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    Abstract—This paper presents a novel structure of double 

salient interior permanent magnet machine (DSIPM machine) 

based on mutually coupled switched reluctance machine 

(MCSRM). Due to its salient rotor structure, the DSIPM machine 

can have less magnetic and iron materials as well as higher 

dynamic response than conventional IPM machines. The 

comparison of electromagnetic performances in terms of self and 

mutual inductances, d-axis and q-axis inductances, cogging 

torque, reluctance torque, total torque, torque ripple coefficient 

and flux-weakening capability between the DSIPM machine 6/8 

and the DSIPM machine 12/8 has been realized. The numerical 

results based on Finite Element 2D shows that due to its much 

lower cogging torque and higher reluctance torque, the DSIPM 

machine 12/8 can produce higher total average torque than the 

DSIPM 6/8 at all phase current range. Furthermore, at low phase 

currents, the torque ripple of the DSIPM machine 12/8 is lower 

than that of the DSIPM machine 6/8, while at high phase 

currents, the torque ripples of these two machines are similar. 

Comparing to MCSRM, the DSIPM machines can produce 

higher average torque with lower torque ripple. Moreover, due to 

their high d-axis inductances, the two DSIPM machines can have 

theoretically ‘‘infinite’’ flux-weakening capability with relatively 

lower short-circuit currents.  
    Keywords— double salient, d-axis and q-axis inductances, 

cogging torque, permanent magnets, flux-weakening capability. 

 

I. INTRODUCTION 

 

OMPARING to surface-mounted permanent magnet 

machines, the interior permanent magnet machines (IPM 

machines) have higher torque density due to the saliency 

torque component and require lower magnetic and iron 

materials [1]. Furthermore, since the permanent magnets are 

inserted into the rotor, the permanent magnets have higher 

demagnetization withstand capability. Thus, this kind of 

machine is very appropriate for wide speed and constant 

power ranges operation in the flux-weakening mode. When to 

the mutually coupled switched reluctance machines 

(MCSRMs) (see the Fig. 1 (a)), the mutual inductances are 

employed to produce reluctance torque. Consequently, they 

have very high torque density. Moreover, in order to fully use 

the mutual inductances in torque production, we have to make 

sure that at least two phases are excited in the same time, and 

the signs of excited phase are opposite. Thus, the excitation 

mode should be bipolar, and the machine can be driven in 

BLAC mode. This kind of control leads to a simpler and 

cheaper inverter circuit than that of conventional SRM [2].  

    As known, the torque density can be significantly increased 

by increasing the number of rotor teeth in conventional SRM, 

and in this paper, the same study about the influence of 

increasing the rotor tooth number on the torque density for the 

MCSRM 6/4 has been realized. The cross-section of the 

MCSRM 6/8 is shown in the Fig. 1 (b). The two MCSRMs 

have the same stator as well as the same current distribution, 

which order is: A+A-_B+B-_C+C-_ A+A-_B+B-_C+C- (the 

direction is counter clockwise). As in the MCSRM 6/4, the 

mutual flux between phases exists, which can also be 

employed to produce torque. While according to the numerical 

results based on Finite Element Method (FEM 2D) shown in 

the Fig. 2, the increasing of rotor teeth cannot increase the 

average torque and decrease the torque ripple. On the contrary, 

the increasing of rotor teeth degrades considerably the 

electromagnetic characteristics of the MCSRMs. 

 

  
(a) (b) 

Fig. 1  The cross-sections of MCSRM 6/4 and MCSRM 6/8 and their flux 

directions with phase A excited in constant current 
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Fig. 2  Comparison of average torque and torque ripple coefficient between 

the MCSRM 6/4 and the MCSRM 6/8 

In order to overcome this drawback and fully use the 

mentioned merits of the IPM machines and MCSRM, a kind 

of Double Salient Interior Permanent Magnet Machine is 

developed, which is shown in the Fig. 3. Due to its double 

salient structure, the reluctance torque as in the MCSRM can 

be employed, which makes that the DSIPM machines have 

high torque density and high flux-weakening capability with 

low torque ripple and low iron as well as magnetic materials. 

