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Abstract 

In this paper, the torque characteristics in dual three-phase (DTP) permanent magnet synchronous 

machines (PMSMs) with asymmetric interior permanent magnet (AIPM) rotors are investigated. The 

electromagnetic performances of DTP PMSMs with symmetrical and asymmetric IPM rotors are 

compared, including air-gap flux density, back EMF, cogging torque, torque, loss, and efficiency. It 

is found that in DTP PMSMs, the AIPM rotor can achieve significant torque improvement under both 

healthy and single three-phase open-circuit conditions. It is also found that performance 

enhancement in AIPM DTP machine is more remarkable across the constant-torque region 

particularly at high load conditions than in the constant-power region, compared with the 

symmetrical IPM counterpart. A prototype is fabricated and tested to verify theoretical analyses. 

Keywords: asymmetric interior permanent magnet rotor; dual three-phase; interior permanent 

magnet rotor; permanent magnet synchronous machine 

 

1. Introduction 

In recent years, multi-phase permanent magnet synchronous machines (PMSMs) have been 

widely researched due to their advantages of high power/torque density, high efficiency, reduced 

current/power rating per phase, and enhanced fault-tolerance capability [1–3]. Compared with other 

types of multi-phase PMSMs, dual three-phase (DTP) PMSMs have attracted more attentions since 

commercial standard three-phase inverters can be employed directly and the control strategy is 

relatively easier in DTP PMSMs [4–13]. In addition, considering the independent two winding sets in 

DTP PMSMs, the faults in one three-phase winding set will not lead to the full loss of torque output 

and the fault-tolerant control strategy in DTP PMSMs is also easier than other multi-phase PMSMs 

[4,5]. 

Regardless of winding configuration, the rotors in DTP PMSMs can be generally classified into 

surface-mounted permanent magnet (SPM) rotors [6–9] and interior permanent magnet (IPM) rotors 

[10–13]. Compared with IPM rotors, the PMs in SPM rotors are placed closer to air-gap, and the flux 

leakages in SPM rotors are smaller. However, the d- and q-axis inductances are almost the same in 

SPM rotors. Thus, SPM rotors cannot produce reluctance torque. In IPM rotors, the existence of rotor 

saliency makes it possible to utilize both PM torque and reluctance torque at the same time [11,12]. 

What is more, the PMs in IPM rotors are buried in rotor cores, which means that there is no need to 

consider glass/carbon fiber-banding under high-speed. Thus, IPM rotors are especially suitable for 

variable-speed applications, such as electric vehicles [12,13]. 

To further improve the torque performances of PMSMs with IPM rotors, asymmetric IPM (AIPM) 

rotor topologies have been investigated in some papers [14–27]. In [14], the adoption of assisted flux 

barriers in V-type IPM machines displaces the axis of reluctance torques, which increases the average 

torque. In [15–18], the asymmetric magnet and flux barrier are optimized synchronously in PM 

assisted synchronous reluctance machines. The axes of the PM and reluctance torque components 

can also be shifted closer by combining different types of rotor topologies [19–24]. For example, the 
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asymmetric inset SPM rotor structures introduced in [19,20] can be seen as compositions of SPM rotor 

and reluctance rotor. In addition, besides in circumferential direction [19,20], SPM rotor and 

reluctance rotor can also be composed together in axial direction [21,22]. Further, besides the 

combination of SPM and reluctance rotors, asymmetric rotors can also be combined by SPM and IPM 

rotors [23] or by different types of IPM rotors (e.g., I-type and spoke-type PMs in [24], V-type and 

spoke-type PMs in [25]). All these asymmetric rotor designs can shift the reluctance torque axis closer 

to PM torque axis in PMSMs, and thus, utilization ratios of PM and reluctance torque components 

can be improved simultaneously [26,27]. 

However, all existing papers only focus on conventional single three-phase (STP) winding 

configuration, the effects of AIPM rotors on the electromagnetic characteristics in DTP PMSMs have 

not been analyzed. Therefore, this paper aims to fill this gap by investigating and comparing the 

influences of symmetrical and asymmetric IPM rotors on electromagnetic performances in DTP 

PMSMs. Both healthy and single three-phase open-circuit (OC) conditions are considered. 

This paper is organized as follows. In Section II, the topologies and working principles of the 

analyzed DTP PMSMs with IPM and AIPM rotors are described. The electromagnetic performances 

of the DTP PMSMs with IPM and AIPM rotors are compared under healthy condition in Section III, 

and under single three-phase OC in Section IV. In Section V, a prototype of DTP PMSM with AIPM 

rotor is manufactured and tested to verify the analyses. Finally, conclusions are drawn in Section VI. 

