
    

Abstract —This paper deals a double layer and a single layer 
Flux-Switching Permanent Magnet (FSPM) motors for a fault 
tolerant application. The self and mutual inductances of these 
two machines are calculated, which are then applied for 
establishing a faulty model. A three phase short-circuit problem 
is simulated for these two motors. A comparison between these 
two machines is carried out, which is in terms of normal phase 
currents and the output torque before and after the failure as 
well as the short-circuit peak currents against the rotor velocity. 

I. INTRODUCTİON 

HANKS to their high torque density and their simple rotor 
structure, which is similar to that of the Switched 

Reluctance Motors (SRMs), the Flux-Switching Permanent 
Magnet (FSPM) motors attract more and more attentions in 
the critical application as the Hybrid Vehicles and aerospace 
[1][2], in which the reliability of system is essential. In order 
to enhance the fault tolerant capability of electrical machines, 
the redundant structure can be applied [3] [4] [5]. As shown in 
the Fig. 1 (I), both the machines have one primary star and one 
redundant star, which are excited independently as shown in 
the Fig. 4. In the double layer FSPM motor, there are two 
layers of adjacent phases in the same stator slot. The primary 
star constituted by the phases A1, B1 and C1 and the redundant 
star constituted by the phases A2, B2 and C2. This is the same 
for the single layer FSPM motor, while the only difference is 
that there is only one layer of the same phase in each stator 
slot. Under normal mode, only the primary star is excited for 
the double layer FSPM motor as well as for the single layer 
FSPM motor. 
    Under faulty mode, open-circuit or short-circuit, the 
primary star should be opened and the redundant star is 
excited so as to guaranty the drive continuity of the FSPM 
motors. Generally, the open-circuit failure is not as serious as 
the short-circuit ones, because it is sufficient to open all the 
primary star and use the redundant one, there will be no 
influence of the open-circuit phases on the other normal 
phases. Thus, the open-circuit problems will not be studied in 
this paper. While under short-circuit failure, even the switch of 
the short-circuit phase is opened, the short-circuit current still 
exists and will disturb the normal phases because of the 
magnetic coupling between phases.  
    In order to compare the fault tolerant capability of these two 
machines, the self and mutual inductances are firstly 
calculated in this paper, and a faulty model is then carried out 
to analyse the variations of the normal currents and the output 
torque before and after the short-circuit fault. 
 
 

 
 

(a) double layer FSPM motor (b) single layer FSPM motor 

(I) machine cross section 

  

(a) double layer FSPM motor (b) single layer FSPM motor 

(II) flux distribution 

Fig. 1  Cross section of the Dual-Star FSPM motors and their flux distribution 
with one phase excited with constant current. 

II. ELECTROMAGNETİC CHARACTERİSTİCS OF DİFFERENT 
FSPM MOTORS 

    Since the two FSPM motors have the similar stator as well 
as rotor and, the only difference is the winding geometry, the 
flux path of one phase excited of these two FSPM motors can 
then be establised by using one common cross section shown 
in the Fig. 2 (a). Based on the flux path, the equivalent lumped 
magnetic circuit can be obtained as shown in the Fig. 2 (b). İt 
should be noted that for the double layer FSPM motor, the two 
stator teeth of the same phase are symetrical (see the Fig. 1 (II) 
(a)) and the turn number of the equivalent lumped magnetic 
circuit should be one half of the total phase. Furthermore, the 
obained inductance by the Fig. 2 (b) should be multipled by 
two times to obtain the phase inductances of the double layer 
FSPM motor. 
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(a) phase flux distribution 

 

(b) simplified equivalent lumped magnetic circuit 

Fig. 2  Path of flux with one phase excited and their equivalent lumped 
magnetic circuit of FSPM motors.  

 
    The general expression decribing the magnetic reluctance in 
the Fig. 2 (b) could be established as: ܴ௜ ൌ ଴ߤ௥ߤ1 (1) ݏ݈

where ߤ௥ and ߤ଴ are respectively the relative permeability and 
the permeability of free space, l and s are respectively the 
length and the area of the cross section of the flux path. For 
simplicity, the part 1 and the part 2 in the Fig. 2 (b) are 
considered as identical. Thus, the equivalent reluctance in the 
Fig. 2 (b) could be finally established as in (2).  ܴ௘௤ ൌ ቊܴ௦௧஺ ൅ ܴ௔௚஺ · ܴ௔௚஺஺ܴ௔௚஺ ൅ ܴ௔௚஺஺ ൅ ܴ௥௧஺ ൅ 12 ሾܴ௥௬ଵ ൅ ܴ௥௧ଵ൅ ൫ܴ௦௧ଵ ൅ ܴ௔௚ଵ൯൫ܴ௦௧ଵଵ ൅ ܴ௔௚ଵଵ ൅ ܴ௉ெଵ൯ܴ௦௧ଵ ൅ ܴ௔௚ଵ ൅ ܴ௦௧ଵଵ ൅ ܴ௔௚ଵଵ ൅ ܴ௉ெଵ ൅ ܴ௦௬ଵሿቋ 

