flux-weakening 

device rotates 0 deg, 1.5 deg, 3 deg, 4.5 deg, 6 deg, and 7.5 

deg. In addition, the limit current during the simulation is a 

rated current density of 6 A/mm2. The limit voltage is the 

terminal voltage at the rated speed of 2400 rpm and the 
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rated current density. The limit voltage is 276 V. 

 

3.5.1  id=0 

 

Fig. 9 shows the torque speed curve and power speed 

curve of the machine under the control method of id=0. It 

can be seen from Fig. 10(a) that the flux-weakening device 

effectively improves the speed range of the machine. When 

the flux-weakening device rotates by 0 deg, the machine 

can reach a maximum torque of 162 Nm and a maximum 

speed of 4300 rpm. When the flux-weakening device 

rotates 7.5 deg, the maximum torque that the machine can 

achieve is 99 Nm and the maximum speed is 7400 rpm. It 

can be seen from Fig. 9(b) that the flux-weakening device 

increases the maximum speed of the machine. In addtion, it 

increases the electromagnetic power of the machine in 

different regions at the same time. 

By combining the torque speed curve and power speed 

curve of the machine, a control strategy can be proposed. 

When the speed is lower than 2400 rpm, the flux-

weakening device stays at 0 deg. When the speed is 

between 2400 and 2600 rpm, the flux-weakening device is  

 
(a) 

 
(b) 

Fig. 9 Torque-speed and power–speed curves of the machine with 

the id=0 control method: (a) torque-speed curve; (b) power-speed 

curve. 

 

rotated 1.5 deg. When the speed is between 2600 and 3000 

rpm, the flux-weakening device is rotated 3 deg. When the 

speed is between 3000 and 3600 rpm, the flux-weakening 

device is rotated 4.5 deg. When the speed is between 3600 

and 4200 rpm, the flux-weakening device is rotated 6 deg. 

When the rotation speed is between 4200 and 7400 rpm, the 

flux-weakening device is rotated 7.5 deg. According to the 

above control strategy, the machine can obtain the 

maximum output torque and electromagnetic power at the 

current speed. 

 

3.5.2  Flux-Weakening Control 

 

A torque speed curve of the flux-weakening control 

method is obtained from the maximum torque at a speed not 

exceeding the limits on the voltage and current. In addition, 

it is measured by changing the power factor angle and 

current density. The power factor angle is scanned from 0 

deg to 70 deg with a step size of 5 deg, and the current 

density is scanned from 0 A/mm2 to 6 A/mm2 with a step 

size of 0.6 A/mm2. 

Fig. 10 shows torque speed curves and power speed 

curves of the machine under the flux-weakening control.  

 

(a) 

 

(b) 

Fig. 10 Torque-speed and power–speed curves of the machine 

with the flux-weakening control method: (a) torque-speed curve; 

(b) power-speed curve. 
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When the flux-weakening device rotates 0 deg, the 

maximum torque of the machine is 162 Nm and the 

maximum speed is 9600 rpm. When the flux-weakening 

device rotates 4.5 deg and 7.5 deg, the maximum torque 

values that the machine can achieve are 129 Nm and 99 Nm, 

and the maximum speed can exceed 10000 rpm. In addition, 

under the electroweak-magnetic control method, higher 

values of the torque and electromagnetic power can be 

obtained by rotating the device when the speed is more than 

6000 rpm. For the machine, the control strategies of 

electroweak-magnetic and mechanical flux-weakening can 

be used simultaneously. When the speed does not exceed 

6000 rpm, the rotation angle of the flux-weakening device 

can be kept at 0 deg. When the speed exceeds 6000 rpm, the 

flux-weakening device can be rotated to 7.5 deg. Thus, the 

machine can obtain a greater output torque and 

electromagnetic power. 

By comparing the torque speed curve and power speed 

curve of the two control methods, it can be found that under 

the control method of id=0, the effect of expanding the 

speed range of the machine is more significant after rotating 

the flux-weakening device. In electroweak-magnetic 

control, both the electroweak-magnetic and mechanical 

flux-weakening control strategies can be used to improve 

the output torque and electromagnetic power of the 

machine. 

 

3.6  Torque 

 

Fig. 11 shows the cogging torque of the machine when the 

device is rotated by 0 deg, 3 deg, and 7.5 deg. Actually, the 

cogging torque is calculated at six different angles. 

However, in order to see the minimum, only three cases are 

given in the figure. It can be seen that the device has a 

certain influence on the cogging torque of the machine. 

 
Fig. 11 Cogging torque of the machine. 

 

When the flux-weakening device rotates by 7.5 deg, the 

peak-to-peak value of the cogging torque is at its smallest 

value of 7.6 Nm. On the one hand, the designed machine is 

a unilateral machine with an asymmetric axial structure and 

a large axial unbalance force. On the other hand, the 

permanent magnet selected is an NdFeB with a high 

magnetic co-energy, which makes the cogging torque larger. 

