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Abstract ─ The primary objective of this paper was to 

investigate different stator configurations of switched 

reluctance motors (SRM) in order to mitigate 

electromagnetically exited audible noise and vibration. 

We analyzed natural frequencies of different SRM stator 

configurations by virtue of modal analysis theory. The 

three-dimensional numerical modeling of SRM stator 

geometry was performed by using finite element 

method. Based on the output results, we propose the 

solutions on how to select an appropriate stator 

configuration in order to increase its natural frequencies 

beyond the resonant operational frequency, and thus,  

to mitigate the resulting audible noise and vibration.  

The numerical and analytical results are successfully 

compared to the published data. 

 

Index Terms ─ Electromagnetic force, finite element 

analysis, modal analysis, natural frequencies, noise and 

vibration, switched reluctance machines. 
 

I. INTRODUCTION 
A quest for energy efficiency, reliability and cost 

effectiveness has fostered research and development of 

switched reluctance motors (SRM) due to the fact that 

they are comparable or more advantageous over their 

counterparts [1,2]. Numerous studies demonstrated that 

the SRM may be competitive electric drive system 

candidate in different automotive and aerospace 

applications where high-performance and variable-speed 

is required [1-5]. In addition, the SRM and the SRM 

drive systems are receiving considerable attention from 

academia and industry [6-8]. However, among the major 

drawbacks that prevent the SRM from being more 

prominent in many industrial and other applications are 

acoustic noise and vibrations.  

Theoretical analysis predicted and experimental 

measurements of airborne audible acoustic noise 

confirmed that dominant component of the SRM acoustic 

noise and vibration signal is emitted from the machine’s 

stator [9]. It has been found that pronounced acoustic 

noise occurs when the frequencies of exiting stator radial 

magnetic forces acting on itself coincide with its natural 

frequencies. In particular, the level of acoustic noise and 

vibration strongly depends on the geometry design and 

material properties of the stator configuration of switched 

reluctance motors. Therefore, the stator configuration 

need to be carefully planned and designed within the pre-

construction stage of the SRM machine. It has been 

demonstrated that the acoustic noise and vibrations can 

be successfully predicted with analytical and numerical 

mathematical models of the SRM, which were validated 

with experimental measurements [12-15]. For example, 

the issue of acoustic noise production have been addressed 

by varying the combination of stator–rotor poles [10]. 

The influence of windings and end-bells has also been 

studied on a commercial SRM configuration with 8/6 

stator vs. rotor pole ratio [9]. However, although a large 

body of literature already exists on the analysis of 

acoustic noise and vibration of the SRM, an optimum 

SRM configuration is still a subject of scientific 

investigation [2,9-14]. 

The primary objective of this study is to mitigate the 

electromagnetically exited audible noise and vibration of 

SRM by altering the natural frequencies of different 3-

phase SRM configurations. This study is focused on the 

natural frequencies for the most critical modal shapes  

of the small size SRM stator configurations (i.e., up to 

few kW [12]) by virtue of modal analysis theory. First, 

the natural frequencies of 3-phase SRM stator SRM 

configurations with different ratios between stator vs. 

rotor pole number are numerically analyzed based on 3D 

finite element modeling. Second, the impact of the SRM 

stator geometry modifications on its natural frequencies 

was studied by increasing the numbers of stator poles, by 

changing the thickness of the stator yoke and by adding 

the spacers and the end-bells to the analyzed stator 

geometry. The influence of the stator poles geometry 

modification on the natural frequencies of the resulting 

stator geometry was also investigated and new stator 

geometries are proposed. Finally, the numerical results 
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of 3D simulations were compared to the analytical 

calculations based on Jordan’s law. Based on the 

obtained results the solutions are proposed on how  

to design an appropriate stator geometry in order to 

increase its natural frequencies beyond the resonant 

vibration frequency, and consequently to avoid or mitigate 

the undesirable acoustic noise. 

 

II. THEORETICAL CONSIDERATION 
In our present study we focused on the magnetically 

excited vibration and acoustic noise of small size (i.e., up 

to few kW [12]) 3-phase switched reluctance motors by 

means of modal analysis theory. We investigated the 

impact of different SRM stator geometry modifications 

on their natural frequencies and the corresponding modal 

shapes that are responsible for the majority of vibration 

and acoustic noise. The stators of SRMs with three 

different ratios between the number of stator poles Ns vs. 

number of rotor poles are investigated: Ns/Nr = 6/4, 8/6 

and 12/8. (Note: The number of the SRM stator poles is 

equal to the number of the SRM stator teeth).  