2. Machine Configuration and Operation Principle 

In this paper, the effects of AIPM rotors in DTP PMSMs are investigated based on Toyota Prius 

2010 machine and the results are compared with those obtained with the original symmetrical IPM 

rotor. Considering that the original Toyota Prius 2010 machine is equipped with STP windings, the 

DTP winding configuration for Toyota Prius 2010 machine will also be introduced in this section. 

2.1. Machine Configuration 

In Toyota Prius 2010 machine, the slot/pole number combination is 48-slot/8-pole, and the 

original armature windings are single-layer short-pitched STP windings [28]. Compared with STP 

winding configuration, DTP winding configuration with 30° phase shift can improve average torque 

and reduce torque ripples inherently. Hence, to enhance the torque performance of the original 

Toyota Prius 2010 machine, two DTP winding configurations are proposed and compared in [29]. In 

this paper, the single-layer full-pitched DTP winding configuration is selected for further analyses 

due to their advantages of enhanced average torque capability and easier manufacture. The winding 

arrangement and the coil electromotive force (EMF) phasor diagram of the single-layer full-pitched 

DTP windings are shown in Figure 1(a) and (b), respectively. The phase shift angle (30°) can be 

observed clearly from Figure 1(b). 
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(a) (b) 

Figure 1. Winding configuration of DTP windings in Toyota Prius 2010 machine. (a) Winding arrangement. (b) 

Phase EMF phasor diagram. 

The AIPM rotor design analyzed in this paper is firstly proposed in [30], based on Toyota Prius 

2010 machine for STP stator windings, which features with skewed V-type PMs and a flux barrier 

outside PMs. The cross-sections of the benchmark DTP PMSMs with the original symmetrical IPM 

rotor (designated as IPM rotor in the rest of the paper) and the AIPM rotor are illustrated in Figure 

2(a) and (b), respectively. The detailed geometric dimensions of Toyota Prius 2010 machine, including 

the stator and the IPM rotor and the AIPM rotor can be found from [28,30], respectively, and some 

key geometric parameters are listed in Table 1. 

  

(a) (b) 

Figure 2. Cross-sections of DTP PMSMs with IPM and AIPM rotors. (a) IPM. (b) AIPM. 

Table 1. Main design specifications of benchmark PMSM. 

Parameters Values 

Stator  

Stator OD, mm 264 

Stator ID, mm 161.9 

Stack length, mm 50.8 

Slot depth, mm 30.9 

Slot opening, mm 1.88 

A2
1 13 25 37

B2
9 21 33 45

A1
48 12 24 36

B1
8 20 32 44

C2
5 17 29 41

C1
4 16 28 40
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IPM rotor  

Rotor OD, mm 160.4 

Rotor ID, mm 51 

Stack length, mm 50.8 

PM length, mm 17.88 

PM thickness, mm 7.16 

PM remanence, T 1.2 

PM relative permeability 1.05 

AIPM rotor  

Rotor OD, mm 160.4 

Rotor ID, mm 90 

Stack length, mm 50.8 

Large PM length, mm 28.3 

Large PM thickness, mm 7.2 

Small PM length, mm 12 

PM remanence, T 1.2 

PM relative permeability 1.05 

2.1. Operation Principle 

Although the winding configurations in DTP PMSMs are different from those in STP 

counterparts, the output torques of DTP and STP PMSMs are both composed by PM and reluctance 

torque components. Thus, the operation principle of AIPM rotors in DTP PMSMs is identical to that 

in STP PMSMs. PM torque component is produced by the interaction between armature windings 

and PM magnetic field, while reluctance torque is produced due to the rotor saliency. Compared with 

IPM rotor, AIPM rotor shifts the axis of PM magnetic field and changes the location of rotor saliency 

simultaneously. Thus, when using AIPM rotor in PMSMs, the optimal current advancing angles for 

maximum PM and reluctance torque components are no longer the same as those obtained using IPM 

rotor. With appropriate AIPM rotor designs, the optimal current advancing angles for maximum PM 

and reluctance torque components can be much closer to each other. Thus, both PM and reluctance 

torque components can be utilized more effectively with the same current advancing angle. To 

further illustrate the difference between the torque components in PMSMs with IPM and AIPM rotors, 

the torque components versus current advancing angle characteristics in the PMSMs with different 

rotors are plotted in Figure 3. Overall, compared with the IPM counterpart, the magnetic field shifting 

(MFS) effect caused by AIPM rotor makes it possible to produce higher average torque. In the 

analyzed AIPM rotor, as shown in Figure 2(b), the different sizes of two interior PMs and the extra 

flux barrier can make the MFS effect even more evident. 

