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Abstract: Flux-switching permanent magnet (FSPM) motors have gained increasing attention in the 
electric vehicles (EVs) applications due to the advantages of high power density, high efficiency. 
However, the heat sources of both permanent magnet (PM) and armature winding are located on the 
limited stator space in the FSPM motors, which may result in the PM overheated and irreversible 
demagnetization caused by temperature rise and it is often ignored in the conventional thermal 
analysis. In this paper, a new electrical-thermal two-way coupling design method is proposed to 
analyze the electromagnetic performances, where the change of PM material characteristics under 
different temperatures is taken into consideration. Firstly, the motor topology and design equations 
are introduced. Secondly, the demagnetization curves of PM materials under different temperatures 
are modeled due to PM materials are sensitive to the temperature. And based on the 
electrical-thermal two-way coupling method, the motor performances are evaluated in details, such 
as the load PM flux linkage and output torque. Then, the motor is optimized, and the electromagnetic 
performances between initial and improved motors are compared. Finally, a prototype motor is 
manufactured, and the results are validated by experimental measurements. 

Keywords: electrical-thermal two-way coupling; flux-switching permanent magnet motor; thermal 
analysis; permanent magnet material characteristics 

 

1. Introduction 

With the increasing development of the electric vehicles (EVs), the outer-rotor in-wheel motors 
have been considered as one of the promising candidates because they can offer the potential 
superior features of quick torque response, weight reduction, and compact vehicle space [1-4]. 

Meanwhile, as a key member of stator-PM brushless motors, the flux-switching permanent 
magnet (FSPM) motors have attracted considerable attention in the EVs applications due to the 
advantages of high power density, high efficiency [5-8]. In this paper, by incorporating the concept 
of the outer-rotor in-wheel motor into the FSPM motor, an outer-rotor in-wheel FSPM motor is 
investigated, where one significant difference of the motor configuration lies in that two permanent 
magnets (PMs) are artfully placed with V shape in one stator. By the V-shaped placement of adjacent 
PMs, the flux-focusing effects can be realized, which is able to increase the flux density in the air gap. 
However, flux-focusing effects may cause the losses of each element easily increased, which further 
results in the raise of the temperature. In addition, the PMs are embedded in the stator core and 
surrounded by the concentrated armature windings in the FSPM motor [9-11], both of which are 
heat sources. The concentrated heat sources may make the PMs overheated and irreversible 
demagnetization, which inevitably affects the motor performances. Therefore, the thermal analysis, 
particularly the methods to analyze the electromagnetic performances based on the different PM 
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material characteristics under different temperatures, is an indispensable part in the process of the 
motor design to ensure the safety operation. 

Currently, several methods about thermal analysis have been investigated in the literature. In 
[12-14], the conventional finite element analysis (FEA) method is applied, it can offer the advantages 
of simulating complex motor structure and distributed heat sources; however, with the raise of 
temperature, the change of PM material characteristics is ignored in the method. As a result, the 
inaccurate results cannot meet the desirable requirements. To obtain accurate results, the iterative 
parameter method is analyzed in [15], which can efficiently improve the accuracy of the results 
through multiple iteration calculation. However, the multi-physics simulation is very 
time-consuming and low efficient, which is inconvenient especially for the complex motor structure. 
In [16,17], the lumped parameter method is considered as an effective way to realize the thermal 
analysis because it can offer fast and simple computation and also consider different heat-transfer 
mechanisms, but just the components’ temperature distributions rather than the whole motor are 
obtained in the method. 

In this paper, a new electrical-thermal two-way coupling design method is proposed to analyze 
the electromagnetic performances based on the investigated FSPM motor, where the change of PM 
material characteristics under different temperatures is taken into consideration. Firstly, the motor 
topology is introduced, and the design equations are also deduced. Secondly, the demagnetization 
curves of PMs under different temperatures are modeled, and by implementing the 
electrical-thermal two-way coupling method, the load PM flux linkage and output torque are 
analyzed in details. Then, based on it, the motor is optimized, and the electromagnetic performances 
between initial and improved motors are compared. Finally, a prototype motor is manufactured and 
tested for experimental validation. 