The maximum noise of the switched reluctance 

motors is produced when the harmonics of the excitation 

frequencies of the magnetic radial force fexc(n) coincide 

with the natural frequencies of the SRM stator. The 

excitation frequencies fexc(n) in Hz for harmonic numbers 

n can be calculated according to Equation (1) [12]: 
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where n is harmonic number (n = 1, 3, 5,….), fp is the 

fundamental frequency of the phase current in Hz, Nrp is 

the number of the machine rotor poles and the ωm is the 

rotational speed of the machine in rotations per minute. 

The most critical modes of vibration of small size 

machines [12] are the first several modal shapes m 

(typically m = 0, m = 2, m = 4), while for the medium 

and large size machines also higher vibrational modal 

shapes (m > 4) may become also important. The 

contribution of the modal shapes to the acoustic noise 

and vibration depend on the stator/rotor configuration  

of the SRM. Specifically, for the 3-phase SRM with  

the ratio 6/4 and 8/6 the second-order cylindrical mode, 

also termed in this case as fundamental mode m = 2 is 

predominant due to the fact that two opposite stator poles 

are excited simultaneously. Thus, the radial force acts  

on the stator between these two poles and further on 

mechanically ovalises the circumference of the stator’s 

yoke. The 3-phase SRM with Ns/Nr ratio 12/8 the fourth-

order mode m = 4 causing double oval deformation (i.e., 

double ovalisation) on the stator’s circumference, due  

to the fact that four opposite stator poles are excited 

simultaneously. In this case, m = 4 is responsible for  

the majority of the emitted acoustic noise and vibration. 

In this study the most critical modal shapes and the 

corresponding natural frequencies for 6/4, 8/6 and 12/8 

SRM configurations are calculated and compared by 

virtue of modal analysis.  

The determined natural frequencies and mode 

shapes are solutions of an eigenvalue problem [14, 18] 

described by a general system of equations of motion, 

which assumes free vibration and ignores the dumping, 

Equation (2):  

           02
 XMH  , (2) 

where [H] and [M] are stiffness matrix and the mass 

matrix, respectively. The square roots of the eigenvalues 

are the natural frequencies ω (in radians/sec) of the SRM 

stator structure. The natural frequencies f in cycles/sec 

are than calculated as f=ω/2π. The eigenvectors {X} 

represent the mode shapes – the shape assumed by the 

SRM stator structure when vibrating at frequency f. 

The modal analysis of 3D SRM stator structures was 

performed by numerically solving the Eq. (2) using a 

commercial finite element based software package 

Autodesk Inventor Professional 2016 and Matlab R2013a. 

All numerical simulations were run on a computer 

platform with 2.7 GHz of CPU speed and 3GB of RAM. 

The accuracy of the numerical results was controlled by 

the selection of number of finite elements within the 

model. The final density of finite element mesh was 

created by increasing the number of elements until the 

results of the calculated natural frequencies changed less 

than 0.5%, and thus the numerical error was negligible. 

However, it should be noted that the models with high 

finite element number (high quality of finite element 

mesh) require significant computational time and 

computer resources. 

Within the final part of the study the natural 

frequencies of the studied baseline SRM stator geometries 

were also analytically calculated by employing Jordan’s 

law [14,17] in order to find out wheatear it can be used 

as a more rapid but approximate solution for calculation 

of natural frequencies of SRM. The analytical results 

were then compared to the numerically calculated natural 

frequencies of the SRM stators in 3D (the geometry  

data are taken from Table 1 with M270-35A material 

properties). According to the Jordan’s law [14,17] the 

natural frequency for zero modal shape (m = 0) of the 

stator can be calculated with Equation (3) [14,17]: 
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where E is Young’s modulus of the stator core material, 

ρ is the density of the material composing the stator core, 

Rc is the mean stator yoke radius, and the Δm is the 

corrective factor [14] that accounts for the effect of the 

stator poles’ mass on the stator natural frequencies. The 

corrective factor Δm can be calculated by Equation (4) 

[14]: 
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where the msy and msp stand for the stator yoke mass and 

the stator pole mass, respectively, whereas the Ns is the 

number of the stator poles. 

