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ABSTRACT  

The paper concerns the reasons for noise and vibration occurrence in inductor machines which is a part of 

switched reluctance motors. It is demonstrated that only magnetic component of noise and vibration needs a new analysis 

method development. The paper provides mathematical description of inductor machine core behavior under operation of 

switched-reluctance motor. 
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INTRODUCTION 

One of the core drawbacks of switched reluctance 

motor (SRM) is a relatively high level of vibrations and 

acoustic noise comparing to other types of 

electromechanical energy convertors. In recent decade a 

number of recommendations were developed on optimal 

design of inductor machines for SRM providing 

enhancement of vibroacoustic characteristics [3,4] and on 

optimal selection of parameters of SRM control algorithms 

[6,11]. Under these recommendations some serials of 

SRMs were developed and are produced now for electrical 

drives of installations with very stringent requirements on 

noise and vibration level (like washing machines, power 

steering amplifiers, etc.) [10]. It proves that unsatisfactory 

vibroacoustic performance of SRM is not an inevitable 

disadvantage of inductor machine and the problem of 

achieving of an acceptable level of noise and vibrations 

can be solved by the means of optimal design. It should be 

noted that many existing recommendations for such 

optimal design have a limited field of application. That’s 

why vibroacoustic analysis is vital for each new design of 

SRM. Unfortunately, there is no standard method of such 

analysis while existing methods are solving different 

particular problems [5, 7, 12]. That’s why current actual 

task is to systemize existing experience and develop a 

unified approach to the solution of this problem. 

 

SOURCES OF NOISE AND VIBRATION OF 

INDUCTOR MACHINE FOR SRM 
General classification of noise and vibration 

sources of inductor machine for SRM is similar to one for 

other types of electric machines with windings feeding 

from power convertor.  

Each component of noise and vibration is 

calculated separately. At that, various types of bearings 

and cooling systems are similar to electromechanical 

convertors of different types. So, vibroacoustic analysis of 

bearings and cooling systems is carried out according to 

known methods for all types of electric machines [2]. Such 

noises and vibrations of inductor machine are well known 

and are not considered in this paper.  

The presence of eccentricity during machine 

operation is not mandatory, so, in the first approximation 

this component of noise and vibrations can be neglected. 

Electronic component is determined by electric 

current higher harmonics which produce additional 

harmonics of electromagnetic forces in electric machine. 

These electromagnetic forces are applied to stator and 

rotor core resulting in electronic component of noise and 

vibrations. This type of noise and vibrations can be 

regarded as a kind of magnetic component.  

Electromagnetic forces arising in the process of 

electromechanical energy conversion deform the stator 

core which leads to the appearance of vibrations. These 

vibrations in its turn are the cause of mechanical waves 

radiation in the surrounding space. The mechanical waves 

with frequencies within sound range produce acoustic 

noise. 

The nature of electromagnetic forces space-time 

distribution is individual for each type of electric machine. 

That’s why calculation methods of magnetic component of 

noise and vibrations differ significantly for different types 

of electromechanical convertors. Hence, the main problem 

of vibroacoustic analysis of inductor machine for SRM is 

to evaluate the magnetic component of noise and 

vibrations. 

 

MAGNETIC COMPONENT OF NOISE AND 

VIBRATIONS OF INDUCTOR MACHINE FOR 

SRM 

Electromagnetic forces of stator and rotor cores 

are applied to poles. It has two components: azimuthal 

component Fai and radial component Fri (Figure-1). The 

first component tends to bend the poles, the other - to bend 

and tear it from the yoke. 

A more complex pattern of deformation caused 

by radial component of the force is conditioned by its 

irregular distribution along pole cross-section. In the first 

approximation we can assume that total radial force 

component is applied to that part of pole which belongs to 

the zone of mutual overlapping of the stator and rotor 

poles, which leads to the appearance of a bending moment. 

The influence of this bending moment can be taken into 

account by introducing an equivalent azimuthal force 

component as it is done in the DC machine vibroacoustic 

analysis [2]. It should be noted here that an equivalent 

azimuthal force component and initial azimuthal 
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component are directed in opposite directions and partially 

eliminate each other. 

