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Introduction

- air-gap electromagnetic energy per unit volume = electromagnetic pressure 

- enriched spectrum with PWM time harmonics + rotor bars and stator winding 
space harmonics

- radial excitation of stator structure, creating vibrations especially when 
matching natural frequencies

How does audible magnetic noise occur ?

Objectives

-> I. Analytical model

-> II. Simulation of a 3-phase fractional-slot indu ction machine

-> III. Derivation of main noise spectrum lines

- fast prediction of variable-speed electromagnetic noise level of a PWM-fed 
induction machine (+ optimization)

- analytical prediction of main noise spectrum lines
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- Magnetomotive forces are computed using winding function approach with linear 
rise in slots:

stator
turns function

stator phase
currents

rotor
turns function

rotor bar
currents

I Analytical model: electromagnetic part

Stator 
mechanical 

angle

- Rotor and stator currents are computed using an extended equivalent circuit with 
both time and space harmonics
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- Air-gap radial flux density is then computed as:

permeance
per unit area

- Validation by FEM / tests

I Analytical model: electromagnetic part
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- Stator vibration is supposed to be generated by 
Maxwell tensor radial component:

- Static displacements Ys are computed For instance, for m >1

- Pressure is 2D-Fourier developped in pressure lines Pmw of spatial modes m at 
pulsation w. 

m=0 m=1 m=2 m=4

- Dynamic displacements Yd are computed using a 2nd order filter resonance model:

m-th mode natural 
frequency

m-th mode modal 
damping

I Analytical model: mechanical part

P2w
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I Analytical model: mechanical part

- Natural frequencies were validated with FEM/tests

- Natural frequencies are analytically computed using a 2D ring stator model
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I Analytical model: acoustic part
- Sound power radiated by m-th wave at stator surface is given by 

Air velocity
proportionnal to Y dModal radiation factor 

(sphere or infinite cylinder 
approximation)

- Sound power level is then
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II Simulation results 

-700 W 3-phase induction machine Zs=27, Zr=21, p=2, fractional-slot winding, in 
sinusoidal case (n=1, m=1, s=3%)

Rotor and stator mmf, 
(s=3%, f1 =50 Hz)

Noise spectrum 
(s=3%, f1 =50 Hz)
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II Simulation results 

Vibration spectrum with modal contribution (s=3%, f1 =50 Hz)

M=2
F=610 Hz

M=1
F=1935 Hz

M=3
F=2550 Hz
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II Simulation results 

line in resonance with m=1 natural frequency of 1100 Hz

Total noise level with modal contribution (variable speed)
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III Analytical noise spectrum 
- noise spectrum (= vibration spectrum) is a complex combination of time and space 
harmonics

- to obtain this spectrum, all the functions (currents, turns functions, permeance) are 
2D-Fourier expanded

This way, we obtain stator and rotor mmf spectra:

Fractional slot space harmonics, 
otherwise p ± 2p q s hs = 5p,7p,11p,13p …

±1 factor to take into 
account propagation 

direction

Stator and 
rotor mmf 

waves

Rotor current 
frequencies

Stator current 
frequencies
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III Analytical noise spectrum 

air-gap flux density spectrum:

Combination 
of permeance 

waves and 
mmf waves

and finally force spectrum (eliminating high modes, low frequencies and 
redundant lines): 

permeance spectrum:

Rotor and stator slotting 
permeance waves
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III Analytical noise spectrum 

EXAMPLE (sinusoidal case):

force wave
of mode 2p+ ksZs- krZr

and frequency f1(krZr (1-s)/p+2)

flux density wave PsFs=(p+ksZs, f1+0)
stator mmf wave Fs=(p,f1)

+
stator slotting permeance wave Ps=(ksZs,0)

flux density wave PrFs=(p-krZr, f1+krZrfR)
stator mmf wave Fs=(p,f1)

+
rotor slotting permeance wave Pr= (krZr,-krZrfR)

+
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II Simulation results 

Vibration spectrum with modal contribution (s=3%, f1 =50 Hz)

M=2
F=610 Hz

M=1
F=1935 Hz

M=3
F=2550 Hz

L2
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III Analytical noise spectrum 

CONSEQUENCES:

In sinusoidal case, we can show that the main lines are:

In PWM case, besides these lines, the main lines are usually:
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Conclusion

• analytical model predicting the electromagnetic noise level of a PWM controlled  
induction machine

• method to analytically derive main noise spectrum lines, including the influence of both 
time and space harmonics

• better understanding of harmonic interactions role in magnetic noise generation

Future work

• comparison with experiments in PWM case, influence of rotor space harmonics

• 3D analytical mechanical and acoustic model
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Thank you for your attention.
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Spatial aliasing: Zr=28, m=27

-> space harmonics m>Zr/2 induced in rotor currents by stator windings must be corrected…
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m space harmonics

n time harmonics

R1
n stator/rotor resistance (n : skin effect)

X1
n= wn L1 stator reactance

X2
n= wn L2

m rotor reactance (m : winding factor in transformation factor)
Xμn= wn Lμm magnetizing reactance (m : winding factor in transformation factor)
smn harmonic slip
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Spectre vibratoire mesuré/simulé, g=5.6% f=75 Hz
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the following rules are used:
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Mesures (dBA)
Bruit magnétique+mécanique

Simulation DIVA (dBA)
Bruit magnétique seul

Slotting magnetic line 
fs(Zr/p+2)

mode 2=Zs-Zr-2p

Zs=36, Zr=28 - 250kW
shorted-pitch winding
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I Analytical model: electromagnetic part

Evolution of permeance, stator mmf, rotor mmf and
air-gap radial flux density in function of time