According to the Jordan’s law [14,17], the natural 

frequencies for modal shapes m ≥ 2 are expressed with 

Equation (5): 
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where f0 is natural frequency for zero modal shape, wsy is 

the thickness of the stator yoke, m is the number of the 

modal shape (m ≥ 2), and Rc is the mean stator radius 

without considering the stator poles. The Equations (3) 

and (5) are derived for 2D structures that represent an 

approximation of the electrical machine stator with a ring 

(the stator teeth (i.e., poles) are taken into account by 

introducing the corrective factor Δm (Equation (4)). 
 

III. RESULTS AND DISSCUSION 

A. Verification of 3D numerical modeling 

Within the first part of the study a preliminary 3D 

model numerical analysis was done based on the on the 

reference SRM configuration geometry and its material 

properties taken from the literature [9,15]. The stator 

configuration (the SRM with Ns/Nr = 8/6 and the ribbed 

frame (i.e., stator housing)) of the reference SRM  

model [9] is based on the modal analysis theory and  

on experimental validation performed using a shaker-

accelerometer system. In order to verify the accuracy of 

our 3D numerical results, we compared the results of our 

numerical simulations to the results from the reference 

study [9]. The 3D model of the SRM stator (Ns = 8) with 

the ribbed frame geometry used as a reference model for 

numerical results verification (the model geometry was 

built according to the dimensions of the model developed 

in [9]) is shown in Fig. 1 (a). The dimensions are given 

in millimeters. The 2D view in the central XY cross 

section of the SRM stator only is shown in Fig. 1 (b). The 

geometrical parameters in the Fig. 1 (b), the stator yoke 

thickness wsy, the height of the stator pole hp (i.e., the 

stator tooth), the width of the stator pole wsp, the pole arc 

of stator ß, stator outer radius Rso, the yoke inner radius 

Rsy, the stator bore radius Rsi and the length of stator L. 

According to [9], the values of the geometrical parameters 

are wsy = 11.4 mm, hp = 30 mm, wsp = 16.9 mm, ß = 20.2°, 

Rso = 89.8 mm, Rsy = 78.4 mm, Rsi = 48.18 mm, and  

L = 151 mm. According to [9], the stator was modelled 

as a ferromagnetic material with the Young’s elasticity 

modulus E = 2.07*1011 N/m2, while the material for the 

stator frame is cast iron with E = 1.65*1011 N/m2. The 

mass density of both materials is 7800 kg/m3. 

The calculated natural frequencies for m = 2 and  

m = 4 obtained in this study were 1331 Hz and 4237 Hz, 

respectively (as shown in Figs. 2 (a) and 2 (b)). These two 

frequencies differed from the calculated and measured 

natural frequencies in [9] by 1.3% and 2.8% for the modal 

shape 2 and 4, respectively. Thus, a good agreement was 

obtained between our results and the results previously 

obtained from [9]. This small difference can be attributed 

to the difference in geometry of the modeled geometry 

dimensions that were not available to us from [9]. 

Namely, the geometry of ribs at the bottom part of the 

stator frame (present in [9]) was omitted in the model 

developed in this study. Based on this comparison the 

preliminary numerical models built in this study were 

verified. Based on compared results we concluded that 

the preliminary mode can be successfully used and 

extended for further analysis performed in this study. 

 

 
 

Fig. 1. (a) The 3D model of the SRM stator (Ns = 8) with 

the ribbed frame geometry used as a reference model for 

numerical results verification (the model geometry was 

built according to the dimensions of the model developed 

in [9]; the dimensions are given in millimeters), and (b) 

the 2D view in XY cross section of the SRM model with 

the geometrical parameters.  

 

The numerical results are shown in Fig. 2. The results 

(i.e., the deflection profiles at the calculated natural 

frequencies) are displayed in central XY cross-section 

plane of the 3D finite element models. The grayscale 

color bar shows relative movement/displacement profile 

from the minimum (light gray) to maximum (black) 

value as a result of numerical modal analysis performed 
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in Autodesk Inventor software we used in our study. The 

white color in figures represents the stator area where no 

movement/displacement occurs. The color chart shows 

relative movement/displacement values based on which 

the modal shapes are formed. Therefore, the units are not 

applicable (they have no actual physical value), since the 

mode shapes values are relative. (Note: This is also valid 

for the results shown in the Fig. 6 and Fig. 8.)  