(2)

where  
Stator teeth reluctance  : ܴ௦௧஺, ܴ௦௧ଵ and ܴ௦௧ଵଵ, 
Stator yoke reluctance : ܴ௦௬ଵ, 
Air-gap reluctance : ܴ௔௚஺, ܴ௔௚஺஺, ܴ௔௚ଵ and ܴ௔௚ଵଵ, 
Rotor teeth reluctance : ܴ௥௧஺ et ܴ௥௧ଵ, 
Rotor yoke reluctance : ܴ௥௬ଵ, 
Permanent magnet 
reluctance 

: ܴ௉ெଵ. 

    The relationship between the reluctance (R), the inductance 
(L) and the phase turn number (N) (for the two machines, the 

phase turn numbers are the same) could be established as (3) 
and the expression of the phase inductance of these two FSPM 
motors could be finally obtained as follows: 
ܮ  ൌ ܰଶܴ

 (3)

۔ۖەۖ
ௗ௢௨௕௟௘ܮۓ ൌ 2 ሺܰ 2⁄ ሻଶܴ௘௤ ൌ ሺܰሻଶ2ܴ௘௤ܮ௦௜௡௚௟௘ ൌ ܰଶܴ௘௤                          (4)

 

 
where ܮௗ௢௨௕௟௘ and ܮ௦௜௡௚௟௘  are respectively the phase self 
inductances of the double layer and the single layer FSPM 
motors. It is found that the self inductance of the double layer 
machine (ܮௗ௢௨௕௟௘) is practically twice as low as that of the 
machine with simple layer (ܮ௦௜௡௚௟௘). On the contrary, for the 
mutual inductance between phases of both FSPM motors, it 
can be noted that FSPM motor with single layer has lower 
mutual inductances than those of FSPM motor with double 
layer because as in Fig. 1, there are obviously more mutual 
fluxes between phases in FSPM motor with double layer than 
those in FSPM motor with single layer [6] [7] [8].  
 

 

(a) double layer FSPM motor 

 

(b) single layer FSPM motor 

Fig. 3  Self and mutuel inductances against rotor positions for different FSPM 
motors. 

 



    

    The self and mutual inductances are also calculated by 
Finite Element Method (FEM) 2D, the results of self and 
mutual inductances against rotor positions are illustrated in 
Fig. 3. Only self and mutual inductances of the phase A1 are 
chosen, the other phases (phase B ant phase C) are similar to 
the phase A while with a phase separation of one-third 
electrical cycle. It is found that the self inductance of the 
single layer FSPM motor is approximately 3 times higher than 
that of the double layer FSPM motor instead of 2 times as 
predicted analytically. This could be due to the magnetic 
saturation and the flux leakage. The mutual inductances 
between phases of the single layer FSPM motor are practically 
one half of those of the double layer FSPM motor. The higher 
self inductances and the lower mutual inductances lead to a 
higher fault tolerant capability. Generally, under the same 
short-circuit failure conditions, e.g. the same rotor velocity, 
the same phase currents, an higher self inductance leads to a 
lower short-circuit current. Furthermore, the lower mutual 
inductances lead to lower magnetic coupling between phases 
and prevent the failure from infecting the other normal phases. 
As result, the reliability of the system could be reinforced. In 
order to verify these assumptions, a faulty model is carried out 
in the following parts. 

III. FAULTY MODELS OF THE TWO FSPM MOTORS 

    As mentioned previously, the fault tolerance capabilities of 
these two FSPM motors could be different, in order to 
compare the fault tolerance capabilities, the failure problem 
will be studied. For simplicity, the failure as three primary 
phases short-circuited is considered, at the same time, the 
three redundent phases are excited to guaranty the drive 
continuity of the machines. The equivalent circuit of three 
primary phases short-circuited is shown as follows: 

 

Fig. 4  Equivalent circuit of the three primary phase short-circuited of the 
double layer as well as single layer FSPM motors. 

