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This paper presents the phenomenon of electromagnetic noise and vibrations in electrical ma-

chines, and focuses on the analysis of the noise reduction of skewing in surface permanent magnet 

synchronous machines (SPMSM). The origin of the main rotating and pulsating magnetic forces 

is detailed in terms of stator slotting and rotor magnet harmonics, and the optimal value of stator 

and rotor skew is derived. Some numerical electromagnetic and vibroacoustic simulations are 

then carried and confirm the analytical work. It is shown that the minimization of cogging torque 

does not necessarily lead to lower acoustic noise. Depending on the vibration waves responsible 

for noise (pulsating or rotating), the optimal rotor skew value is different. It is therefore necessary 

to run electromagnetic and vibroacoustic simulations to optimize the noise level of the electrical 

machine. 

 

1. Noise and vibrations in electrical machines 

The vibro-acoustic design of electrical machines is as important as its electromagnetic or thermal 

design in an increasing number of applications. This is the case of rotating machines working close 

to human presence in industrial applications (e.g. pumps, reciprocating compressors), household ap-

pliances (e.g. HVAC, electric curtains), transportation (e.g. ships, trains, electric cars, pedal-assist 

bicycles) and energy sectors (e.g. wind turbine generators). More generally, the vibration and acoustic 

noise levels of electrical machines have to be controlled and reduced as part of their global environ-

mental impact.  

Noise and vibration sources of electrical machines are usually classified into mechanical, aerody-

namic and magnetic sources [1]. Mechanical noise and vibrations can come from bearings, gears and 

brush commutators, whereas aerodynamic noise is due to air pressure periodic variations coming for 

instance from mounted fans or air-gap vortices due to slotting effects ; in high speed machines, these 

aerodynamic forces can also excite the structural modes of the machine and give high pitch noise [2]. 

The transfer path of these exciting forces are illustrated in Figure 1. 

 

 

Figure 1: Main vibroacoustic transfer paths of an electrical machine (green: vibration, red: noise). 
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Magnetic vibration and audible noise are due to the deflections of the magnetic circuits (stator and 

rotor) of the electrical machine under magnetic forces; magnetic forces are defined as forces arising 

from the presence of a magnetic field, which can be due to permanent sources as in permanent magnet 

synchronous machines, or induced by some current sources as in induction machines. Two types of 

magnetic forces occur in electrical machines: magnetostrictive and Maxwell force [3]. Qualitatively, 

magnetostrictive forces occur in magnetic sheets and tend to shrink the material along the field lines, 

whereas Maxwell forces are mainly located at the lamination interface with air and globally tends to 

bring the stator closer to the rotor (law of minimal reluctance). These forces are illustrated in Figure 

2.  

 

Figure 2: Representation of Maxwell forces (left) and magnetostriction forces (right) on the stator of an in-

duction motor. 

Both phenomena are quadratic function of the flux density and can result in radial deflection of 

the yoke and acoustic noise. Although the scientific debate is still not closed on the respective con-

tribution of these forces in the different electrical machine topologies and power ranges [4-7], this 

paper only focuses on Maxwell forces. 

 

2. Electromagnetically-induced acoustic noise  

Figure 2 shows that Maxwell forces are not uniform along the airgap of the electrical machines: 

they vary both in time and along the airgap angle. They can therefore be developed as a series of 

rotating radial and tangential force waves with a given frequency f and wavenumber r. r=0 corre-

sponds to the average radial magnetic force, or torque in tangential direction; r=1 corresponds to 

what is called unbalanced magnetic pull; other circumferential wavenumbers r>1 represents elliptical 

force waves (see Figure 3). These forces apply to both stator and rotor. 

 

 

Figure 3: At the left: Examples of Maxwell force waves (radial and tangential components) applied on a sta-

tor (output from MANATEE software [12]). At the right: Effect of tangential magnetic force waves (left: 

r=0; right: r=2) [11].  