 

 
 

Fig. 2. The calculated deflection profiles and the 

corresponding frequencies of SRM stators with ribbed 

frame without end-bells: (a) 1331 Hz and (b) 4237 Hz; 

and with end-bells: (c) 1376 Hz and (d) 4523 Hz. 

 

The second modal shape (f = 1331 Hz) of the 

modeled assembly of the SRM stator with ribbed frame 

is shown in Fig. 2 (a). From the Fig. 2 (a) it can be  

seen that at lower natural frequency the stator deforms 

according to the second modal shape, while the stator 

frame remains still. It is interesting to note that at higher 

natural frequencies (f = 4237 Hz) the stator remains still 

while the mechanical vibration and deformation of the 

stator frame ribs considerably increases, as shown in Fig. 

2 (b). In addition, in order to increase the stiffness of the 

stator geometry the end-bell geometry (illustrated Fig.  

5 (b) was also added to the baseline stator geometry and 

the natural frequencies of the whole assembly were 

calculated. The calculated and visualized results for the 

stator assembly with one end-bell are displayed in Figs. 

2 (c) and 2 (d). The calculated numerical results shown 

in Figs. 2 (c) and 2 (d) indicate that if the end-bells are 

added to the analyzed assembly the vibration of the 

whole assembly is somewhat constrained, resulting in 

increase of the natural frequency as compared to the 

stator assembly without the end-bell. Due to the presence 

of end-bell the SRM assembly is expected to emit the 

vibration of higher frequencies compared to the stator 

assembly without the end-bell. Interestingly, at higher 

frequencies the ribs of the stator frame starts to vibrate, 

and thus the mechanical noise and vibration is emitted 

predominantly due to the frame. 

 

B. Influence of SRM stator geometry modification on 

its natural frequencies 

The SRM stator geometries (with Ns = 6, 8 and 12) 

given in Fig. 3 served as reference/baseline models for 

all further geometry modifications and corresponding 

natural frequency calculations. 

 

 
 

Fig. 3. The XY view of the SRM stators with: (a) Ns = 6, 

(b) Ns = 8, and (c) Ns = 12. 

 

The XY view of the SRM stators geometry with  

Ns = 6, 8 and 12 is given in Fig. 3 (a), Fig. 3 (b) and Fig. 

3 (c), respectively.  

 

Table 1: Dimensions of the analyzed SRM stators 

Ns 6 8 12 

wsp 25.82 mm 15.64 mm 13.05 mm 

ß 30° 18° 15° 

Rso 95 mm 

Rsy 82.5 mm 

L 114 mm 

wsy 12.5 mm 

Rsi 50 mm 

hp 32 mm 

 

The width of the stator pole and the stator pole arc 

were adjusted to each of the stator geometry according 

to the design recommendations for the SRM stator sizing 

[15]. The stator was modeled as a solid/bulk material 

without taking into account the laminations. The used 

material for the stator yoke is M270-35A. The dimensions 

of the SRM stators geometries analyzed in this study are 

listed in Table 1.  

Within this part of the study, the influence of 

modification of the stator yoke thickness wsy and the 

height of the stator poles (i.e., stator teeth) hp on the 

stator natural frequencies was numerically investigated. 

The parameterization of the SRM stator geometry was 

carried out by modifying the stator yoke thickness and 

height of the stator pole with respect to the dimension  

ČOROVIĆ, BENEDETIČ, MILJAVEC: MODAL ANALYSIS OF DIFFERENT STATOR CONFIGURATIONS 1092



of the baseline model dimensions wsy = 12.5 mm and  

hp = 32 mm by increments of 0.5 mm. In this way  

the functional dependency of the studied SRM natural 

frequencies f [Hz] on yoke thickness f(wsy) and pole 

height f(hp) was obtained, as shown in Fig. 4. The 

numerical simulations show that the increase in height  

of the stator’s pole hp results in decrease of natural 

frequency for all studied SRM stator configurations as 

shown in Fig. 4 (a) and Fig. 4 (b). On the other hand, the 

Figs. 4 (a) and 4 (b) show that higher number of stator 

poles (i.e., 6/4 vs. 8/6) yields higher natural frequency of 

the SRM stator configuration. As for the parameterization 

of the stator yoke thickness, the SRM stator natural 

frequencies increased with the increase of the stator  

yoke thickness Fig. 4 (c) and Fig. 4 (d). This is in 

agreement with previous findings which demonstrated 

that undesirable vibrations of the SRM machines can  

be reduced by employing relatively thick stator yokes  

to minimize deflection, which in turn increases the 

mechanical stiffness of the machine [17]. 