 
    As shown in the Fig. 4, the two neutral points of the primary 
star and the redundant star are isolated and inaccessible, thus, 
the relationship between the three primary and the three 
redundant phase currents could be establised as follows: ݅஺ଵ ൅ ݅஻ଵ ൅ ݅஼ଵ ൌ 0 and ݅஺ଶ ൅ ݅஻ଶ ൅ ݅஼ଶ ൌ 0 (5)

The general expression of the phase output voltage (ݒ) of the 
two stars is: 

ݒ ൌ ܴ݅ ൅ ܮ ݐ݀݅݀ ൅ ݁଴ (6)

where i, R, L and ݁଴ are the phase current, the phase 
resistance, the phase inductance (self and mutual) and the 
phase no-load electromotive force (EMF), respectively. With 
the flux linkage (Φ௙) due to permanent magnets obtained by 
FEM 2D, the EMF can be also obtained as follows: ݁଴ ൌ ݀Φ௙݀ݐ ൌ ௘ߠΩ݀Φ௙݀݌  (7)

where p, Ω and ߠ௘ are respectively the pole pair number, the 
rotor mechanical velocity and the electrical angle of rotor. 
Under sinusoidal permanent regime, the (6) can be rewritten 
under matrix formes as follows: ሾݒሿ ൌ ሾܴሿሾ݅ሿ ൅ ሿሾ݅ሿܮΩሾ݌ ൅ ΩሾΦ௙ሿ (8)݌

where the matrix terms are given as: 

ሾܴሿ ൌ
ێێۏ
ۍێێ
ܴ଴ 0 0 0 0 00 ܴ଴ 0 0 0 00 0 ܴ଴ 0 0 00 0 0 ܴ଴ 0 00 0 0 0 ܴ଴ 00 0 0 0 0 ܴ଴

 
ۑۑے
(9) ېۑۑ

ሾܮሿ ൌ
ێێۏ
ۍێێ

଴ܮ ଴ܯ ଴ܯ ଵܯ ଶܯ ଴ܯଶܯ ଴ܮ ଴ܯ ଶܯ ଵܯ ଴ܯଶܯ ଴ܯ ଴ܮ ଶܯ ଶܯ ଵܯଵܯ ଶܯ ଶܯ ଴ܮ ଴ܯ ଶܯ଴ܯ ଵܯ ଶܯ ଴ܯ ଴ܮ ଶܯ଴ܯ ଶܯ ଵܯ ଴ܯ ଴ܯ ଴ܮ
 
ۑۑے
(10) ېۑۑ

ሾߔ௔ሿ ൌ
ێێۏ
ۍێێ
௔஼ଶߔ௔஻ଶߔ௔஺ଶߔ௔஼ଵߔ௔஻ଵߔ௔஺ଵߔ

 
ۑۑے
ېۑۑ ൌ ෡௔ߔ

ێێۏ
ۍێێ

ߠ݌ሺݏ݋ሻܿߠ݌ሺ ݏ݋ܿ െ ߠ݌ሺݏ݋3ሻܿ/ߨ2 ൅ ߠ݌ሺ ݏ݋ሻܿߠ݌ሺ ݏ݋3ሻܿ/ߨ2 െ ߠ݌ሺ ݏ݋3ሻܿ/ߨ2 ൅ 3ሻ/ߨ2
 
ۑۑے
(11) ېۑۑ

ሾ݅ሿ ൌ ௠௔௫ܫ
ێێۏ
ێێێ
ۍ ݏ݋ܿ ሺߠ݌ ൅ ߨ 2⁄ െ ߰ሻܿݏ݋ ሺߠ݌ ൅ ߨ2 3⁄ ൅ ߨ 2⁄ െ ߰ሻܿݏ݋ ሺߠ݌ െ ߨ2 3⁄ ൅ ߨ 2⁄ െ ߰ሻܿݏ݋ ሺߠ݌ ൅ ߨ 2⁄ െ ߰ሻܿݏ݋ ሺߠ݌ ൅ ߨ2 3⁄ ൅ ߨ 2⁄ െ ߰ሻܿݏ݋ ሺߠ݌ െ ߨ2 3⁄ ൅ ߨ 2⁄ െ ߰ሻ

 
ۑۑے
ۑۑۑ
ې
 (12)

where ܯ଴ are the mutual inductances between the phases of 
the same star as the phase A1 and the phase B1, ܯଵ are the 
mutual inductances between the correspondent phases of 
different stars as the phase A1 and the phase A2, ܯଶ are the 
mutual inductances non-correspondent of two stars as the 
phase A1 and the phase B2. For the short-circuit phase, the 
output phase voltage in the (8) is null. In order to simplify the 
control strategy, we consider that the primary star is always 



    

excited, and at certain times, we short-circuit artificially the 
three redundant phases. As an example, the phase A2 is chosen 
for calculating the short-circuit current. With the generator 
convention, the expression of the no-load EMF of the phase 
A2 could be established as in (13).  
 