 
 

(a) (b) 

Figure 3. Torque components of PMSMs with different rotors. (a) IPM (b) AIPM. 
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3. Comparison of Electromagnetic Performance of DTP PMSMs with IPM and 

AIPM Rotors Under Healthy Condition 

In this section, the electromagnetic performances of the benchmark DTP PMSMs with IPM and 

AIPM rotors are compared, including air-gap flux density, back EMF, cogging torque, torque, loss, 

and efficiency. It should be mentioned that all the analyses presented below are based on the results 

obtained from JMAG-Designer by using 2-dimensional (2D) finite element (FE) method. 

3.1. Open-Circuit Characteristics 

The flux line distributions of the DTP PMSMs with IPM and AIPM rotors under OC are firstly 

calculated and compared, as shown in Figure 4. As can be seen, due to the middle-side small magnet 

and the outside flux barrier in one AIPM rotor pole, closed flux lines can be observed. The waveforms 

and spectra of the radial flux densities along air-gaps air-gap under this condition are shown in 

Figure 5 (a) and (b). In Figure 5 (a), the fluctuations can be explained by the asymmetric rotor layout 

and the closed flux lines in one AIPM rotor pole. From Figure 5 (b), it can be clearly seen that the 

AIPM rotor has higher fundamental component, which can be attribute to the flux-focusing effect 

caused by the flux barrier in the AIPM rotor. However, the AIPM machine also shows more harmonic 

contents compared with the IPM counterpart, which may result in larger eddy current loss in the 

AIPM machine. Hence, the flux density distributions of the benchmark PMSMs under OC suggest 

that the loss and efficiency of the DTP PMSMs with IPM and AIPM rotors need more attention in the 

following analyses. 

In the DTP PMSMs with IPM and AIPM rotors, assuming rotor speed is 200 rpm, the waveforms 

and spectra of phase back electromotive forces (EMFs) of Phases A1 and A2 are shown in Figure 6. 

From Figure 6(b), it can be seen that similar to the OC air-gap flux density, the amplitude of the 

fundamental back EMF in the AIPM machine is higher than that in the IPM machine. 

  
(a) (b) 

Figure 4. Flux line distributions of DTP PMSMs with different rotors under open-circuit. (a) IPM. (b) AIPM. 
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(a) 

 

(b) 

Figure 5. Air-gap flux densities of DTP PMSMs machines with different rotors under open-circuit. (a) 

Waveforms. (b) Spectra (amplitude). 
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(b) 

Figure 6. Air-gap flux densities of DTP PMSMs machines with different rotors under open-circuit. (a) 

Waveforms. (b) Spectra (amplitude). 

For the DTP PMSMs with IPM and AIPM rotors, the waveforms and spectra of the cogging 
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fundamental orders of cogging torque in IPM and AIPM machines are exactly the same, which is 48 

in mechanical angle (the smallest common multiple between slot number, 48, and pole number, 8) 

and 12 in electric angle, but the amplitudes of the same harmonic order are different in IPM and 

AIPM machines. In the analyzed DTP PMSMs, the cogging torque produced by the AIPM rotor is 

much larger than that produced by the IPM rotor. 
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(b) 

Figure 7. Cogging torques of DTP PMSMs with different rotors. (a) Waveforms. (b) Spectra. 

3.2. Torque Characteristics 

In this part, the torque characteristics of the DTP PMSMs with IPM and AIPM rotors are 

compared under full load firstly. In the Toyota Prius 2010 machine, the phase current amplitude 

under full load is 236 A, and in the benchmark DTP PMSMs, due to different winding configurations, 

the phase current amplitude for the full load is 118 A. In the DTP PMSMs with IPM and AIPM rotors, 

the variations of average torque with current advancing angle under full load (IA1 = 118Apk) are 

shown in Figure 8. It can be seen that the maximum average torques are obtained when current 

advancing angle = 53° in IPM machine, and 62° in AIPM machine. 