 

 
 

Fig. 4. The calculated relationships: (a) f(hp) and (b) 

f(wsy) for the SRM designs with Ns = 6 and Ns = 8, and 

(c) f(hp) and (d) f(wsy) for the SRM design with Ns = 12. 

 

Furthermore, the increase of natural frequencies  

of SRM configuration by adding the aluminum spacers 

between the stator poles and the end-bells is also 

numerically calculated. The geometry and placement of 

the spacers and the end bells added to the reference/ 

baseline SRM geometries (from Fig. 3) are shown in Fig. 

5 (a) and Fig. 5 (b), respectively. 

The number of stator poles in SRM designs depends 

on the number of the excitation voltage phases used (i.e., 

three phases are needed for the 6/4 SRM design, four 

phases are needed for the 8/6 SRM; the 6/4 design is two 

times repeated in the 12/8 design) [15]. The thickness of 

the spacers inserted between the stator poles depends on 

the available space within the stators’ slots (as well as on 

the properties of the windings, fill factor, current density 

and B(H) characteristic of the stator material). In this 

study the width of the spacers is 5 mm, while the width 

of the end-bell is 10 mm, Fig. 5. The number of spacers 

is equal to number of stator poles. Since the end-bells 

represent the bearing housing, their dimensions thus 

need to be calculated according to the bearing dimensions. 

When calculating the end-bell dimensions it is also 

important to achieve a high enough mechanical strength 

of the SRM housing in order to efficiently support the 

mechanical loadings of the shaft. In order to precisely 

calculate the natural frequencies a 3D numerical modeling 

need to be used by taking into account the material and 

geometrical properties of the SRM stator structure. 

 

 
 

Fig. 5. Geometry and placement of: (a) the spacers 

between poles, and (b) the spacers between poles and the 

end-bell added to the baseline geometry of the SRM 

stators. The width of the spacers is 5 mm. The width of 

the end-bell is 10 mm. 

 

The results of 3D numerical calculations of stator 

motion profiles in ZX cross section plane at circumferential 

mode shapes m = 2 (for SRMs 6/4 and 8/6) and m = 4 

(for SRM 12/8) and the corresponding natural frequencies 

are shown in Fig. 6. The results are displayed in increasing 

order of the calculated natural frequencies. The calculated 

natural frequencies and the deflection profiles of the 

baseline SRM stators with Ns = 6, Ns = 8 and Ns = 12 are 

shown Figs. 6 (a), 6 (b) and 6 (c). The numerical results 

show the natural frequencies can be increased by adding 

the end-bells to the stators as shown in Figs. 6 (d), 6 (e) 

and 6 (f). 

The natural frequencies can be further increased by 

adding the spacers between the stator poles (Figs. 6 (g), 

6 (h) and 6 (i)). The integration of the spacers and  

end-bell together yields the highest increase in natural 

frequencies as shown in Figs. 6 (j), 6 (k) and 6 (l). The 

increase in natural frequencies of the stators due to 

different stator modifications with respect to the natural 

frequencies of the reference stator models with Ns = 6,  

Ns = 8 and Ns = 12 is evaluated and compared in Table  

2. The natural frequency (f) of the modified stators is 

divided by the natural frequency of the reference stator 

model (f0) (i.e., factor f/f0 in Table 2). The factor f/f0 is 
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calculated for the stators with one end-bell (no spacers), 

with spacers (and no end-end-bells), with one end-bell 

and spacers, two end-bells (and no spacers) and with  

two end-bells and spacers. As shown in Table 2, the 

integration of two end-bells and spacers yields the 

highest increase in natural frequencies (i.e., by factors 

3.97, 4.15 and 2.44).  

