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This paper deals with the magnetic forces and the mechanical behavior of flux switching permanent magnet (FSPM) machines.
First, we will focus on the origin of magnetic stresses in the FSPM machine. Secondly we will realize a FEM analysis to observe
these stresses in two locations (at the air / teeth interface and at the permanent magnets / iron interface) when the FSPM machine is
unloaded and loaded. Then, we will consider the expression of the stator deformation. Finally, eigenmodes of this structure obtained
by FEM analysis will be presented and compared to experimental measure.

Index Terms—Flux Switching, Permanent Magnet Machines, Vibration, Magnetic Stress, Finite Element, Modal Analysis

I. INTRODUCTION

THE flux switching permanent magnet (FSPM) machine

is an electromechanical converter with all the active

elements located on the stator. The rotor is composed by

ferromagnetic sheets. This structure leads to a greater torque

density. Besides, as permanent magnets are not located on the

rotative part, the machine is able to revolve with higher speed

[1]. All thermal sources are on the static parts and permit a

much more efficient thermal evacuation [2] [3]. However, this

structure exhibits a major drawback: the stator teeth have to

be thin in order to mount the magnets and, as a consequence,

it leads to a high local magnetic induction. It also creates a

high magnetic stress and finally, significant acoustic vibrations,

which have to be added with aerodynamic and mechanic noise.

Nowadays, studies dealing with magnetic vibrations in

the machines concern simple structures, i.e. one-piece stator

with no magnet. The best example of such structures is the

switched reluctance motors (SRM) [4] [5]. Thus, most of the

publications focus on deformations of the stator teeth. The

FSPM machine presents a more complex structure induced by

the presence of magnets in the stator. Also, even if the study

of stresses located on the teeth remains relevant, it seems wise

to also determine the force appearing in different locations and

particularly at the magnets / iron interfaces.

This paper offers an analysis of magnetic vibrations in

FSPM machine. First, the machine and notations will be

introduced (II). Then, the magnetic stresses in two locations

(at the air/teeth interface and at the permanent magnets/iron

interface) will be presented (III). Then a modal analysis of the

stator will be developed (IV).

II. 12/10 FSPM MACHINE

The operating principle of FSPM is introduced in Fig. 1.

When a rotor pole is aligned with a stator pole as in Fig.

1 (a), flux of coil is positive maximum. When a rotor pole

is aligned with a stator pole as in Fig. 1 (b), flux of coil is

negative maximum.

(a) Maximum flux position (b) Minimum flux position

Fig. 1. Flux distribution of coil

The studied structure is a three-phase 12/10 FSPM (see Fig.

2) with:

- 12 stator teeth

- 10 rotor teeth

- 12 ferrite permanent magnets (residual induction: 0.36T).

Fig. 2. 12/10 Flux Switching Permanent Magnet Machine
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In the following parts, two coordinate systems are considered.

The static one is denoted by R(O,Ux, Uy) and a particular

point in the air-gap is marked using the rotative system,

R
′

(O,Ur, Ut). The angle between these two systems is de-

noted γ. θ is used for the rotor position.

The magnet magnetizations
−→
Mk of permanent magnet k

are oriented in the direction
−→
Ut in R′. They can be written:

−→
Mk =

(−1)kBr

µ0

−→
Ut (1)

with k=0, ... ,11, Br the residual induction, µ0 the vacuum

permeability

The three-phase coils are mounted around the stator teeth.

The injection currents are sinusoidal and in order to maximize

the torque with minimum copper losses, they are chosen in

phase with the electromotive forces (EMF):























JA = J ·
√
2 · kb · sin(Nr · θ − ψ)

JB = J ·
√
2 · kb · sin(Nr · θ − ψ −

2π

3
)

JC = J ·
√
2 · kb · sin(Nr · θ − ψ +

2π

3
)

(2)

with JA, JB , JC the current densities, J = 5 A/mm2, kb the

winding factor (0.5), Nr the number of rotor teeth (Nr = 10)

and ψ the angle of adjustment. For currents in phase with EMF

ψ = −60˚. The geometrical parameters appear on TABLE I.