Other advantages of this kind of structure include a reduction 

of rotor inertia moment which makes the dynamic response 

quicker.  

    This paper presents two DSIPM machines, the cross-

sections of which are shown in the Fig. 3. These two machines 

have different stators while the rotors are the same. Moreover, 

in each rotor tooth, one magnet is inserted and all the magnets 

are radially magnetized. The first machine (Fig. 3 (a)) is a 6-

slot, 8-pole DSIPM machine while the second one (Fig. 3 (b)) 

has 12 slots, 8 poles. Both the DSIPM 6/8 and DSIPM 12/8 

machines have a short-pitched nonoverlapping winding 

configuration (i.e., each stator tooth is wound by one coil) and 

the current distributions in stator slots are periodic for these 

two machines (A+A-_B+B-_C+C- and repeat this 

distribution). Comparing to conventional DSIPM machines 

with full-pitched overlapping windings, this kind of winding 

configuration can have much shorter end-windings and low 

copper loss at the same phase currents. This is very suitable 

for embedded system applications, in which the additional 

end-winding due to full-pitched winding configuration is not 

acceptable [2]. 

 

  
(a) (b) 

Fig. 3  The structures of double salient interior permanent magnet machines 

(DSIPM machines) 6/8 and 12/8 

II. FINITE ELMENT ANALYSIS 

 

A. Self and mutual inductances 
 

    In this paper, the Finite Element Method (FEM 2D) is 

employed in the study and for all the computations, the 

magnetic saturation can be taken into account. The open 

circuit magnetic field distributions for different rotor position 

of these two machines are shown in the Fig. 4.  
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(ii) 

Fig. 4  Open-circuit flux distributions in DSIPM machine 6/8 and 12/8. (a) 

Angular position � � 0°, (b) Angular position � � 22.5°; (i) the DSIPM 

machine 6/8 and (ii)the DSIPM machine 12/8 

    It is shown that, comparing to conventional IPM machines, 

the airspace between rotor teeth forms natural flux barriers 

which can reduce considerably the flux leakage and 

consequently increase the stator winding flux linkage as well 

as the torque density [3]. Furthermore, we can also insert 

circumferentially magnetized permanent magnets as interpole 



magnets in the airspace to decrease the flux leakage [4], while 

this method will certainly increase the cost of the machines 

and is not introduced in this paper. 

    With each phase excited independently in constant current 

and taking in to account the influence of magnets, the self and 

mutual inductances can be achieved such that [5] 
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Where  

�	  Phase self inductances of three phases 

�	� Mutual inductances between phases 


	 and 
� Current of three phases 


� Flux-linkage due to PM rotor 


	 Flux-linkage of phase i with phase i excited 


	� Flux-linkage of phase i with phase j excited 

 

    In this paper, the phase A and phase B was taken as an 

example, and the finite element results of self and mutual 

inductances and their fundamental values versus rotor position 

of these two machines are shown as follows: 

 
(a) 

 
(b) 

Fig. 5  The self and mutual inductances of DSIPM machine 6/8 and DSIPM 

machine 12/8 (the current density � � 5�/  ²) 

    According to the Fig. 5, it is shown that the average self and 

mutual inductances of DSIPM machine 6/8 are respectively 

1.7 mH and -0.85 mH, while the average self and mutual 

inductances of DSIPM machine 12/8 are respectively 4.2 mH 

and -2.05mH. Furthermore, both the self and the mutual 

inductances (absolute value) of DSIPM machine 12/8 are 

respectively higher than those of DSIPM machine 6/8, and the 

mutual inductances of both the DSIPM machine 6/8 and the 

DSIPM machine 12/8 are approximately one half of their self 

inductances. 