As mentioned before, in IPM and AIPM machines, the variations of PM and reluctance torque 

components with current advancing angle are quite different. With the help of frozen permeability 

method [32–34], the PM and reluctance torque components can be separated from the total average 

torque. The variations of PM and reluctance torque components with current advancing angle are 

also presented in Figure 8. It can be found that the optimal current advancing angles for the maximum 

PM torque component are 24° in IPM machine, and 53° in AIPM machine. To achieve the maximum 

reluctance torque component, the optimal current advancing angles are 58° and 65° respectively in 

IPM and AIPM machines. The optimal current advancing angles for different torque components are 

summarized in Table 2. In the IPM machine, the difference between the optimal current advancing 

angles for the maximum PM and reluctance torque components is 34°, but in AIPM machine, the 

difference is only 12°. It can be concluded that compared with IPM rotor, the PM and reluctance 

torque components in the DTP PMSMs can be better utilized by using AIPM rotor. 

Table 2. Maximum torque components and optimal current advancing angles of DTP PMSMs with IPM and 

AIPM rotors (IA1 = 236 APK). 
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component 
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Figure 8. Torque component-current advancing angle characteristics of DTP PMSMs with IPM and AIPM rotors 

(IA1 = 118Apk). 

From Figure 8 and Table 2, under full load (IA1 = 118 Apk), to achieve the maximum average 

torque, the optimal current advancing angles are 53° and 62° respectively in IPM and AIPM machines. 

With the optimal current advancing angles, the waveforms and spectra of the instantaneous torque 

in the DTP PMSMs with IPM and AIPM rotors are shown in Figure 9. The average torque and torque 

ripple characteristics of the PMSMs under full load are summarized in Table 3. It can be seen that 

compared with the DTP IPM machine, the DTP AIPM machine can increase the average torque by 

9.25% and reduce the torque ripple by 47.62% under full load. 

The prototype DTP PMSMs in this paper is modified from the STP PMSMs in [30] by changing 

winding configurations and optimize rotor design. With the STP windings, the torque characteristics 

of the STP PMSMs under full load are provided in Table 4. The results for DTP and STP PMSMs can 

be compared. Under full load, the STP AIPM machine can increase the average torque by 8.35% and 

reduce the torque ripple by 34.08% compared with the STP IPM machine. Hence, by employing AIPM 

rotor, DTP PMSM can achieve better improvement in average torque and more reduction in torque 

ripple than those in STP PMSM. 

Under other load conditions, the optimal current advancing angles can also be obtained based 

on maximum torque per amplitude (MTPA) control strategy. In the DTP IPM and AIPM machines, 

assuming IA1 varies from 25 Apk to 250 Apk to cover the load conditions from light-load to over-

load, the variations of average torques and torque ripples with phase current amplitude are shown 

in Figure 10(a) and (b), respectively. It can be seen that the average torque of the DTP PMSM can 

always be improved significantly by using the AIPM rotor and the average torque improvements are 

presented in Figure 10(c). In addition, when the phase current ≥ 75 Apk, not only the average torque 

can be improved, the torque ripple can also be reduced by the AIPM rotor. Hence, the AIPM rotor 

can greatly improve the torque performance of the DTP PMSM. 

Table 3. Torque characteristics of DTP IPM and AIPM machines (IA1 = 118APK). 

 IPM AIPM Change 

Average torque (Nm) 242.77 265.22 +9.25% 

Peak-peak value (Nm) 24.28 13.89 −42.78% 

Torque ripple (%) 10.00 5.24 −47.62% 

Table 4. Torque characteristics of DTP IPM and AIPM machines (IA1 = 236APK). 

 IPM AIPM Change 

Average torque (Nm) 236.50 256.26 +8.35% 
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Peak-peak value (Nm) 35.99 25.71 −28.58% 

Torque ripple (%) 15.22 10.03 −34.08% 

 

 
(a) 

 
(b) 

Figure 9. Instantaneous torque waveforms and spectra of DTP PMSMs with IPM and AIPM rotors (IA1 = 

118Apk). (a) Waveforms. (b) Spectra. 
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(b) 

 
(c) 

Figure 10. Variations of torque characteristics with phase current amplitude in DTP PMSMs with IPM and AIPM 

rotors. (a) Average torque. (b) Torque ripple, (c) Average torque improvement. 

3.3. Loss and Efficiency 

In this paper, the losses and efficiencies of the DTP PMSMs with IPM and AIPM rotors are 

obtained by using the method in [36,42]. The copper loss is calculated by using Joule’s law, as 

��� = 3����
� (1) 

where R0 is the phase resistance of the DTP windings, and Ia is the phase current amplitude. 

In the calculation of iron losses, it consists of hysteresis and eddy current iron losses, which are 

calculated by: 

��� = ����������
�

�����
+ ���������� �

�

�����
�
�

 
(2) 

where PHyst-base and PEddy-base are the hysteresis and eddy current iron losses at the base speed, i.e., 3000 

rpm in this study. f and fbase are the frequencies of the operating condition and the base speed. 