Outer radius 75.05 mm

Rotor radius 50.05 mm

Air gap 0.2 mm

rotor tooth width 15.70 mm

stator tooth width 8.25 mm

Permanent Magnet width 3.10 mm

TABLE I
FSPM PARAMETERS

III. MAGNETIC STRESS IN THE FSPM MACHINE

At the interface between two surfaces, the magnetic stresses

can be written as:

−→σ = σn ·
−→
Ur + σt ·

−→
Ut (3)

where σn represents the normal stress and σt the tangential

one. It can be shown that the normal stress is predominant at an

interface between two materials. The following approximation

is thus available:
−→σ ≃ σn ·

−→
Ur (4)

Using the expression of the Maxwell tensor in these

coordinate systems, we can deduce the expressions of the

normal stress[6]:

σn =
1

2

(

b2n ·

(

1

µ1

−
1

µ2

)

− h2t · (µ1 − µ2)

)

(5)

with µ1 and µ2 the permeability of both materials, bn the

normal induction and ht the tangential magnetic field. The

permeability of material 1 (air or permanent magnets) is very

small compared to the permeability of the material 2 (iron)

and then [7]:

σn ≃
b2n
2µ0

(6)

Stresses are oriented from the highest permeability material

(iron) toward the weak permeability medium (air).

A. Components of normal stress in the air

Now, we are interested in the normal stress in the air-gap.

Using Eq. 6, we will specify the components of the normal

induction in the air-gap. For this, consider the case where

FSPM machine is without rotor. When there is no saturation

of the magnetic circuit, the normal magnetic induction in the

air in function of γ (see Fig. 2 for notations) can be divided

in two terms:

bn(γ, i, t) = bPM (γ) + bi(γ, i, t) (7)

with bPM the induction created by the permanent magnets

which depends only the position γ, bi the induction created

by current i at frequency f . This induction can be written:

bi(γ, i, t) = Ki(γ) · i(t) (8)

with :

i(t) = I ·
√
2 · cos (2π · f · t− ψ) (9)

Normal stress can be written:

σn(γ, t) =
1

2µ0

[

bPM (γ)2 +Ki(γ)
2 · I2

+ 2
√
2 · I · bPM (γ) ·Ki(γ) · cos(2π · f · t− ψ)

+Ki(γ)
2 · I2 · cos

(

2π · (2f) · t− 2ψ
)

]

(10)

For a position γ in the air, bPM (γ) et Ki(γ) are constant.

Eq. (10) becomes:

σn(γ, t) = A(γ) +B(γ) · cos(2π · f · t− ψ)

+ C(γ) · cos(2 · π · (2f) · t− 2ψ) (11)

with:



































A(γ) =
bPM (γ)2 +Ki(γ)

2 · I2

2µ0

B(γ) =

√
2 · I · bPM (γ) ·Ki(γ)

µ0

C(γ) =
Ki(γ)

2 · I2

2µ0

(12)

Normal stress has three components:

- A constant component due to permanent magnets (A)

- A component at frequency f due to the interaction between

permanent magnets and current (B)

- A component at frequency 2f due to current (C)

We presented the different contributions to the magnetic

stress, we will present the normal stresses in the complete

FSPM machine by FEM analysis.
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(a) normal stress with FSPM unload

(b) normal stress with FSPM load (ψ = −60˚)

(c) normal stress with FSPM load (ψ = −15˚)

Fig. 3. Normal stresses at the air / teeth interfaces in polar coordinates σn
for θ = 0˚

B. Normal stress at the stator teeth

In the air-gap, normal stresses (the one leading to

deformations) are much higher than tangential ones (leading

to the creation of the torque). Thus, we will focus exclusively

on the former stresses denoted by σn. The forces created

tend to reduce the air-gap thickness. As a consequence, they

are directed along −
−→
Un. In order to quantify those particular

stresses, a finite element analysis has been used which

simulates the behavior of our FSPM device and calculates the

magnetic induction in the machine. Knowing the latter, we

can deduce the normal stress appearing when the machine

is unloaded and loaded (with differents ψ). Corresponding

results are presented in Fig. 3 where the stress have been

plotted for a particular position of the rotor (θ = 0˚).