 

B. The d-axis and q-axis inductances 

 

    As has been shown in the Fig. 5, the waveforms of self and 

mutual inductances of these two DSIPM machines are not 

sinusoidal due to the harmonics, thus, in order to make sure 

that the d-q axis theory is available and can be employed for 

the computations in the following sections, only the 

fundamental value of flux and inductances are taken into 

account. In this paper, the three phases of machine are excited 

in sinusoidal current, thus, with the Park transformation and 

the previous hypothesis, the d-axis and q-axis current, Id and Iq 

can be obtained. In order to obtain the Ld and Lq, the rotor 

position is fixed at the d-axis and q-axis, and the machine is 

excited with d-axis and q-axis currents Id and Iq. The general 

expression of Ld and Lq can be obtained such that 
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Due to the flux barriers between the permanent magnets, the 

d-axis and q-axis cross-coupling magnetic saturation between 

can be neglected [6], [7]. Thus, Ld and Lq can be simplified to 


" � 
"'�", θ(  and 
$ � 
$'�$, θ(. Consequently, the Ld can 

be computed when the rotor is fixed at rotor position 0° (d-

axis in this paper) and the machine excited with d-axis current 

Id (
) � 
, 
* � �
/2 and 
+ � �
/2) while Lq is calculated at 

rotor position 22.5° and the machine excited with q-axis 

current Iq (
) � 
, 
* � �
/2 and 
+ � �
/2). After the 

numerical calculates based on Finite Element 2D (the 

magnetic saturation is taken into account), the d-axis and q-

axis inductances versus current density for DSIPM 6/8 and 

DSIPM 12/8 are shown as follows: 

 
(a) 



 
(b) 

Fig. 6  The d-axis and q-axis inductances of DSIPM machine 6/8 and DSIPM 

machine 12/8. (a) DSIPM machine 6/8 and (b) DSIPM machine 12/8 

    According to the Fig. 6, it is shown that d-axis inductance 

Ld of the DSIPM machine 6/8 is always lower than q-axis 

inductance during all the current range. However, contrary to 

conventional IPM machines, the d-axis inductance Ld of the 

DSIPM machine 12/8 is much higher than the q-axis 

inductance Lq at low phase currents. While at high phase 

currents, with the magnetic saturation of the machine, the d-

axis inductance Ld of the DSIPM machine 12/8 saturates 

quicker than the q-axis inductance Lq, consequently, Ld 

becomes lower than Lq.  

    As known, the torque of the PM machines is derived from a 

general expression such that  
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Where p is the number of pole-pairs, R is the air-gap 

reluctance and 
3 is the magnet flux in air gap. In the equation 

(4), there are three terms which represent respectively three 

kinds of torque components, the first one is the excitation 

torque 3 2⁄ .
�
$ ), the second one is the reluctance torque ( 

3 2⁄ .'�" � �$(
"
$ ) while the third one is the cogging torque 

(1 2⁄ .
34 56 5�⁄  ). Generally, the cogging torque will not 

contribute to the average torque because its average value is 

approximately zero, while the existence of cogging torque 

causes torque ripple in the instantaneous torque. Furthermore, 

theoretically, the higher the cogging torque, the higher the 

torque ripples.  

    It is well known that the flux weakening capability is 

determined by the ratio of �"
�)8 
�⁄ . Moreover, under the 

same inverter voltage and the same maximum inverter output 

current, the higher the ratio of �"
�)8 
�⁄ , the higher the 

flux-weakening capability [8]. Theoretically, when this ratio is 

equal to 1.0, an infinite flux-weakening capability is obtained. 

Thus, due to their relatively higher d-axis inductances, the 

DSIPM machines could have higher flux-weakening 

capability [9]-[11]. 