For other losses, PM eddy current losses are obtained from FE simulations directly, and 

mechanical losses are estimated by [43] 

��� = 0.26� + 0.00103�� (3) 

Overall, the loss characteristics of the DTP PMSMs with IPM and AIPM rotors under the full-

load (IA1 = 118 Apk, speed = 3000 rpm) are summarized and compared in Table 5. 
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Table 5. Loss and efficiency of DTP PMSMs with IPM and AIPM rotors (IA1 = 118 APK at 3000 RPM). 

 IPM AIPM 

Average output torque (Nm) 242.76 265.21 

Output power (kW) 76.27 83.32 

Copper loss (W) 7283.49 7283.49 

Stator iron loss (W) 338.27 325.81 

Rotor iron loss (W) 28.62 27.49 

Total iron loss (W) 366.89 353.30 

PM eddy current loss (W) 63.28 86.05 

Mechanical loss (W) 93.20 93.20 

Total loss (kW) 7.81 7.82 

Efficiency (%) 90.71 91.42 

It can be seen that copper loss is the most dominant loss in both IPM and AIPM machines. Since 

the IPM and AIPM machines share the same stator and armature windings, the copper losses of the 

two DTP PMSMs are identical. Due to similar iron loss and higher PM eddy current loss, the total 

loss in AIPM machine is slightly higher than that in IPM counterpart. However, considering that the 

output torque and output power of the AIPM machine is obviously larger than those of the IPM 

counterpart, and the AIPM machine still has higher overall efficiency than the IPM counterpart under 

this condition. 

To analyze the loss and efficiency characteristics of the DTP PMSMs with IPM and AIPM rotors 

at other speeds, the torque and power-speed curves of the two DTP PMSMs are calculated under the 

constraints (DC link voltage ≤ 650Vdc and phase current ≤ 118Apk), as shown in Figure 11. Similarly, 

the variations of the maximum d- and q-axis currents (Id and Iq), and phase currents (Ia) with speed 

are shown in Figure 12. It can be clearly seen that the AIPM machine can produce higher torque than 

the IPM counterpart not only in constant torque region (low-speed), but also in constant power region 

(high-speed). 
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(b) 

Figure 11. Torque and power-speed curves of DTP PMSMs with IPM and AIPM rotors. (a) Torque-speed curves. 

(b) Power-speed curves. 

 
(a) 

 
(b) 

Figure 12. Current-speed curves of DTP PMSMs with IPM and AIPM rotors. (a) Id- and Iq-speed curves. (b) Ia-

speed curves. 

Based on (1), (2), Figure 11, and Figure 12, the copper loss and iron loss maps of the DTP PMSMs 
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mechanical losses of the DTP IPM and AIPM machines are calculated by using (3), as shown in Figure 

15. 

 
(a) 

 
(b) 

Figure 13. Copper loss maps of DTP PMSMs with IPM and AIPM rotors. (a) IPM. (b) AIPM. 

 
(a) 

 

(b) 

Figure 14. Iron loss maps of DTP PMSMs with IPM and AIPM rotors. (a) IPM. (b) AIPM. 
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Considering that PM eddy current loss under other speeds cannot be estimated directly from 

the base speed and the PM eddy current loss is very small in total loss, as indicated in Table 5, the 

ignorance of PM eddy current loss in the calculation of resultant efficiency is still acceptable. Thus, 

when ignoring PM eddy current loss, the total loss maps of the DTP IPM and AIPM machines can be 

obtained from Figure 13, Figure 14, and Figure 15, as shown in Figure 16. The total loss difference 

between AIPM and IPM machines is given in Figure 16(c). In Figure 16(c), the operating conditions 

can be classified into three conditions, i.e., low speed and low torque, low speed and high torque, 

and high-speed conditions. It can be observed that at high speed, iron loss is the dominant loss and 

the AIPM machine has higher total loss, while at low speed and high torque, copper loss is the 

dominant loss and the IPM machine has higher total loss. At low speed and low torque, the AIPM 

and IPM machines show similar total losses. 

In Figure 14, it can be observed that the iron loss in the AIPM machine is higher than that in the 

IPM counterpart at high speed and low speed and low torque. However, in Table 5, it is shown that 

the iron loss of the AIPM machine is slightly lower than that of the IPM counterpart at full load (low 

speed and high torque). Considering that the phase currents under different operating conditions are 

different, it is necessary to further analyze the effects of electric loadings on iron losses in the DTP 

AIPM and IPM machines. 