2. Motor Topology and Design Equation 

2.1. Motor Topology 

Figure 1 shows the configuration of the 6/22 stator/rotor pole outer-rotor V-shaped 
flux-switching permanent magnet (V-FSPM) motor. It can be observed that each stator pole of the 
outer-rotor FSPM motor is embedded two PMs and wound concentrated armature windings, while 
the rotor pole is simple with 22 iron tooth. Compared with the conventional 12/10 stator/rotor pole 
FSPM motor [18], the stator pole number of the outer-rotor FSPM motor is reduced by half with only 
6 poles. Thus, the stator slot area can be increased under the same dimension size. Meanwhile, the 
two rectangular PM pieces are purposely placed with V shape in one stator pole, which can enhance 
the flux-focusing effects and further increase the flux density in the air gap. In addition, the rotor 
pole is only formed with silicon steel sheets, thus the simple rotor configurations reduce 
manufacture difficulty and ensure the reliability of the motor, meanwhile, high torque at low speed 
can be facilitated in the V-FSPM motor due to the high rotor pole numbers arrangement. 
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Figure 1. Configurations of the V-FSPM motor. 
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2.2.  Design Equations 

For the investigated FSPM motor，the feasible combinations of stator and rotor pole numbers 
can be determined through analysis and calculation. Since the magnetization direction of adjacent 
PMs is face-to-face, thus, the stator pole number should be even. Meanwhile, the stator pole 
numbers should be a multiple of the phase number in the three-phase motor. Therefore, the stator 
pole number should be a multiple of 6. Then, the feasible combinations of stator and rotor pole 
numbers can be given by: 

1 2 36           s r sN k and N k N k= = ±                              (1) 

where Nr is the number of rotor poles, Ns is the number of stator poles, k1, k2 and k3 are positive 

integers, it is worthwhile to mention that Nr is preferred to be even number so that the unbalanced 

magnetic force can be efficiently avoided. 

The dimension design of FSPM motor has its inherent standards. Based on the conventional 

design method, the design equation of the V-FSPM motor can be deduced as: 
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where Dso is stator outer diameter, la is stack length of the motor, ks is chute coefficient, kd is magnetic 
flux leakage coefficient, ksio is the ratio of inside diameter and outside diameter of the stator, As is the 
line load, Bgmax is the peak air gap flux density at no-load condition, cs is the pole arc coefficient of 
stator tooth, η is the motor efficiency, Tref is the reference temperature, Tout(Tref) is the output torque at 
the reference temperature. 

Because the output torque is sensitive to the temperature variation, a temperature scaling 

factor Ktemp is introduced, which can be expressed as 
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where T is temperature, Tout(T) is the output torque at the temperature T. In the conventional method, 
the value of Ktemp equals to 1 because the temperature impact is ignored. When the temperature rises 
is considered, the value of Ktemp is supposed to be less than 1. It can be easily seen that, to obtain high 
output torque at the temperature T, high value of Ktemp is needed. 

3. Electrical-Thermal Two-way Coupling Method 

3.1. Characteristics of PM Material 

The permanent magnet materials are sensitive to the temperature, which results in that the PM 
suffers from performance reduction and even irreversible demagnetization when the motor operates at 
the high temperature. Therefore, it is necessary to obtain the demagnetization curves of PM materials 
under different temperatures. 

Firstly, the PM intrinsic Bi-H curve at a certain reference temperature is provided by the material 
supplier, so the remanence and the intrinsic coercive force at the reference temperature can be obtained 
easily. Based on it, the remanence Br(T) and the intrinsic coercive force Hci(T) at different temperatures 
can be derived as 

( ) ( ) [1 ( )]

( ) ( ) [1 ( )]
r r ref ref

ci ci ref ref

B T B T T T

H T H T T T

= ⋅ + −
 = ⋅ + −
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β

                       (4) 

where Br(Tref) and Hci(Tref) are the remanence and the intrinsic coercive force at the reference 
temperature, α and β are temperature coefficients. 
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Secondly, since the PM intrinsic Bi-H curves at different temperatures have very similar shape, the 
intrinsic Bi-H curves can be adjusted to one curve (more or less) after the normalized scaling, the 
normalized intrinsic bi-h curve can be given by 

( ) ( ) / ( )
( ) ( ) / ( )
i i r

i i ci

b T B T B T

h T H T H T

=
 =                                   (5) 

where bi(T) and hi(T) are the flux density and magnetic field intensity on the normalized intrinsic bi-h 
curves at the temperature T. Bi(T) and Hi(T) are the flux density and magnetic field intensity on the 
original intrinsic Bi-H curves at the temperature T. From equation (5), the normalized intrinsic bi-h curve 
at any temperature T can be obtained. 