Radial force wave r=0 creates a pulsating deflection of the stator where all the points move in 

phase (“breathing mode”). This force is significantly present in electrical machines, especially per-

manent magnet machines used for automotive electrical traction [8]. Radial force wave r=0 has no 

impact on a plain inner rotor which is too stiff, but it can create significant deflection of an outer rotor 

[9]. Tangential force wave r=0 creates a torsion on both stator and rotor. Stator pure torsional deflec-

tions cannot radiate efficiently acoustic noise, unless it generates torsion of the frame with radial fins, 

or it has asymmetrical boundary conditions [10]. Torsional deflections of the rotor, also named torque 

ripple or cogging torque at no-load for permanent magnet synchronous machines, can lead to struc-

ture-borne acoustic noise when propagating to bearings, end-plates and gearbox (Figure 1). Radial 
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and tangential force wave r>1 creates radial deflection of the stator. Tangential forces are often ne-

glected by some authors assuming they create only tangential deflections of the yoke, but tangential 

forces applied to stator tooth tips create radial deflection of the yoke through the bending moment of 

teeth (see Figure 3). However, this effect cannot occur for outer rotor PM machines where tangential 

forces create torsional deflections only. Similar to r=0, tangential and radial force wave with r>1 

cannot create significant deflection of a plain inner rotor due to its high stiffness.  

The stator structural modes can be modelled as cylindrical modes characterized by (m,n), where 

m is the circumferential order of the modal shape and n the longitudinal one, and fmn the associated 

natural frequency (Figure 4). Maxwell force waves can enter in resonance with a structural mode of 

the stator lamination when matching the corresponding natural frequency (f=fm0) and modal shape 

(r=m) [13]. Stator pure circumferential modes (m,0) can be excited by tangential and radial force 

waves of wavenumber r=m. The rotor shaft bending mode can be excited by magnetic force wave of 

wavenumber r=1.  

 

 

Figure 4: Example of a cylinder equivalent modal basis of a stator (output from MANATEE software [12]) 

in clamped-free boundary conditions. 

 

Electromagnetically-induced acoustic noise can be a key contributor to the global sound power 

level of electrical machines for several reasons. Firstly, due to the strong harmonic nature of magnetic 

forces in both time and space domains, magnetic noise is characterized by strong tonalities (emer-

gence of a given harmonic above the background noise) and usually occur in the most sensitive fre-

quencies of the human ear (1 to 10 kHz). This makes it sound particularly unpleasant, especially as 

some progress is made on the reduction of the other broad-band noise sources (e.g. use of water 

cooling technology instead of fans). Secondly, the design optimization of electrical machines with 

respect to cost, weight and efficiency tend to minimize materials, leading to thinner yoke width and 

increased vibration levels. Finally, in electrical transportation, electrical machines are run at variable 

speed and the magnetic force harmonics sweep a wide frequency range, increasing the number of 

resonances with stator and rotor modes. Besides that, the variable frequency drive enriches the har-

monic content of magnetic forces. The level of electromagnetically-induced acoustic noise is there-

fore increased. 

 

3. Skewing noise reduction technique 

3.1 Principle 

A well-known technique to reduce the magnetic noise and vibration of electrical machines is 

named skewing. It consists of varying the position of slots or magnets along the axial direction of the 

machine, filtering out some of the magnetic force harmonics due to stator to rotor magnetic interac-

tions. Usually it is done by a linear inclination of slots and poles, but some authors have investigated 

more complex shapes [14-15]. The skewing of the wound stator is more complicated to implement, 

so the rotor is more often skewed. Permanent magnets are generally manufactured in bars, so that a 
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continuous angular shift of magnetic poles is not possible and an equivalent stepped-skew technique 

is used [16]. 

3.2 Force harmonics in PMSM 

3.2.1 Principle 

In this part the origin of some harmonic forces in PMSM are analytically derived. This is done by 

simply noting {f, r} a progressive wave A travelling in the airgap with frequency f and wavenumber 

r: 

  rfrftAtA ,)2cos(),(   .  (1) 

This way the product of two waves is {f1, r1}{f2, r2}={f1+/- f2, r1+/-r2} 

The magnetic force waves are quadratic function of the airgap flux density, which is the sum of 

stator and rotor induced flux in the linear case. Stator and rotor airgap flux can be itself decomposed 

as the product of the airgap permeance per unit area P and magnetomotive force (mmf) F. The stator 

permeance introduces slotting effects: 

 ssZkP ,0 .  (2) 

where ks is an integer and Zs is the number of stator slots. The larger is ks, the lower is the magnitude 

of the permeance harmonic. The rotor magnetomotive force due to North and South pole alternance 

can be written as: 

    rRrrsrr fphfhF  ,)12(,)12(  . (3)  

where fs is the fundamental supply frequency, fR the mechanical frequency and p the number of pole 

pairs. Again the larger hr is, the lower is the magnitude of the mmf harmonic. For distributed wind-

ings, the stator magnetomotive force waves can be written as [13]: 

  phqfF ssss )12(,  . (4)  

where qs is the number of phases. The larger hs is, the lower is the magnitude of the mmf harmonic. 