 

Figure 15. Mechanical loss of DTP PMSMs with IPM and AIPM rotors. 
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(b) 

 
(c) 

Figure 16. Total loss maps of DTP PMSMs with IPM and AIPM rotors. (a) IPM. (b) AIPM. (c) Total loss difference 

(AIPM−IPM). 

Assuming the phase currents varying from 0 to 250 Apk, the iron losses of the DTP PMSMs with 

IPM and AIPM rotors at 3000 rpm are compared in Figure 17. It can be observed that the iron loss in 

the DTP AIPM machine is higher than that in the IPM counterpart at low currents (≤ 50 Apk), but 

lower than that in the IPM counterpart at high loads (≥ 75 Apk). This phenomenon can be explained 

by the different air-gap MMF harmonic contents in the AIPM and IPM machines. When electric 

loading is low, the air-gap MMF is mainly produced by rotor PMs. Under open-circuit, the air-gap 

flux densities of the DTP AIPM and IPM machines are shown in Figure 5. From Figure 5(b), it can be 

obtained that the AIPM machine has higher fundamental component (0.77 T in IPM machine, and 

0.92 T in AIPM machine) and more abundant harmonic contents (THD = 42.66% in IPM machine, 

68.42% in AIPM machine). Hence, the iron loss of the DTP AIPM machine is significantly higher than 

that in the DTP IPM machine under low-load. However, with the increase of phase currents, the air-

gap flux densities of the DTP AIPM and IPM machines are mainly affected by armature windings, 

and less affected by rotor PMs. Under full-load (IA1 = 118Apk), the air-gap flux densities of the DTP 

AIPM and IPM machines are compared in Figure 18. 
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Figure 17. Variations of iron losses with phase current amplitude in DTP PMSMs with IPM and AIPM rotors. 

It can be seen that the air-gap flux densities of the DTP IPM and AIPM machines are close to 

each other under this condition. In addition, due to different rotor layouts, the harmonic contents in 

the AIPM machine are even lower than those in the IPM counterpart under this condition (THD = 

41.57% in IPM machine, 38.44% in AIPM machine). As a result, compared with DTP IPM machine, 

the DTP AIPM machine shows higher iron loss when electric loading is low (under low speed and 

low torque, and high-speed conditions) and lower iron loss when electric loading is high (at low 

speed and high torque). 

 
(a) 

 

(b) 

Figure 18. Air-gap flux densities of DTP PMSMs machines with different rotors under full-load (IA1 = 118Apk). 

(a) Waveforms. (b) Spectra. 
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Based on Figure 16, the efficiency maps of the DTP PMSMs with IPM and AIPM rotors are 

calculated, as shown in Figure 19(a) and (b), respectively. The efficiency difference between the AIPM 

and IPM machines is presented Figure 19(c). 

It can be found that the DTP AIPM and IPM machines show higher efficiencies under different 

operating conditions. Due to the more abundant PM MMF harmonics in the DTP AIPM machine, 

DTP AIPM machine shows higher iron loss and lower efficiency than IPM counterpart at high-speed. 

However, when electric loading is higher, the iron losses due to armature reaction field become more 

significant and hence the iron losses in IPM and AIPM machines become similar to each other. Thus, 

the investigated DTP AIPM topology exhibit higher efficiency than the IPM counterpart at high 

torque and high load conditions due to the optimization goal only focusing on higher torque density 

[36]. 

 
(a) 

 
(b) 

 
(c) 

Figure 19. Efficiency maps of DTP PMSMs with IPM and AIPM rotors. (a) IPM. (b) AIPM. (c) Efficiency 

difference (AIPM−IPM). 
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4. Torque Characteristics Under Three-Phase OC Condition 

Authors should discuss the results and how they can be interpreted from the perspective of 

previous studies and of the working hypotheses. The findings and their implications should be 

discussed in the broadest context possible. Future research directions may also be highlighted. 

Since the two three-phase winding sets in DTP PMSMs are connected independently, any fault 

in one three-phase winding set will not result in the failure of total torque output and DTP PMSMs 

can still operate with only one three-phase winding set. The torque characteristics of the DTP PMSMs 

with IPM and AIPM rotors under single three-phase OCs are compared. 