All the intrinsic Bi-H curves at different temperatures are normalized to one curve, thus the 
normalized intrinsic bi-h curve applies to all temperatures. To facilitate the calculation, the normalized 
intrinsic bi-h curve at the reference temperature is selected. Then, the equation (5) at the reference 
temperature can be expressed as 

( ) ( ) / ( )

( ) ( ) / ( )
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Even though the selected normalized intrinsic bi-h curve is generated using the reference 
temperature, it is valid for all temperatures because of the very similar shape. Then the intrinsic Bi-H 
curves can be given by 

( ) ( ) ( )

( ) ( ) ( )
i i ref r
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= ⋅
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In this paper, the PM of NdFeB material is employed and the corresponding intrinsic Bi-H curve at 
the reference temperature (20°C) is provided by the supplier. According to the above analysis, the 
intrinsic Bi-H curves at different temperatures can be established successfully, which is shown in Figure 
2. It can be seen that the temperature variations have important effects on the PM characteristics, and the 
PM performance reduces when the temperature rises. Therefore, it inevitably leads to the inaccuracy of 
the analysis results when the temperature rise is ignored, such as distributions of magnetic field, output 
torque, and efficiency. 

 
Figure 2. Bi-H curves at different temperatures. 

Finally, in the finite element analysis, the required B-H curves of PM can be efficiently transformed 
from the Bi-H curves in equation (7), the corresponding transformed equation can be expressed as 

01   
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= ⋅    

                                           (8) 
where μ0 is vacuum permeability. 

3.2. The Flow Chart of the Proposed Method 

Figure. 3 shows the flow chart of the proposed method. It can be seen that the method mainly 
consists of the following five steps. 
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Step 1: Construct the 2-D finite element analysis model and 3-D thermal model according the 
motor configuration. 

Step 2: One way (electrical to thermal way). The losses of each element are respectively 
calculated in the electromagnetic solver based on the demagnetization curve at the operation 
temperature. Then, the acquired losses used as the thermal source are imported into the thermal 
solver, thus the temperature distribution can be obtained. Generally, the results between the 
obtained temperature and original operation temperature cannot achieve convergence. 

Step 3: Another way (thermal to electrical way). The temperature results are fed back to the 
electromagnetic solver by updating the material properties under the corresponding temperature. 
Then, the new loss results can be obtained by the electromagnetic performance analysis. 

Step 4: Import the new loss results into the thermal solver to get the new temperature 
distribution. At this time, the temperature convergence can be estimated according to the two 
temperature results from the thermal solver. If the difference value of the two adjacent temperature 
results is within the setting threshold, the two-way coupling analysis is completed. Otherwise, it 
returns back to step 3. 

Step 5: Feedback design. Optimize the motor and evaluate the motor’s electromagnetic 
performances. After optimization, if the electromagnetic performances meet the required demands, 
the motor dimensions can be determined. Otherwise, the dimension parameters need to be further 
optimized. 

 
Figure 3. Flow chart of the proposed method. 

4. Electrical-Thermal Two-way coupling Analysis 

After the introduction of the electrical-thermal two-way coupling method flowchart, the 
performances and the temperature rise are respectively analyzed in the conventional single-way 
method (without coupling) and the proposed method (with the electrical-thermal two-way 
coupling). 

The temperature convergence results of two methods are shown in Table 1. It can be seen that 
the temperature rises with the increase of iteration times and reaches the steady state after multiple 
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iterations. In the single-way analysis, the temperature reaches the steady state after 20 times 
iteration, while the two-way coupling analysis reaches the steady state after 40 times iteration. At 
this time, the convergence temperatures of them are respectively converged with the 86°C and 98°C, 
indicating that the effect of the temperatures on PM material is effectively considered. 