஺݁ଶ ൌ Ω݌ ݀Φ஺ଶ݀ߠ௘  ൌ ൜ܴ஺ଶ݅஺ଶ ൅ ஺ଶܮ ݀݅஺ଶ݀ݐ ൅ ଴ܯ ݀݅஻ଶ݀ݐ  ൅ ଴ܯ ݀݅஼ଶ݀ݐ൅ ଵܯ ݀݅஺ଵ݀ݐ  ൅ ଶܯ ݀݅஻ଵ݀ݐ ൅ ଶܯ ݀݅஼ଵ݀ݐ ൠ 

(13)

 
Knowing that the sum of three currents of the same star is null, 
the (13) can be simplified to: 

஺݁ଶ ൌ ܴ஺ଶ݅஺ଶ ൅ ௖௦ܮ ݀݅஺ଶ݀ݐ ൅ ܯ ݀݅஺ଵ݀ݐ  (14)

with ܮ௖௦ ൌ ஺ଶܮ െ ܯ ଴ (cyclic inductance) andܯ ൌ ଵܯ െ  .ଶܯ
Supposing that ஺݁ଶ ൌ ஺݁ଵ (verified by FEM 2D) and without 
flux weakening operation, the expression of short-circuit 
current can be established as in (15).  
 ݅஺ଶሺݐሻ ൌ ൜ ௖௦ሺ߱ଶܮ஺ଵܫܯ ൅ ሺ1 ߬⁄ ሻଶሻ ൤߱ ൬1߬ ൅ ஺ଵ൰ܫܯ஺ଵܧ cosሺ߱ݐሻ൅ ൬߱ଶ െ ஺ଵ߬൰ܫܯ஺ଵܧ sinሺ߱ݐሻ൨െ ௖௦ሺ߱ଶܮ஺ଵ߱ܫܯ ൅ ሺ1 ߬⁄ ሻଶሻ ൬1߬ ൅ ஺ଵ൰ܫܯ஺ଵܧ ݁ି೟ഓൠ 

(15)

With ஺݁ଵሺݐሻ ൌ ݐ஺ଵcos ሺ߱ܧ ൅ ߨ 2⁄ ሻ, ݅஺ଵሺݐሻ ൌ ݐ஺ଵcos ሺ߱ܫ ൅ߨ 2⁄ ሻ, ߬ ൌ ௖௦ܮ ܴ௔⁄  (electrical time constant) and ߱ (rotor 
electrical velocity). When the machines enter in the permanent 
regime, the expression of short-circuit current could also be 
deducted as follows: ݅஺ଶሺݐሻ ൌ ଶܣඥܭ ൅ ଶܤ cosሺ߱ݐ ൅ ߮ሻ (16)

with ܭ ൌ ெூಲభ௅೎ೞሺఠమାሺଵ ఛ⁄ ሻమሻ, ܣ ൌ  ߱ ቀଵఛ ൅ ாಲభெூಲభቁ, ܤ ൌ ቀ߱ଶ െ ாಲభெூಲభఛቁ 
and ߮ ൌ arctan ሺܣ/ܤሻ. Since the three redundant phases are 
symetrical, thus, the amplitudes of the three short-circuit 
currents are identical while with a phase seperation of one 
thirth of electrical period (23/ߨ). Since the phase resistances 
and the mutual inductances between phases are not negligible, 
there will be a resistant torque producted by the short-circuit 
currents. In order to analyse the influence of the short-circuit 
currents on the normal currents, the rotor velocity and the total 
torque of the machines, some simulations based on Simulink-
MATLAB are realised, and the control block diagram is 
shown in the Fig. 5. The current is controlled by a hysteresis 
controller while the velocity is controlled by a PI controller. 

 

Fig. 5  Control block diagram of the two FSPM motors under normal and 
faulty models. 