 

 
 

Figure-1. Electromagnetic forces acting on i-th pole of 

inductor motor stator core of the type 8/6. 

 

An invariant mathematical description of external 

force factors is its record through the force waves 
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where r is an order of a force wave, Fr(t), Fa(t), 

M1(t) are time domain distribution of force factors which 

are acting on one of the stator poles. 

In the formulae (1) – (3) it is taken into account 

that azimuthal force and bending moment can not produce 

mode shape of deformation of the order r = 0.  

Such description of forces and moments of 

inductor machine stator through the force waves in many 

cases is more convenient for understanding the essence of 

the processes of SRM vibrations excitation. 

From the mechanical point of view stator core is 

an oscillatory system with distributed parameters. Such 

systems are characterized by natural modes of stator core 

deformation, each of which corresponds to its natural 

order exciting force wave r and natural frequency of free 

oscillations fcr.  

A force wave of the order of r means a spatial 

harmonic of electromagnetic force, the period of which r 

times fits along the stator boring. 

Each phase of inductor machine for SRM has 

several coils pairs with orthogonal axes. Each coils pair 

consists of two coils located at diametrically opposite 

stator poles. Thereby, for the inductor machine working at 

magnetically balanced mode of operation the period of any 

spatial wave of electromagnetic force fits along the stator 

boring even number of times. This means that inductor 

machine only has natural modes shapes of deformation 

with even numbers of order of force waves. At that, 

inductor machine with pole pairs number р = 1 has natural 

mode shapes of deformation of the order  
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where k = 1, 2, 3 …; and inductor machine with 

pole pairs number p > 1 has natural mode shapes of 

deformation of the order 

 

r = 2pk,                                                                            (5) 

 

where k = 0, 1, 2, 3 …. 
In case inductor machine with any number of 

pole pairs obtains any eccentricity it will additionally has 

mode shapes of deformation of the order r = 1, 3, 5 …  
Here we should note that time domain 

components of external force factors Fr(t), Fa(t), M1(t) can 

be represented as a spectrum of harmonics. In view of this, 

the space-time distribution of forces and torques of 

inductor machine can be described as follows: 
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From the recent expressions one can draw a 

conclusion that each time harmonic of electromagnetic 

force in general case can excite infinite spectrum of 

natural mode shapes of deformation of inductor machine 

stator core. At that, magnitude of deformation of each 

mode depends not only on magnitude of exciting force, 

but also on the degree of closeness of its frequency to the 

natural frequency of this mode. Hereby, a set of forms of 

deformation which are of the most importance for 

vibroacoustic analysis is highly individual for each 

specific case.  

Figure-2 presents natural mode shapes of 

deformation of inductor machine of 6/4 configuration, 

which are of the most importance for vibroacoustic 

analysis [1]. 

 

 
 

Figure-2. Natural mode shapes of deformation of stator 

core of inductor machine of 6/4 configuration: a - force 

wave order r = 2 (radial), b-r = 4 (radial and azimuthal), 

c – r = 6 (radial), d – r = 6 (azimuthal). 
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It is well known that radial forces in electric 

machines are many times greater than azimuthal forces 

[8]. That’s why most authors who deal with noise and 

vibrations of electric machines recommend neglecting 

such component of noise and vibration excited by 

azimuthal forces. Meanwhile, short review of papers 

concerned with numerical analysis of vibroacoustic 

characteristics of SRM [9, 11] indicates that such 

assumption is not always valid and can be used only in the 

first approximation. 

 

REAL FORCE ANSD MOMENT CURVES ACTING 

ON INDUCTOR MACHINE STATOR OF SRM 
Due to the large number of structural designs of 

inductor machine for SRM and big diversity of practically 

used control algorithms a comprehensive research of 

various possible force and torque curves acting on 

inductor machine stator core is a complex task. At the 

same time one can make some general conclusions based 

on the results of calculation of a single machine. Such 

research was carried out for a SRM with 12/8 

configuration which operates with the rated speed 3000 

rpm at rated power 1 kW and uses balanced single 

switching of phases of inductor machine. SRM phase 

current curve which was obtained with the help of exact 

mathematical model under finite-element analysis 

software Flux2D is presented at Figure-3. Figure-4 

demonstrates curves of radial and azimuthal force acting 

on one pole of inductor machine. Analysis of the obtained 

curves allows one to conclude that radial forces in inductor 

machine are many times higher than azimuthal forces. 