The temperature distributions of the motor by the two methods are shown in Figure 4(a). It can 
be observed that the temperature with the two-way coupling is higher than that of the conventional 
single-way method, which indicates that the losses of the motor are increased due to the 
temperature rise after coupling. Moreover, the highest temperature occurs at the stator teeth due to 
the concentrated heat sources on the stator. The raise of temperature with coupling will degrade the 
remanence and the coercive force, which cause the variation of field distribution, especially when 
the armature current is applied, as shown in Figure 4(b). This will further lead to electromagnetic 
performances variations, such as load PM flux linkage and output torque. 

Table 1. Temperature convergence tracks. 

Analysis method 
Iteration times 

0 10 20 30 40 50 …… 

Single-way 
Temperature (℃) 20 85.2 86 86 86 86 86 

Temperature difference (℃) - 65.2 0.8 0 0 0 0 

Two-way coupling 
Temperature (℃) 20 86 102 97.3 98 98 98 

Temperature difference (℃) - 66 16 4.7 0.7 0 0 

 

 
(a) 

 

      
(b) 

Figure 4. Comparison results. (a) Temperature distributions. (b) Filed distributions. 

Figure 5(a) shows the comparison results of the load PM flux linkage by the two methods. It 
can be observed that the peak value of the load PM flux linkage is 0.278Wb at the reference 
temperature 20°C, while the peak value is increased to 0.293Wb at two-way coupling temperature 
of 98°C, the slightly increase of the load PM flux linkage is resulted by the raise of temperature after 
coupling, since the iron saturation degree is reduced due to the degraded PM remanence and 
coercive force when the temperature rises. Figure 5(b) shows the comparison results of output 
torque. Obviously, due to the temperature rise, the output torque reduced from 26.21Nm to 
20.18Nm, which offer a design guide for the following feedback design. 
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Figure 5. Comparison results of electromagnetic performances. (a) Load PM flux linkage. (b) Output torque. 
 
5. Motor Optimization 

It is illustrated that the aforementioned electromagnetic performances are often degraded 
during the temperature rise, which results in that the actual performances generally cannot meet 
the final requirements. Therefore, in order to improve the motor performance accuracy, the 
feedback design of the V-FSPM motor is needed. According to Figure 3, the feedback design of 
optimization is implemented after the two-way coupling analysis.  

The structure of the investigated V-FSPM motor is relatively complex. As a result, the numbers 
of motor parameters are relatively large. Considering that rotor tooth width, stator tooth width, PM 
width and V-shaped angle of two PMs are the leading parameters in design process for the V-FSPM 
motor and V-shaped angle of two PMs exhibits significant influence on motor performances [19], 
thus the placed angle of two PMs βvs is selected as a key parameter to be optimized as an example in 
this section. 

In the V-FSPM motor, the V-shaped placement of PMs can enhance the flux-focusing effects 
and improve the output torque. Since the load PM flux linkage directly affects capacity of the 
output torque, the relationship between the placed angle of the two PMs βvs and the load PM flux 
linkage needs to be analyzed. Besides, the cogging torque is an important electromagnetic 
performance for EVs applications, so the relationship between the placed angle βvs and the 
peak-to-peak (P–P) cogging torque is also required to be investigated. Figure 6 shows the variation 
of flux linkage and cogging torque with the change of the angle of the V-shaped PMs. As shown in 
Figure 6, the cogging torque decreases with the increase of βvs from 2 to 5 degree, and reaches the 
minimum value when βvs equals to 5 degree. Meanwhile, the load PM flux linkage amplitude 
possesses a low increase with the raise of βvs from 5 to 7 degree. When βvs increases from 7 to 9 
degree, the load PM flux linkage amplitude decreases mainly due to the saturation effect in stator 
tooth. Considering a compromise design between the high PM flux linkage amplitude and the low 
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cogging torque, βvs is chosen to be 5 degree finally. Then, some key design parameters are listed in 
Table 2. 

 
Figure 6. Variation of load PM flux linkage and peak to peak cogging torque with respect to the angle of the 
V-shaped PMs. 