As mentioned before, in the analysed IPM and AIPM machines, the phase current amplitude is 

118 A under healthy full load. When the phase current amplitude is 118A under single three-phase 

OC (IA1 = 118 Apk, IA2 = 0), the variations of total torque, PM torque, and reluctance torque with 

current advancing angle are shown in Figure 20, and the optimal current advancing angles under this 

condition are summarized in Table 5. The difference between the optimal current advancing angles 

for the maximum PM and the reluctance torque components is 25° for the IPM machine and it is 19° 

in the AIPM machine. Hence, under single three-phase OC, the MFS effect still can be observed, and 

thus, the AIPM rotor can still improve average torque. 

 

Figure 20. Torque component-current advancing angle characteristics of DTP PMSMs with IPM and AIPM rotors 

under single three-phase OC (IA1 = 118 Apk). 

From Table 6, under single three-phase OC, when IA1 = 118 Apk, the maximum average torques 

in the IPM and AIPM machines are obtained with current advancing angle = 38° and 49°, respectively. 

The waveforms and spectra of the instantaneous torque in the DTP PMSMs with IPM and AIPM 

rotors under this condition are shown in Figure 21 and the torque characteristics are summarized in 

Table 7. It can be seen that the average torque can still be improved significantly by the AIPM rotor, 

but the torque ripple is increased slightly by the AIPM rotor. 

Table 6. Maximum torque components and optimal current advancing angles of DTP PMSMs with IPM and 

AIPM rotors (IA1 = 118 APK). 

Torque 

component 

Maximum value (Nm) Optimal current advancing angle (°) 

IPM AIPM IPM AIPM 

Tot. torque 135.53 146.09 38 49 

PM torque 57.88 79.45 18 34 

Rel. torque 83.99 70.82 43 53 
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Table 7. Torque characteristics of DTP IPM and AIPM machines under three-phase OC (IA1 = 118APK). 

 IPM AIPM Change 

Average torque (Nm) 135.80 145.54 +7.17% 

Peak-peak value (Nm) 18.79 25.09 +33.54% 

Torque ripple (%) 13.83 17.24  

 

 
(a) 

 
(b) 

Figure 21. Instantaneous torque waveforms and spectra of DTP PMSMs with IPM and AIPM rotors under three-

phase OC (IA1 = 118Apk). (a) Waveforms. (b) Spectra. 

Similar to the analyses under healthy condition, when one three-phase winding set is open-

circuited and IA1 varies from 25 Apk to 250 Apk, the variations of average torques and torque ripples 

with phase current amplitude are shown in Figure 22(a) and (b), respectively. It can be seen that the 

average torque can still be improved by the AIPM rotor, and the torque improvements are 

summarized in Figure 22(c). However, the torque ripple can only be reduced when the phase current 

≥ 150 Apk. Overall, the AIPM rotor can still achieve significant torque improvement in the DTP 

PMSM under the single three-phase OC. 
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(a) 

 
(b) 

 
(c) 

Figure 22. Variations of torque characteristics with phase current amplitude in DTP PMSMs with IPM and AIPM 

rotors under three-phase OC. (a) Average torque. (b) Torque ripple. (c) Average torque improvement. 

5. Experimental Verification 

Considering the difficulties in manufacturing and testing a large prototype, which shares the 

same size as the Toyota Prius 2010 machine, small-scale 24-slot/4-pole prototypes are fabricated and 

tested to verify the FE analyses presented in this paper. The prototype DTP PMSMs are modified 

from the STP PMSMs in [36] by changing winding configurations. 
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Some key design specifications of the prototype are given in Table 8. The pictures of the DTP 

AIPM prototype are given in Figure 23, and the test rig is shown in Figure 24. 

  

(a) (b) 

  

(c) (d) 

Figure 23. Pictures of prototype DTP PMSM with AIPM rotor. (a) Stator lamination. (b) Rotor lamination. (c) 

Stator. (d) Rotor. 

Table 8. Main design specifications of 24-slot/4-pole prototype DTP AIPM machine. 

Parameters Values 

Stator 

Stator OD, mm 100.0 

Stator ID, mm 50.0 

Stack length, mm 50.0 

Slot depth, mm 18.5 

Slot opening, mm 2.0 

AIPM rotor 

Rotor OD, mm 48.0 

Rotor ID, mm 14.0 

Stack length, mm 50.0 

Large PM length, mm 15.5 

Large PM thickness, mm 3.5 

Small PM length, mm 5.5 

Small PM thickness, mm 2.0 

PM remanence, T 1.23 

PM relative permeability 1.04 
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Figure 24. Picture of test rig. 