 

 
 
Fig. 6. Comparison of 3D numerical modeling results for 

the SRM stators with Ns = 6, 8 and 12. 

 
In conclusion, the results of 3D numerical modeling 

(Fig. 6 and Table 3) demonstrate that the stator 

modifications such as integration of spacers and/or end-

bells constraint the intensity of the stators’ motion and 

significantly increase the natural frequencies of the  

SRM stators. This may in turn result in reduction of 

undesirable noise and vibration that may be produced by 

the SRM. 

 

Table 2: Natural frequencies of the modified SRM stator 

models (f) with respect to the natural frequencies of the 

reference/baseline SRM stator models (f0) with Ns = 6, 8 

and 12 

SRM 6/4 SRM 8/6 SRM 12/8 

m = 2 m = 2 m = 4 

(Hz) f/f0 (Hz) f/f0 (Hz) f/f0 

Reference Stator (f0): 

773 1 781 1 3228 1 

With One End-bell (f): 

1020 1.32 984 1.26 3420 1.06 

With Spacers (f): 

1746 2.26 1893 2.42 7228 2.24 

With One End-bell and Spacers (f): 

1987 2.58 2106 2.70 7472 2.31 

With Two End-bells (f) 

2496 3.23 2595 3.32 7785 2.41 

With Two End-bells and Spacers (f): 

3068 3.97 3241 4.15 7878 2.44 

 

C. Influence of stator pole geometry modifications on 

natural frequencies  

Within the third part of the study, the influence of 

modification of stator pole geometry (i.e., stator teeth) on 

the natural frequencies of the SRM stator was numerically 

investigated. The stator geometry modifications were 

done on the SRM stator with Ns = 12. Three different 

modifications of the reference/baseline stator pole 

geometry (shown in Fig. 7 (a)) were done as follows:  

the first modification of the baseline stator pole was  

a trapezoidal pole (Fig. 7 (b)), the second one was 

trapezoidal pole with a circumference (Fig. 7 (c)) and the 

third one was a trapezoidal pole with a circumference of 

pole and the pole’s root (Fig. 7 (d)). The geometrical 

modifications with respect to the reference/baseline 

geometry are marked with red color in Fig. 7. The results 

of numerical modeling are displayed in order of increasing 

natural frequency for different studied geometries in Fig. 

8. 

The numerical results in Fig. 8 show that the natural 

frequencies of the stator can be altered by modifying the 

stator pole geometry. The highest natural frequency as 

compared to the reference/baseline model (shown in  

Fig. 8 (a)) is obtained with the trapezoidal pole with a 

circumference of pole and pole’s root as shown in Fig. 8 

(d) (i.e., from 3228 Hz to 3593 Hz). These results can be 

particularly useful for the SRM designs which require 

higher input currents and thus more space for the 

windings with a larger cross section area of the wire. 

Similar increase in natural frequency by modifying the 

stator pole geometry can be obtained in other SRM 

configurations (e.g., 6/4 and 8/6 SRM stator designs). 

However, the geometrical modifications of the poles 
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need to be selected according to the desired winding fill 

factor and the stator magnetic load ability. 

 

 
 

Fig. 7. The reference/baseline stator pole geometry the 

SRM 12/8 (a) and the modified stator poles (b) trapezoidal 

pole; (c) trapezoidal pole with a circumference, and (d) 

trapezoidal pole with a circumference of pole and the 

pole’s root. 

 

 
 
Fig. 8. Numerical results: (a) the reference/baseline 

stator pole geometry, (b) trapezoidal pole, (c) trapezoidal 

pole with a circumference, and (d) trapezoidal pole with 

a circumference of pole and pole’s root. 

D. Comparison between numerical and analytical 

results  

Within the final part of the study the natural 

frequencies of the studied baseline SRM stator geometries 

were also analytically calculated by employing Jordan’s 

law (Equations (2), (3) and (4)). The analytical results 

(i.e., calculated natural frequencies of the stators 

approximated with cylindrical rings in 2D) are compared 

to the numerically calculated natural frequencies of the 

SRM stators in 3D (Table 3). 

 

Table 3: Comparison between numerical and analytical 

results 

Ns and m 
Analyt. 

(Hz) 

Numer. 