 

C. Cogging torque and average torque 

 

    The cogging torque is produced by the interaction between 

magnet flux-linkage and the air-gap reluctance of the PM 

machine. At low speed and low current density, it can cause 

very high torque ripple. To some degrees, this is an important 

source of the vibration and the acoustic noise of electric 

machines. There are numerous methods to reduce the cogging 

torque, such as skewing the stator slots and/or rotor magnets, 

shaping the magnets and optimizing the pole-arc, etc. While in 

this paper, the method of increasing the number of stator slots 

of a DSIPM machine 6/8 up to 12 has been chosen. After the 

numerical simulations (see Fig. 7), the cogging torque of the 

DSIPM machines is considerably reduced. 

 
Fig. 7  Cogging torque of the DSIPM machine 6/8 and the DSIPM machine 

12/8 

    The reluctance torque is calculated at the condition that the 

magnet spaces are filled by air, thus the excitation torque and 

the cogging torque components can be neglected. The results 

of reluctance torque versus phase current RMS of the 

machines excited by sinusoidal currents is shown in the Fig. 8. 

It is shown that at high phase currents, the reluctance torque of 

DSIPM 12/8 is lower than that of DSIPM 6/8. While due to 

the magnetic saturation, at high phase currents, the DSIPM 

12/8 saturates more quickly than the DSIPM 6/8. 

Consequently, the reluctance torque of DSIPM 12/8 is lower 

than that of DSIPM 6/8. 

 
Fig. 8  The average torque due to reluctance VS phase current RMS for the 

DSIPM machine 6/8 and the DSIPM machine 12/8 

    The total average torque is obtained with the expression (4), 

and the results of total average torque versus phase current 



RMS is shown in the Fig. 9. It is shown that whatever the 

phase current, the DSIPM machine 12/8 can always produce 

the highest average torque among the three machines. 

However, the average torque of DSIPM machine 6/8 is only 

slightly higher than that of MCSRM 6/4.  

 
Fig. 9  The total average torque VS phase current RMS for the DSIPM 

machine 6/8 and DSIPM machine 12/8 as well as the MCSRM 6/4 

In order to calculate the torque ripple coefficient, the 

expression (5) is employed. 

 

∆, � ',�)8 � ,:;<(/,)= (5) 

 

Where ∆, is the torque ripple coefficient, ,�)8 , ,:;< and ,)=  

are respectively the maximum, the minimum and the average 

torque. The torque ripple coefficient versus phase current 

RMS of these two machines is shown in the Fig. 10. 

 
Fig. 10  The torque ripple coefficient VS phase current RMS for the DSIPM 

machine 6/8 and DSIPM machine 12/8 as well as the MCSRM 6/4 

    It is shown that except at very low phase currents, where the 

DSIPM machine 6/8 have higher torque ripple than that of the 

MCSRM 6/4, the torque ripple of DSIPM machines are 

always lower than that of MCSRM 6/4. Between the two 

DSIPM machines, at low phase currents, the torque ripple of 

DSIPM machine 6/8 is much higher than that of DSIPM 12/8. 

This is because that at low phase currents, both the excitation 

torque and the reluctance torque of these two machines are 

low, while the cogging torque of the DSIPM machine 6/8 is 

much higher than that of DSIPM machine 12/8. Thus, the total 

torque of the DSIPM machine 6/8 has higher ripple than that 

of DSIPM machine 12/8. While with the increase of phase 

currents, the torque ripples of these two machines decrease, 

and the torque ripple of DSIPM machine 6/8 decreases more 

quickly than that of DSIPM machine 12/8. Consequently, 

these two machines have similar torque ripples at high phase 

currents.  