 

3.2.2 Case of zero-th wavenumber (r=0) 

Magnetic forces due to wavenumber r=0 are very special. Their time-averaged tangential compo-

nent corresponds to the average electromagnetic torque produced by the machine, which is generally 

maximized by the designer, and the associated time harmonics are torque ripple components which 

are generally minimized by the designer. Their time-averaged radial component corresponds to a 

static magnetic stress and has only a potential effect on the shift of structural modes natural frequen-

cies, whereas the associated time harmonics are a potential source of parasitic vibration and noise. 

Besides that, in PMSM, the magnitudes of radial and tangential force harmonic of same frequency 

and wavenumber are correlated [17]. One source of pulsating harmonic forces is the interactions be-

tween slots and magnet harmonics defined by 

 
ssrr Zkphph  )12()12(0 12

. (5)  

One can see that the sum and difference of the two rotor mmf harmonics are multiples of Zs and 

2p, therefore it is a common multiple of Zs and 2p. If Nc=LCM(Zs,2p) is noted as the least common 

multiple between the slot number and pole number, the sum and difference of the rotor mmf harmon-

ics giving rise to r=0 forces are thereof multiple of Nc and can be written as nNc where n is an integer. 

The larger n is, the larger is the associated slotting harmonic and the lower are the pulsating forces. 

The largest magnitude pulsating force is therefore given by rotor mmf harmonic combination that are 

exactly equal to Nc: 

 phphpZLCMN rrsc )12()12()2,( 12  .   (6)  
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This equation is equivalent to 

 
211)2/( rrc hhpN  . (7)  

 
21)2/( rrc hhpN  . (8)  

For the summation case (+), when hr1 goes from 0 to Nc/(2p)-1 the first rotor mmf harmonic goes 

from p to Nc-p (Nc >=2p) and the second mmf harmonic from Nc-p to p.  

For the difference case (-), when hr1 goes from Nc/(2p) to the infinity the first rotor mmf harmonic 

goes from Nc+p to the infinity and the second mmf harmonic from p to the infinity. 

The force wave is proportional to the product of the rotor mmf. In the first case its wavenumber is 

given by: 

 )1)1)2/((2()12()( 111121  rcrrcrrr hpNphpN  . (9)  

In the second case it is given by 

 )1))2/((2()12()( 111121  pNhphpN crrcrrrr  . (10)  

Both are quadratic functions of the mmf rank hr1 and looking for their maximum magnitude gives 

in the first case the mmf harmonics (p, Nc-p) and in the second case the harmonics (Nc+p,p). This 

shows that the rotor mmf harmonics given by pNcr  are responsible for the largest magnetic 

pulsating forces (radial and tangential) in PMSM. This can be generalized to give the family of rotor 

magnet mmf harmonics involved in the pulsating forces (r=0) at frequency f=nNcfR: 
 

 pnNcr  .           (11) 
 

where n is a positive integer. The corresponding stator slotting harmonics are simply given by 

ksZs=nNc. For integral windings Zs is by definition a multiple of 2p and Nc= Zs so the first slotting 

harmonic is involved in the largest cogging torque harmonic as expected. However, this is no longer 

true for synchronous machines with fractional slot winding.  

 

3.2.3 Case of positive wavenumber (r>0) 

 

The lowest positive wavenumber of magnetic forces is given by [17]  
 

 
cs MpZGCDr  )2,(min
.         (12) 

 

The associated force waves are 
 

 
sRc ffnNf 2  and 

min0 rr  .        (13) 

4. Optimal skew 

The optimal stator skew to cancel the pole / slot interaction pulsating harmonics is at no-load 

 

c

ssk
nN




2
 . (14)  

For the first rank (n=1) and for integral winding, the optimal average value is therefore one stator slot 

pitch. According to [18] the optimal stator skew value for SPMSM due to is closer to
pNc

ssk






2

 

but this is because a limited number of slices has been used in their FEA model. When using a 

stepped-skew instead of a continuous skew the optimal value becomes 
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Where Ns is the number of slices. In [18] this gives for 7 slices of FEM model an optimal skew value 

of 6/7 stator slot pitch which has been mistakenly taken as 36/42=36/(36+7). 