Fig. 12 shows the rated torque of the machine when the 

flux-weakening device rotates 0 deg, 1.5 deg, 3 deg, 4.5 deg, 

6 deg, and 7.5 deg. Table 2 shows specific torque values and 

torque ripples of the machine at different rotation angles of 

the flux-weakening device. 

 
Fig. 12 Rated torque of the machine. 

 

Table 2 Rated torque and Torque Ripple 

Type 

Angle/deg 
      Torque/Nm     Ripple 

0 157.7 6.0% 

1.5 156.8 12.9% 

3 143.9 8.3% 

4.5 125.3 5.6% 

6 107.4 8.7% 

7.5 100.1 12.4% 

 

It can be seen that the output torque decreases with an 

increase in the rotation angle of the mechanical flux-

weakening device, which is due to a decrease of the 

permanent magnet flux linkage of the machine with an 

increase of the rotation angle of the device. In addition, 

when the mechanical flux-weakening device rotates 0 deg 

and 1.5 deg, the output torque of the machine does not 

change much. The torque ripple of the machine increased 

and then decreased. The machine obtained the minimum 

torque ripple when the mechanical flux-weakening device 

rotated 4.5 deg. 

 

3.7  Loss and Efficiency 

 

Fig. 13 shows the iron loss at each point on the speed 

torque curve under the id=0 control. Since permanent 

magnets are laminated and have small eddy current losses, 

the iron loss in this figure only includes the losses of the 

rotor core, stator core, and flux-weakening device. It can be 

seen that the iron loss of the machine increases with an 
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increase of the rotation speed and it decreases with an 

increase of the rotation angle of the flux-weakening device, 

due to a decrease of the magnetic density of the core. 

 
Fig. 13 Core losses of the machine with the id=0 control method. 

 

When id=0 is controlled, the efficiency of each point on 

the torque speed curve is shown in Fig. 14. It can be seen 

that with an increase of the speed, the efficiency increases 

and then decreases. With an increase of the rotation angle, 

the efficiency is improved. With an increase of the torque, 

the electromagnetic power increases and then decreases. 

The electromagnetic power changes with an increase of the  

 
Fig. 14 Efficiency of the machine with the id=0 control method. 

 

rotation angle of the flux-weakening device. Since the iron 

loss of the machine is small in the existing calculation 

results and the current density of the machine decreases 

with an increase of the speed, the copper loss of the machine 

is also small, which makes the machine more efficient. 

When the speed of the machine is greater than 600 rpm, the 

efficiency of the machine is greater than 90% when the 

flux-weakening device rotates at any angle. In addition, the 

maximum efficiency of the machines is over 98%. 

Fig. 15 shows the iron loss at each point on the torque 

speed curve when the flux-weakening control method is 

adopted. Like the id=0 control, the iron loss increases with 

an increase of the speed and decreases with an increase of 

the rotation angle of the flux-weakening device. In addition, 

the fluctuating of part of the iron loss waveform in the 

figure is affected by a change of the current. 

 
Fig. 15 Core losses of the machine with the flux-weakening 

control method. 

 

Fig. 16 shows the efficiency at each point on the torque 

speed curve when the flux-weakening control method is 

adopted. It can be seen that with an increase of the machine 

speed, the efficiency increases and then decreases. With an 

increase of the rotation angle, the efficiency is improved. It 

is the same as when id=0 is adopted. It can be seen from Fig. 

18 that when the speed is greater than 600 rpm,  

 
Fig. 16 Efficiency of the machine with the flux-weakening 

control method. 

 

the efficiency of the machine is greater than 90% when the 

flux-weakening device rotates at any angle. In addition, the 

maximum efficiency is over 98%. 

 

4  Conclusion 

 

A new mechanical flux-weakening device for single rotor 

single stator AFPMMs is proposed in this paper. First, a 

magnetic circuit model is established for the proposed 

mechanical flux-weakening device, which verifies the 

feasibility of the flux-weakening speed regulation of the 

device. Second, the topology, parameters, and material 

selection of the machines are explained; and finite element 

simulation software is used to simulate the static magnetic 

field of the machine model, which verifies that the designed 
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machine has better flux-weakening speed regulation 

performance. Finally, the performances of the machine with 

the proposed mechanical flux-weakening device are 

analyzed, including the permanent magnet flux linkage, 

back electromotive force, inductance, speed regulation 

performance, torque, loss, and efficiency. The mechanical 

flux-weakening device proposed in this paper can 

effectively improve the speed range of an axial machine by 

reducing both the permanent magnet flux linkage and the 

inductance. The effect of expanding the speed range of the 

machine is more significant after rotating the flux-

weakening device than under the id=0 control method. 
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