Some remarks can be done:

- Firstly, normal stress exists even during an unloaded

operation of the machine (J=0), see Fig. 3 (a), and these

stresses become maximal when the stator teeth face the rotor

ones

- Secondly, when the FSPM machine is loaded (J =
5 A/mm2), see Fig. 3 (b) and Fig. 3 (c), because of the coils

/ permanent magnets interaction, the magnetic induction can

be null even when the stator teeth face the rotor ones. When

this phenomenon occurs, there is no more normal stress

- Thirdly, when the machine is loaded, normal stresses can

locally raise up to 140 N/cm2 (1.9 T)

- Finally, when ψ varies, the normal stresses varies too. The

peak value is higher when the currents are in phase with EMF

(maximum torque for ψ = −60˚) and they decrease when ψ
differs from −60˚.

We have just presented the normal stress in the machine for

a particular position of the rotor. Now, we study the variation

of these stress while the rotor is revolving (with or without

load). For this purpose, we will focus on the stress located

on a single tooth and the mean stress calculated on that tooth

will be plotted for an electrical period (36˚). From the results

presented in Fig. 4, an important point has to be highlighted.

Indeed, for a loaded machine, the harmonic content appears

richer and, as a consequence, more harmonic ranks are excited,

leading to a richer spectrum of the acoustic noise.

A characterization has been performed of all stress which

are created during a operation of the FSPM machine and

particularly of their harmonic spectrum. Now, we will quantify

the spectrum content, especially the frequencies being excited

by the stress. We can notice that they are directly related to

the angular speed of the rotary. To write explicitly the relation

between those two variables, we use equation 13 which leads

to:

fexc = k ·
Nr · Ω

60
(13)

with:

k: harmonic rank

Nr: number of teeth rotor (10)

Ω: angular speed (en tr/min).
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Fig. 4. Normal stresses at iron / air-gap interface along Ur with and without
load when FSPM is revolving

C. Stresses located on the permanent magnets

In this section, we will focus on the stress created at the

iron / permanent magnets interfaces. The considered notations

are represented in Fig. 5. The normal stresses appear in Fig. 6.

We can observe that these particular stresses are very weak

Fig. 5. Notations for stresses created at the iron / permanent magnets interface

Fig. 6. Normal stress at iron / permanent magnet interface along Un with
and without load when FSPM is revolving

compared to those calculated at a tooth / air-gap interface.

Nevertheless, we can see a non-negligible variation of these

variables which will necessarily generate acoustic vibrations.

IV. VIBRATIONAL AND MODAL ANALYSIS

In the previous section, we have observed the normal

stresses in the FSPM machine. Now we will analyse the effect

of these stresses on the deformation of the FSPM machine.

A. Expression of the deformation of the stator teeth

We will write the deformation of the stator teeth under the

effect of the magnetic stresses. Again, the rotor is removed

and see Fig. 2 for notations. Let consider a surface element

S with x the displacement, m the mass of machine and k
the stiffness (λ the viscosity is not considered). The dynamic

equation [8] can be written:

m ·
d2x

dt2
+ k · x = σn · S (14)

with σn the stress obtained by Eq. 11. We have:

m ·
d2x

dt2
+ k · x = A · S +B · S · cos(2π · f · t− ψ)

+ C · S · cos(2π · (2f) · t− 2ψ) (15)

The solution of this equation is:

x(t) = K · cos(

√

k

m
· t+ α)

+
A · S

k
+

B · S

k −m · 4π2 · f2
· cos(2π · f · t− ψ)

+
C · S

k −m · 4π2 · (2f)2
· cos(2π · (2f) · t− 2ψ) (16)

with K and α constants to be determined. There are two

resonance frequencies:

f1 =
1

2
·
1

2π

√

k

m
(17)

f2 =
1

2π

√

k

m
(18)

When current frequency f is equal to f1, the deformation will

be at the double frequency current. When current frequency

f is equal to f = f2, the deformation will be at the current

frequency. Therefore, an eingenmode appears for two different

current frequencies. The next part will specify the eigenfre-

quencies of the stator of the FSPM machine.