At full load the optimal stator skew is different because all the harmonics identified previously can 

now either include the fundamental rotor field or the fundamental stator field. The optimal skew then 

depends on the load angle as demonstrated in [19]. 

For stepped skew magnets the same optimal skew angle of (15) applies for the cancellation of r=0 

wavenumbers at no-load. However the optimal skew for r>0 is different. 

5. Numerical validation 

5.1 Presentation of MANATEE software 

MANATEE® [12] initially stands for Magnetic Acoustic Analysis Tool for Electrical Engineering: 

it is a commercial simulation software dedicated to the fast electromagnetic design of electrical ma-

chines, including the evaluation of 3D electromagnetic forces, vibrations and acoustic noise due to 

Maxwell forces at variable speed. 

It is an integrated multiphysic tool, the simulation process is summarized in Figure 5. Assuming a 

weak coupling between structural mechanics and electromagnetics the electrical currents are first 

calculated using equivalent electrical circuits. Based on rotor and stator current waveforms, the elec-

tromagnetic module calculates the airgap flux distribution using subdomain models, which are as 

accurate as finite element method and as fast as analytical models. The structural module consists in 

projecting the resulting Maxwell stress on the stator or rotor structure, and evaluating the dynamic 

deflections. The acoustic module finally calculated the radiated sound power and pressure levels. 

 

 

Figure 5: MANATEE software simulation workflow [12]. 

5.2 Simulation results 

In this example a sinusoidally-fed 4-pole, 36-slot surface permanent magnet synchronous machine 

is simulated up to 15000 rpm, including load effect. The rotor skew is done with 7 slices. 

The natural frequencies of the lamination are obtained with MANATEE at 7500 Hz for breathing 

mode (m=0) and 5900 Hz for the 2p circumferential mode (m=2p=4). The lowest force wavenumber 

is given by Mc=4. The resulting sound pressure level is shown in Figure 6. The following resonances 

with stator lamination can be identified using MANATEE post processing tools: 

 mode (0,0) at 6235 rpm is excited by f=2*NcfR =72fR=36fs 

 mode (0,0)  at 12470 rpm excited by f=NcfR =36 fR =18 fs 

 mode (4,0)  at 11010 rpm excited by f=NcfR -2*fs=16 fs 

 mode (4,0)  at 8795 rpm excited by f=NcfR +2*fs=20 fs 

 mode (4,0)  at 5180 rpm excited by f=2NcfR -2*fs=34 fs 

 mode (4,0)  at 4628 rpm excited by f=2NcfR +2*fs=38 fs 

 mode (4,0)  at 3100 rpm excited by f=3NcfR+2*fs=56 fs 



The 23rd International Congress on Sound and Vibration 

 

 

ICSV23, Athens (Greece), 10-14 July 2016  7 

 

Figure 6: sound power level due to Maxwell excitations at variable speed (simulation time a few seconds on 

a laptop). 

In Figure 7 the effect of stator skew is presented. The optimum value of 1 stator slot pitch is found 

for both r=0 and r=4. 

 

Figure 7: effect of stator skew on the pulsating force wave r=0 f=18fs (left) and rotating force wave r=4 

f=16fs (right) at no-load. 

 

In Figure 8 the effect of the rotor skew is presented. One can see that the optimal rotor magnet 

inclination angle is different when trying to minimize cogging torque and acoustic noise. This is 

because rotor mmf harmonics creating r=0 standing force waves are different from the ones creating 

r=4 rotating force waves and responsible for the majority of acoustic noise is this case. For cogging 

torque minimization the numerical optimal skew is exactly 0.85 stator slot pitch in agreement with 

theory (6/7). 

 

Figure 8: effect of rotor stepped-skew on cogging torque (left) and acoustic noise at 1500 rpm (right). 