 
    The experimental tests are also realized, the parameters of 
the motor and the stator as well as the rotor are given in 
appendix. 
    In the simulation, a resistant torque of 4 Nm and a rotor 
velocity of 10 rad/s are imposed. The mesurement is only 
realised for the double layer FSPM motors. The results of the 
normal and the short-circuit current, the total torque before 
and after the short-circuit of three phases are shown in the Fig. 
6, SC means short-circuit in all the figures. It is found that 
under faulty mode, both the normal and the short-circuit 
currents of the double layer FSPM motor are higher than those 
of single layer FSPM motor. This leads that the double layer 
FSPM motor has a much higher copper losses under faulty 
mode. Furthermore, the drop of total torque of the double layer 
FSPM motor is considerablly stronger than that of the single 
layer FSPM motor, this is due to the higher short-circuit 
currents of the double layer FSPM motor, which leads to 
higher resistant torque. 

 

(a) Normal and short-circuit current of double layer FSPM 

 

(b) Normal and short-circuit current of single layer FSPM 



    

 

(c) Torque of double layer FSPM 

 

(d) Torque of single layer FSPM 

Fig. 6  Comparison between the double and single layer FSPM motors in 
terms of normal and short-circuit currents and) total torque. 
 
    In order to predict the maximum short-circuit current, the 
short-circuit current against the rotor velocity is calculated 
analytically and then verified by simulations as well as by 
experiments. The results are shown in the Fig. 7. It is found 
that at high rotor velocity, the short-circuit peak currents trend 
to be constant, because at high rotor velocity, the influence of 
resistance and the mutual inductances can be neglected, and 
the short-circuit current can be obtained by the no-load phase 
flux linkage divided via the phase self inductance, which leads 
to a short-circuit current independent on the rotor velocity. 
Furthermore, because the self inductance of the double layer 
FSPM motor is approximately two times higher than that of 
the single layer FSPM motor, the short-circuit current of the 
single layer could be two times lower than that of the double 
layer FSPM motor. This lower short-circuit current is essential 
for critical applications, because to compensate the resistant 
torque due to the short-circuit currents, lower normal currents 
are needed. This leads to lower copper losses and also lower 
disturbance of the system.  
 

 

(a) double layer 

 

(b) single layer 

Fig. 7  The short-circuit current against mechanical velocity of the two FSPM 
motors when the three primary phases are short-circuited. 

IV. CONCLUSİON 

    In this paper, between a double layer FSPM motor and a 
single layer FSPM motor the comparison in terms of self and 
mutual inductances as well as the maximum short-circuit 
current against the rotor velocity is carried out. The results 
have shown that the single layer FSPM motor has higher fault 
tolerance capability, because it has higher self inductances 
while with lower mutual inductances. Thus, under faulty mode 
as short-circuit, for example, the higher self inductances limit 
the increase of short-circuit currents and the lower mutual 
inductances, which means lower magnetic coupling, prevent 
the faults from infecting the normal phases. İt should also be 
noted that the increase of self inductances will decrease the 
power factor, while for the critical applications, this is not the 
main topic and has not been studied in this paper. 
    For the single layer FSPM motor, it should be noted that, 
due to the non-symetric structure, there will be a strong 
normal force. This would lead to a high vibration level. Thus, 
in practical applications, it is proposed to use the FSPM motor 
with 24 stator teeth and 20 rotor poles. Like this, for each 
phase, we can have two opposite teeth. As a result, the sum of 
normal force versus rotor position could be decreased 
considerably, and the vibration could be limited to a low level. 
 



    

 

V. APPENDİX 

 

 

(a) Stator 

 

(b) Rotor 

Fig. 8  Prototype of duble layer FSPM motor 12/10. 

STRUCTURAL DATA OF FSPM MOTOR 12/10 (PROTOTYPE) 

Number of stator/rotor poles (Ns/Nr) 12/10 
Stator outer radius (rs outer) 77.2 mm 
Rotor outer radius (rr outer) 43 mm 
Stack length (La) 60 mm 
Air-gap length (e) 0.2 mm 
Number of phase coils (N) 50 
Filling factor (kb) 0.4 
Remanent flux density (Br) (200°C) 0.8 T 
Self inductance (L0) 2.6 mH 
Mutual inductance (M0) 1.02 mH 
No-load phase flux (ߔ଴)  51 mWb 
Moment of inertia (J) 1.8×10-3 kg·m² 
Coefficient of friction (f) 20×10-6 Nm⋅s 
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