 

 
 

Figure-3. Phase current curve of a 3-phase SRM of 12/8 

configuration in rated mode of operation. 

 

 
 

Figure-4. Radial and azimuthal force curves of SRM of 

12/8 configuration (forces acting on one pole). 

 

Spectral composition of radial and azimuthal 

force curves which is presented at Figure-5 is very rich, so 

a big number of higher harmonics must be taken into 

account for vibroacoustic analysis. In this case first 15 

harmonics were taken into account. The first harmonic 

frequency in this machine is equal to 400 Hz. 

 

 
 

Figure-5. Harmonic composition of azimuthal and radial 

component of electromagnetic force acting on one pole 

of inductor machine stator core. 

 

It was shown above that radial force is the origin for 

bending moment on the poles of stator core. Bending 

moment curve for this case is shown at Figure-6. This 

curve has a non-sinusoidal character. 

 

 
 

Figure-6. Bending moment curve acting on the pole of 

inductor machine stator core. 

 

For carrying out vibroacoustic analysis it is 

important to evaluate not bending moment itself but 

equivalent azimuthal force which depends not only on 

moment value but also on the order of force wave excited. 

After summing it with azimuthal force itself one obtains 

resulting mechanical load which determined the azimuthal 

deformation of stator core. 

SRM of 12/8 configuration has natural mode 

shapes of deformation of the order r = 0, 4, 8, 12, … In 
this calculation only the first three of them were taken into 

account. The curves of resulting azimuthal forces which 

corresponds to force waves of the order r = 4 and r = 8 are 

presented at Figure-7. Figure-8 presents the spectral 

composition of these curves. 
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Figure-7. Resulting azimuthal force curves acting on one 

pole of stator core under excitation of natural mode shapes 

of deformation of the order r = 4 and r = 8. 

 

 
 

Figure-8. Harmonic composition of resulting azimuthal 

force acting on one pole of stator core under excitation of 

natural mode shapes of deformation of the order r = 4 and 

r = 8. 

 

For convenience of its comparison with radial 

force the resulting azimuthal force at Figure-7 and its 

harmonic spectrum at Figure-8 are divided by the order of 

force wave. 

Resulting azimuthal force curves at Figure-7 has 

negative values of force on Y axis. It means that azimuthal 

force, which is an equivalent of bending moment, is bigger 

than pure azimuthal force. I.e. in this SRM azimuthal 

component of vibration is determined by bending moment, 

hence, both radial and azimuthal deformations are 

determined by radial forces. Taking into account the 

quadratic dependence of azimuthal force, which is an 

equivalent of bending torque, one may conclude that for 

all SRMs starting from some order of force wave stator 

core deformation is only determined by radial forces. 

Force sign is irrelevant for vibroacoustic analysis, 

that’s why for calculation of azimuthal component of 

deformation one should use absolute value of resulting 

azimuthal force. 

Comparison of magnitudes of resulting azimuthal 

and radial forces demonstrates that even for rather high 

orders of force waves the radial force exceeds the resulting 

azimuthal force. Therefore, in SRM like in other types of 

electric machines radial deformations should exceed 

azimuthal deformations. 

 

CONCLUSIONS 
 

a) Nature of noise and vibrations of SRM does not differ 

from other types of electric machines which phase 

windings are fed from the frequency convertor.  

b) The fundamental difference of SRM’s vibroacoustic 

characteristics from other types of electric machines 

working in controlled electric drive systems can be 

determined only by magnetic component of noise and 

vibrations. 

c) In balanced mode of operation SRM only has zero 

and even orders of natural mode shapes of stator core 

deformations. At that, the zero order of natural mode 

shape of deformation could be excited only in motors 

with pole pairs number p > 1. 

d) Electromagnetic forces acting on inductor machine 

poles have a sharply non-sinusoidal character in time 

domain. At that, radial force significantly exceeds 

azimuthal force and the latter can be neglected during 

vibroacoustic analysis in the first approximation. 
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