6. Conclusions 

It is shown that the optimum stator or rotor skew value to minimize noise and vibration due to 

magnetic forces in PMSM is not necessarily one slot pitch contrary to usual design rules. This is 

because the one slot pitch rule focuses on the reduction of r=0 force wavenumbers at no-load. More-

over, the reduction of noise and vibration levels is not correlated with the minimization of cogging 

torque or torque ripple. Besides that, the optimum skew to reduce acoustic noise due to magnetic 

forces depends on the load state. 



The 23rd International Congress on Sound and Vibration 

 

 

8  ICSV23, Athens (Greece), 10-14 July 2016 

 

REFERENCES 

1 Gieras J. F., Wang C., and Lai J. C., Noise of polyphase electric motors, (2006). 

2 Parrang S., Ojeda J. M., Khelladi S., Gabsi M., Aeroacoustic noise prediction for SRM, Proceedings of 

PEMD, (2014). 

3 Laftman L., The contribution to noise from magnetostriction and PWM inverter in an induction machine, 

PhD thesis, University of Lund, Sweden, (1995). 

4 Delaere K., Heylen W., Belmans R., and Hameyer K., Comparison of induction machine stator vibration 

spectra induced by reluctance forces and magnetostriction, IEEE Trans. on Magnetics, 38 (2), (2002). 

5 Belahcen A., Magnetoelasticity, magnetic forces and magnetostriction in electrical machines, PhD thesis, 

Helsinki University of Technology, Finland, (2004). 

6 Hilgert T., Vandevelde A., and Melkebeek J., Numerical analysis of the contribution of magnetic forces 

and magnetostriction to the vibrations in induction machines, IET Sci. Meas. Technol., 1 (1), (2007). 

7 Mohammed O. A., Calvert T., and McConnell R., Coupled magnetoelastic finite element formulation 

including anisotropic reluctivity tensor and magnetostriction effects for machinery applications, IEEE 

Trans. On Magnetics, 37, 3388–3392, (Sep. 2001). 

8 Hofmann A., Qi F., Lange T. and De Doncker R. W., The breathing mode-shape 0: Is it the main acoustic 

issue in the PMSMs of today's electric vehicles?, Electrical Machines and Systems (ICEMS), 17th Inter-

national Conference on, Hangzhou, 3067-3073, (2014). 

9 Ikeda K., Semura J. and Ohzawa T., Mechanism of Noise Generation on Outer Rotor Motor, Internoise 

Conference, Melbourne, (2014). 

10 Tan Kim A., Contribution à l’étude du bruit acoustique d’origine magnétique en vue de la conception 

optimale de machines synchrones à griffes pour application automobile, PhD thesis, University of Tech-

nology of Compiègne, France, (2015). 

11 Le Besnerais J., Pellerey P., Lanfranchi V., Hecquet M., Bruit acoustique d’origine magnétique dans les 

machines synchrones, Techniques de l’Ingénieur, D3581, (2013). 

12 MANATEE software (“Magnetic Acoustic Noise Analysis Tool for Electrical Engineering”), 

http://www.eomys.com, may 2015 build. 

13 Le Besnerais J., Reduction of magnetic noise in PWM-supplied induction machines - low-noise design 

rules and multi-objective optimisation, PhD thesis, University of Lille Nord de France, (2008). 

14 Romary R. and J. F. Brudny, A Skew Shape Rotor to Optimize Magnetic Noise Reduction of Induction 

Machine, Proceedings of the International Conference on Electrical Machines, (2008). 

15 Fei W. and Luk P., A New Technique of Cogging Torque Suppression in Direct-Drive Permanent-Magnet 

Brushless Machines, IEEE Trans. Ind. Appl., 46 (4), 1332–1340, (2010). 

16 Blum J. and Merwerth J., Investigation of the segment order in step-skewed synchronous machines on 

noise and vibration, (2014). 

17 Le Besnerais J., Vibro-Acoustic Analysis of Radial and Tangential Airgap Magnetic Forces in Permanent 

Magnet Synchronous Machines, IEEE Trans. Magn., 9464, 1, (2015). 

18 Jagiela M., Mendrela E., and Gottipati P., Investigation on a choice of stator slot skew angle in brushless 

PM machines, Electr. Eng., 95, 209–219, (2013). 

19 Boesing M., Acoustic modelling of electrical drives - noise and vibration synthesis based on force re-

sponse superposition, RWTH Aachen University, (2013). 

 


