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Permanent magnet flux switching motor (PMFSM) is a novel double salient machine which employs PMs

instead of field winding for excitation. PMFSM contains only one set of armature winding, thereby features

simple control strategy, low cost power inverter and substantial high efficiency. Due to the unique double

salient structure and operation principle, the generated cogging torque in PMFSM is critical and quite different

compared to the traditional PM machines. This paper presents and investigates various design techniques for

reducing cogging torque in PMFSM. Firstly, an analytical model is proposed to study the influence of different

methods on cogging torque. Then the optimal design parameters for minimizing cogging torque are determined

by the analytical model, which significantly reduces the computational efforts. At last, the cogging torque with

different design approaches are simulated by FEA along with the average output electromagnetic torque, which

validates the analysis above. 
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1. Introduction

Permanent magnet flux switching machine (PMFSM) is

a new type brushless permanent magnet machine which is

derived from the Flux Switching Machine (FSM) with

electric winding excitation [1]. In PMFSM, the permanent

magnets are housed in the stator side and there are neither

coils nor PMs in the rotor as shown in Fig. 1, so it retains

the robustness and ruggedness of switch reluctance motor

(SRM), and benefits from permanent magnet machine to

achieve high efficiency [1]. PMFSM gains an advantage

over FSM because it exhibits low copper loss, high power

density and high efficiency [3-5]. PMFSM has been a

potential candidate for taking the place of BLDC in some

applications, such as fans, vacuum cleaner and air venti-

lation machines. In these applications, the machines are

usually required to exhibit low level of vibration and

acoustic noise. However, torque ripple is inherent in

PMFSM due to the double salient structure which is

similar as SRM. Furthermore, the existing PMs housed

inside interact with rotor core, thus produces cogging

torque even with the windings no-excitation, thereby, the

situation is getting worse. As mentioned above, the

cogging torque in PMFSM is a critical issue even in case

of light or no-load condition, so it must be considered in

machine design. However, we are not able to find any

relevant studies or researches reported on this topic regard-

ing the cogging torque reduction of PMFSM. 

In this paper, various design techniques for reducing

cogging torque in PMFSM are presented. An analytical

model of cogging torque is proposed. With the assistance

of the analytical model, the appropriate design parameters

which can minimize the cogging torque are determined.

The cogging torque with different design schemes are

calculated by using FEA, which can give preciseness of

calculations. The average output torque with different

design schemes are also examined. 

2. Analytical Model of Cogging Torque 
in PMFSM

Referring to the definition of cogging torque in tradi-

tional PM machines, the cogging torque in PMFSM is
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defined as the no-load torque without winding excitation,

which can be described as [2, 6, 7]

(1)

Where Wft is the magnetic energy of the machine, Wgap

and Wpm the energy of the air-gap and magnets, α the

rotor movement. 

 (2)

The Fourier expansions of  and 

can be derived as 

 (3)

Where , , βs the stator pole

arc width, τs the pole pitch of the stator, Ns the stator pole

number, Br the residual flux density ofPMs. 

(4)

Where Nr is the rotor number, Gm the Fourier coefficients.

The analytical expression can be deduced as

(5)

Where lFe the stack length, R1 and R2 the radius of outer

rotor and inner stator, μ0 the permeability of the air. 

3. Design Techniques for Cogging 
Torque Reduction in PMFSM

3.1. Rotor skewing 

In general, skewing, either rotor or stator skewing is

usually employed to reduce the cogging torque. When

rotor skewing is adopted in PMFSM, the cogging torque

can be expressed as 

 (6)

Where Qr is the teeth pitches of axially skewing, τr the

rotor pitch. 

For minimizing the cogging torque, obviously, 
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Fig. 1. (Color online) Sketch of PMFSM and field distributions with different rotor position.

Fig. 2. (Color online) Comparison of results calculated by FEM (a) Cogging torque with and without skewing (b)Torque v.s angle.
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= 0 should be satisfied. Then we can calculate the suitable

value of Qr, which should be Qr= 1/2. That means the

machine should be axially skewed 0.5 rotor pitch for

minimizing the cogging torque. Fig. 2 shows the results

of cogging torque and torque v.s angle characteristics cal-

culated by FEM. It can be seen that although the cogging

torque has been significantly reduced, the electro-magnet

torque has also been reduced. 

3.2. Changing pole arc width of stator and rotor

While changing the pole arc width of stator, the Fourier

expansions of Brn can be deduced as 

(7)

Where αps is the pole arc to pole pitch ratio of the stator.

Fig. 3 gives the curves of Brn changing with αps. It can be

seen that there is not a zero point which can make all the

components Brn zero but all components Brn is getting to

be zero as αps is being close to 1. Fig. 4 shows the

cogging torque and electro-magnetic torque calculated by

FEM. 

While changing the pole arc width of rotor, the Fourier

expansions of Gm can be deduced as 

(8)

αpr is the pole arc to pole pitch ratio of the rotor. Fig. 5

gives the curves of Gm changing with αpr. It can be seen

that when αpr is 0.5, all components of Gm are made zero,

which indicates that the cogging torque can be greatly

reduced by αpr = 0.5. Fig. 6 gives the cogging torque and

electro-magnetic torque calculated by FEM. 

3.3. Rotor teeth pairing

When adopting rotor teeth paring. the Fourier expansions

 can be derived as 

(9)

(10)

For minimizing cogging torque, Gm should be made

zero, hence the following should be satisfied

k = 1, 2, 3... (11)
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Fig. 4. (Color online) Comparison of results calculated by FEM (a) Cogging torque with different pole arc width (b) Torque v.s

angle.

Fig. 3. (Color online) Brn changing with αps calculated analy-

tically.

Fig. 5. (Color online) Gm changing with αpr calculated analy-

tically.
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According to (11),  should be satisfied. βra

and βrb are the pole arc angle of the rotor. Fig. 7 shows

the cogging torque results of the machine with βra = 40°

and βrb = 50° together with the electro-magnetic torque. 

4. Conclusions

In this paper, an analytical model is presented to

investigate the principle of cogging torque in PMFSM.

Different design techniques, viz. skewing, changing stator

and pole arc width, rotor teeth paring are described and

used to reduce the cogging torque. With the assistance of

the presented analytical model, the optimal design para-

meters are determined. Finite Element Method, which can

give high preciseness to calculation, is used to calculate

the cogging torque, which validates the correctness and

effectiveness of the analysis and methods we have pre-

sented. The results reveal that both taking into account of

the cogging torque reduction and machine running perfor-

mance, βra = βrb = 45°, viz. βpr = 0.5 is the best solution in

PMFSM. 
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Fig. 6. (Color online) Comparison of results calculated by FEM (a) Cogging torque with different pole arc width (b) Torque v.s

angle.

Fig. 7. (Color online) Comparison of results calculated by FEM (a) Cogging torque with and without teeth pairing (b) Torque v.s

angle.