The FE predicted and measured waveforms and spectra of phase back EMF and cogging torque 

are compared in Figure 25 and Figure 26. The cogging toque is measured by using the method 

proposed in [37]. For the prototype machine, the phase back EMFs exhibit significant harmonics due 

to the asymmetric rotor layout. In Figure 25 (a), an asymmetric in the half waveform can be observed 

due to the small magnet between the large magnet and the flux barrier. It can also be found from 

Figure 25(b) that the measured fundamental and harmonic amplitudes are lower than the FE 

predicted results, which could be due to the neglect of end effects in 2D FE calculations. Although 

the AIPM rotor is not symmetrical from the view of one rotor pole, the whole rotor is still symmetrical 

as the four rotor poles share the same cyclic layout, and thus, there is no even harmonic in resultant 

phase back EMFs. 
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(b) 

Figure 25. Phase back EMF comparison between FE predicted and measured results at 200 rpm. (a) Waveforms. 

(b) Spectra. 

 
(a) 

 
(b) 

Figure 26. Cogging torque comparison between FE predicted and measured results. (a) Waveforms. (b) 

Spectra. 

Due to the same slot/pole ratio, the fundamental order of cogging torque is 12 in electric for the 

24-slot/4-pole prototype, which is identical to that in the 48-slot/8-pole PMSMs. The measured 

cogging torque validates the order number of the FE predicted results, but the measured cogging 

torque amplitude is much smaller than simulations. 
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To validate the FE analyses under on-load conditions, the two three-phase winding sets of the 

prototype are supplied by direct currents, and the static torque versus rotor position waveforms are 

measured under different current values. It should be noticed that due to the 30° phase shift between 

the two winding sets, the phase currents in the two winding sets are different at the same time, as 

shown in Figure 27. The direct currents in different phases are assigned as IA1=Idc, IB1=IC1=−0.5Idc, 

IA2=0.866Idc, IB2=0, and IC2=−0866Idc. To achieve the aforementioned currents, two DC supplies are 

utilized. The first winding set is supplied by a DC supply with Idc. Phases B1 and C1 windings are 

connected in parallel firstly and then connected with Phase A1 winding in series. The second winding 

set is supplied by another DC supply with 0.866Idc, which is supplied to series connected Phases A2 

and C2 windings. Phase B2 winding is not supplied with current. 

 

Figure 27. Phase currents for DTP PMSM. 

The FE predicted and measured waveforms, as well as their spectra of static torque versus rotor 

position characteristics of the prototype machine with different Idc values are compared in Figure 28. 

The corresponding variations of the fundamental amplitudes of static torque with Idc are compared 

in Figure 29. It can be seen that the measured results are lower than the FE predicted results, due to 

the neglecting of end-winding effects in 2D FE calculations. Overall, the good agreement between the 

FE predicted and tested results under OC and on-load conditions validate the accuracy of the FE 

analyses and conclusions drawn in this paper. 
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(b) 

Figure 28. Static torque comparison between FE predicted and measured results with different Idc values. (a) 

Waveforms. (b) Spectra. 

 

Figure 29. Variations of FE predicted and measured fundamental static torque amplitudes with Idc. 

6. Conclusions 

In this paper, the effects of an AIPM rotor topology on the electromagnetic performance of DTP 

PMSMs are investigated based on the Toyota Prius 2010 machine configuration. The electromagnetic 

performances of the DTP PMSM with AIPM rotor are compared with those obtained with IPM rotor. 

Both healthy and single three-phase OC conditions are considered. It is found that the MFS effect also 

exists in DTP PMSMs both under healthy and single three-phase OC conditions, and thus, the average 

torque can be improved significantly by using AIPM rotor. Furthermore, it is found that in DTP 

PMSMs, the average torque improvement by AIPM rotor is higher than that in STP PMSMs. 

Overall, the benefits of AIPM rotors in STP PMSMs, such as higher average torque and lower 

torque ripple, still exist in DTP PMSMs and the torque improvement can still be achieved even under 

single three-phase OC in DTP PMSMs. 

In addition, it is also found that due to the more abundant PM MMF harmonics, the DTP AIPM 

machine shows higher iron loss and lower efficiency than symmetrical IPM counterpart when the 

torque load is low, particularly in the high-speed region, albeit to the torque enhancement across all 

regions. However, when electric loading is higher, the iron losses due to armature reaction field 

become more significant and hence the difference between the iron losses in IPM and AIPM machines 

becomes smaller. As traction machines in EVs have variable operation conditions, the AIPM rotor 
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design for DTP machines in EV applications should be comprehensively optimized considering wide 

operation ranges, rather than only focusing on high torque density at singular operation point. 
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