B. Vibrational eigenmodes of the structure

We realized a 2D modal analysis of the stator using FEM

analysis with a commercial solver ANSYS. The machine is

modeled as ferromagnetic sheets and permanent magnets with

their mechanical characterictics. The method is based on the

spatial discretization [9] of the structure using triangle meshes

with n nodes. Let us denote by: q(t) = [q1, q2, ..., qn]
T the
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nodal displacement array, [M ] and [K] are respectively the

mass and rigidity matrices (n × n dimension). The dynamic

equation thus takes the following form:

[M ] ·
d2q(t)

dt2
+ [K] · q(t) = 0 (19)

which admits harmonic solutions:

q(t) = p · cos(ω · t− φ) (20)

where p = [p1, p2, ..., pn]
T , ω is the pulsation, φ the phase. In

order to determine eigenfrequencies, we solve:

([K]− ω2 · [M ]) · [U ] = 0 (21)

with [U ] eigenvector. The first resonant modes of the stator

are plotted in Fig. 7. We can observe mode 2 (997 Hz), mode

3 (2 665 Hz), mode 4 (4 757 Hz) and mode 5 (6 898 Hz).

(a) Mode 2: 997 Hz (b) Mode 3: 2 665 Hz

(c) Mode 4: 4 757 Hz (d) Mode 5: 6 898 Hz

Fig. 7. Eigenmodes of the FSPM machine

C. Modes excited by the normal stresses

We have just detailed the frequencies of the resonant modes

of our structure. If some components of the stress spectrum

coincide with those particular frequencies, the machine res-

onates. However, when the machine is feeded, a particular

distribution of stresses may lead to the suppression of some

modes. In order to observe this phenomenon, the spatial

Fourier series of the normal stress with load (see Fig. 4) is

calculated. The first coefficients of this series are represented

in Fig. 8. The vibrational modes which could be excited are

the number 2 and 4, and the 3 and 5 cannot be excited.

Fig. 8. σn at the air / stator teeth interface Fourier serie coefficients

D. Experimental measures

We measured the vibrations of the FSPM machine. The rotor

is removed. A piezoelectric accelerometer is placed on the

stator on the top of a tooth in order to measure the acceleration

in this point (see Fig. 9). We have supplied a single coil

of a single phase. For such kind of excitation, all modes

of deformation can be measured. Finally the experimental

vibration function of the current frequency is presented Fig.

10.

Fig. 9. FSPM stator and accelerometer

Mode 2 obtained by FEM analysis is correctly measured.

Mode 4 obtained by FEM analysis is underestimated. Never-

theless, in this figure, we can note a large number of eigenfre-

quencies. For FSPM, there is a pair of eingenfrequencies for

each mode of vibration. Difference between eigenfrequencies

determined by finite element simulation and experimental can

be explained by frame. It depends on the mechanical linkage

between stator and frame.

V. CONCLUSION

In this paper we analysed magnetic forces and vibrational

behavior of a FSPM machine. We expressed the different

terms of the magnetic stresses in the FSPM machine and we

observed the normal stress at two locations: at the air / teeth
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Fig. 10. Vibration of the structure

stator interface and at the iron / permanent magnet interface

using FEM analysis when the machine is unloaded and loaded.

Then we predicted the deformation of the structure in a simple

case without rotor and we realized a modal analysis by finite

elements method. Finally we measured the vibrations of a

FSPM machine at a point of the structure and we justified

that these vibrations were at the current frequency or double

current frequency.
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