 

D. Flux-weakening capability 

 

As mentioned in previous sections, these machines are excited 

with sinusoidal currents and controlled by PWM. The peak 

value of fundamental phase voltage is  

 

>�)8 � 1/2>?@  (6) 

 

And the rated mechanical angular speed as well as the 

maximum speed is calculated such that: 
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Where Ω*, Ω�)8C and Ω�)84 are respectively the rated 

mechanical angular speed, the maximum mechanical angular 

speeds without and with flux-weakening operation; D is the 

ratio of �"
�)8 
�⁄ , Imax is the phase current for obtaining the 

maximum torque. After the numerical calculates (FEM 2D), 

the results are shown in the Table 1.  
Table 1 

Comparison of the flux-weakening capability of the two DSIPM machines 

 DSIPM 6/8 DSIPM 12/8 

Short-circuit current Isc (A) 30 25 

Maximum current Imax (A) 27 18.6 

Maximum couple Tmax (Nm) 8.7 9.6 

Winding turns per coil (N) 40 40 

Inductance Ld (mH) 1.6 3.3 

Inductance Lq (mH) 2.4 4.3 

D � �"
�)8 
�⁄  1.09 0.92 


� (mWb) 40.25 69.23 

dc-link voltage UDC (V) 270 270 

Rated mechanical angular speed (Ω*) 

(rpm) 4178 3003 

Maximum mechanical angular speed 

without flux-weakening (Ω�)8C) (rpm) 8007 4655 

 
Fig. 11  Average torque-speed characteristics of the DSIPM machines (6/8 

and 12/8) 



    It was shown that these two DSIPM machines have high 

ratio of �"
�)8 
�⁄ . Thus, they can have considerably wide 

operating speed range. Furthermore, the ratio of �"
�)8 
�⁄  

of DSIPM machine 6/8 is greater than 1.0, thus, theoretically, 

the flux-weakening capability of which can be ‘‘infinite’’. 

However, it should be noted that due to the magnetic 

saturation of the machine and the influence of cross-coupling 

magnetic saturation, the maximum speed of the DSIPM 

machines with flux-weakening operation cannot be infinite, 

and which is finally shown in the Fig. 11.  

    At high phase currents, the d-axis inductances of the two 

DSIPM machines can be considered as constant (see the Fig. 

6), this makes that the prediction of mechanical angular speed 

of these DSIPM machines in flux-weakening operation mode 

is possible. Since for all the PM machines, the short-circuit 

current 
F+ can be calculated such that 

 


F+ � 
�
�"

 (10) 

 

A relationship between the phase current and the mechanical 

angular speed can consequently be achieved as 

 


 � 
F+ G1 � Ω�)8C
Ω H  ���� Ω I Ω�)8C (11) 

 

With the equation (10), the short-circuit current 
F+ is obtained 

as shown as in the Fig. 11 (when the d-axis flux linkage 
" is 

zero, the d-axis current 
" is equal to the short-circuit current 


F+). Furthermore, with the equation (11), if any three variables 

are determined, the fourth one can be calculated. 

 
Fig. 12  d-axis flux-linkage 
" VS d-axis current Id for these two DSIPM 

machines (6/8 and 12/8) 

III. CONCLUSION 

 

    A novel structure of double salient interior permanent 

magnet machine (DSIPM machine) based on mutually coupled 

switched reluctance machine (MCSRM) is developed, the 

comparison of electromagnetic performances between the 

DSIPM machine 6/8 and the DSIPM machine 12/8 was 

realized, which is in terms of self and mutual inductances, d-

axis and q-axis inductances, cogging torque, reluctance torque, 

total torque, torque ripple coefficient and flux-weakening 

capability.  

    The numerical results based on Finite Element 2D has 

shown that due to their double salient structure, the reluctance 

torque is employed, and the DSIPM machines (6/8 and 12/8) 

can produce higher average torque with lower torque ripple 

coefficient than that of MCSRM 6/4. Between the two DSIPM 

machines, at whatever the phase current, the total average 

torque of DSIPM machine 12/8 is always higher than that of 

DSIPM machine 6/8. Moreover, due to its much lower 

cogging torque, the DSIPM machine 12/8 can produce much 

lower torque ripple than the DSIPM machine 6/8 at low phase 

current, while at high phase currents, the torque ripples of 

these two machines are similar. 

    Due to their high d-axis inductances of these two DSIPM 

machines, theoretically, the infinite flux-weakening capability 

can be achieved. 
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