Table 2. Key design parameters 

Parameters Values Unit 
Rotor pole arc width 6 degree 
Rotor teeth height 8 mm 
Rotor teeth arc width at yoke 10 degree 
Air gap length 0.8 mm 
Placed angle of the two PMs 5 degree 
PM arc width 2 degree 
Stator yoke radius 30 mm 
Stator yoke arc width 10 degree 
Stator inner radius 22.4 mm 
Then, Based on the adjusted sizes of the design parameters, the electromagnetic performances 

of the V-FSPM motor between initial and improved motors are compared in details. 
The results with the two-way coupling are shown in Figure 7, including temperature 

distribution and field distribution. Figure 7 (a) shows the temperature distribution with two-way 
coupling after optimization. It can be seen that the temperature at the same load current is 
decreased. Meanwhile, Figure 7(b) shows the field distribution after optimization, the field intensity, 
after the feedback design, is slightly increased. 

 
(a)                                       (b) 

Figure 7. Optimization results at 91°C after optimization. (a) Temperature distribution. (b) Filed distributions. 
 

The load PM flux linkage waveforms under the initial and improved motors before and after 
the feedback design are respectively compared, as shown in Figure 8 (a). It can be found that the 
peak value of the load PM flux linkage after the feedback design is close to the values of initial 
motor. Figure 8 (b) shows the torque performances of the before and after the feedback design. It 
can be observed that the output torque after the feedback design at steady-state temperature of 
91°C is increased to 22.35Nm, which is increased by 10.75% compared with that before the feedback 
design. Meanwhile, the initial value of temperature scaling factor Ktemp is 0.77, higher value of 0.85 is 
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achieved after feedback design, which indicates that the performance of the motor after 
optimization is efficiently improved. The corresponding comparison results are listed in Table 3. 

 
  (a) 

 
  (b) 

Figure 8. Comparison results of electromagnetic performances after optimization. (a) Load PM flux linkage. (b) 
Output torque. 

 
Table 3. Comparisons results 

Results 
Initial motor 

at 20°C 
Initial motor 

at 98°C 
Improved motor 

at 91°C 
Output torque (Nm) 26.21 20.18 22.35 
λtemp - 0.77 0.85 

6. Experiment Validation 

In order to further verify the validity of theoretical analysis, a prototype motor is manufactured 
according to the key design parameters in Table 2. The rotor and stator of the prototype motor are 
shown in Figure 9 (a) and (b), and the experimental platform can be found in Figure 10. To obtain an 
experimental validation, the V-FSPM motor is driven continuously with a relatively long period of time 
to achieve an experiment of temperature rise. In this case, some fundamental experiments of the motor 
are carried out.  

Figure 11 shows the steady-state torque and current waveforms under id=0 control method , where 
Te, ia, ib and ic represent the waveforms of output torque, phase A, phase B and phase C current, 
respectively. It can be found that the applied phase current is 11 A, the output torque is 22.15Nm. 
Meanwhile, the measured torque characteristics under different phase currents are shown in Figure 12. 
For comparison, the simulated results are also added in this figure. From the figure, it can be seen that 
the measured torques reasonably agree with the simulated values. The minor discrepancies between the 
measured and simulated results mainly attribute to manufacturing error such as inaccurate air gap 
length and V-shaped PM width, the restrictions in experimental conditions and measurement errors. In 
addition, the variation trends of the output torque at different currents are approximately linear, which 
implies that the motor possesses desirable over-load capabilities. 
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Figure 9. Prototype motor. (a) Rotor. (b) Stator. 

 
Figure 10. Experimental platforms. 

 
Figure 11. Steady-state torque and current waveforms (25 Nm/div, 15 A/div). 

    
Figure 12. Measured and predicted torque versus different phase currents. 

7. Conclusions 

This paper proposes a new electrical-thermal two-way coupling design method to analyze the 
electromagnetic performances, where the change of PM material characteristics under different 
temperatures is taken into consideration. To illustrate the sensitive degree of PM materials to 
temperature variation, the demagnetization curves of PMs under different temperatures are 
modeled. Besides, by implementing the electrical-thermal two-way coupling method, the output 
torque is reduced obviously compared with the conventional single-way method. Then, Based on 
the performance characteristics， a feedback design is conducted purposefully through the 
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adjustment of key design parameters. After the feedback design, the electromagnetic performances 
between initial and improved motors are compared. Finally, a prototype motor is manufactured to 
evaluate the performances of the V-PMFS motor. Both the simulation results and the experimental 
tests validate the correctness of the proposed method. 
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