(Hz) 

Difference 

(%) 

Ns = 0, m = 2 962 982 2 

Ns = 0, m = 4 5218 5174 0.85 

Ns = 6, m = 2 736 773 5 

Ns = 8, m = 2 768 781 1.8 

Ns = 12, m = 4 3991 3228 23 

 

The smallest difference is obtained between the 

numerical model of hollow cylinder (stator without poles 

Ns = 0) and the analytical solution (with the corrective 

factor Δm = 0) (i.e., 2% and 0.85% for m = 2 and m = 4, 

respectively). However, this model can result in 

erroneous calculations of natural frequencies if used as 

an approximation for the SRM stators with teeth/poles 

(e.g., f = 733 Hz for the SRM (Ns = 6, m = 2) vs. f = 962 Hz 

for the SRM (Ns = 0, m = 2), Table 3). 

As for the stator models with poles, better agreement 

was obtained between numerical and analytical results 

for the modal shapes m = 2 (the difference between  

the numerical and analytical results was 5% and 1.8%, 

for 6/4 and 8/6 SRM, respectively) as compared to the 

results calculated for modal shapes m = 4 for 12/8 SRM 

stators (the difference between the numerical and 

analytical results was 23%). The comparison between 

the analytical and numerical results (Table 3) implies 

that analytical solution obtained by using Jordan’s law 

(if the corrective factor is taken into account) is good 

enough to be used as a rapid, but rough estimation of 

natural frequencies of the SRM stators for modal shapes 

m = 2. A precise calculation of natural frequencies requires 

a detailed 3D numerical modeling by considering all 

geometrical and material properties. 

The difference between the analytical and numerical 

results occurs due to the fact that the analytical results 

are obtained using Jordan’s law which describes the natural 

frequency of a cylindrical ring which approximates the 

geometry of the SRM with multiple poles in 2D, while 

the numerical calculation are performed for the SRM 

stator geometry in 3D [14]. Better agreement between 

the two sets of results can be obtained by considering 

solutions of extended Jordan’s law [14], or more complex 

analytical models [12,14]. 
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IV. CONCLUSION 
The natural frequencies and thus the level of acoustic 

noise and vibration strongly depend on geometrical 

properties of the SRM stator which need to be carefully 

planned and designed within the pre-construction stage. 

This study proposes the solutions on how to select an 

appropriate stator SRM geometry in order to increase its 

natural frequencies beyond the operational frequencies, 

and thus to mitigate the electromagnetically excited 

noise and vibration of the SRM. The natural frequencies 

of different SRM stator configurations were numerically 

and analytically investigated by virtue of modal analysis 

theory. The obtained results are successfully verified 

based on the previously published theoretical and 

experimental data. 

The obtained results demonstrate that the natural 

frequencies of the SRM stator can be increased, and thus 

the noise and vibration can be mitigated by performing 

the following stator modifications: 1) by increasing the 

number of the stator pole, 2) by decreasing the height of 

the stator pole, 3) by increasing the thickness of the stator 

yoke, 4) by inserting the spacers between the poles, 5)  

by adding the end-bells, and 6) by modification of the 

stator pole geometry. On the other hand, the numerical 

simulations show that the increase in height of the 

stator’s poles results in decrease of natural frequency.  

Based on the comparison between the numerical and 

analytical results it can be concluded that that analytical 

solution by using Jordan’s law is good enough to be used 

as a rapid first estimation of natural frequencies for the 

modal shape m = 2. However, for precise calculation of 

natural frequencies the detailed 3D numerical analysis 

considering all geometrical and material properties of 

SRM need to be used. 

The results obtained in this study can provide useful 

guidelines for further experimental testing and design of 

SRM machines as well as for other types of electrical 

machines. Namely, the results can be successfully used 

in further investigations on the undesirable noise and 

vibration emitted from the SRM which could also 

consider the whole stator assembly comprising the 

windings, the insulation components as well as the  

stator laminations needed for axial modal shape analysis. 

In addition, further investigation of adequate SRM 

configurations can also involve different optimization 

procedures; the results obtained in this study can therefore 

be successfully used as input data into the optimization 

algorithms. To conclude, the findings provided in this 

study can have important implication in efficient machine 

design planning and manufacturing process of a SRM 

with significantly reduced magnetically excited noise 

and vibration. 
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