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Abstract—Switched Reluctance Machines (SRMs) have 

been studied by many researchers as an alternative to other 
types of electrical machines for use in electric and hybrid 
vehicle applications. SRMs are fault tolerant and have wide 
speed operating range. However, they suffer from several 
disadvantages including high vibration, acoustic noise and 
torque ripple. In this paper, placement of rectangular 
windows in both the rotor and stator poles is proposed to 
reduce the vibration and acoustic noise of SRMs. The 
position and the dimensions of the windows are optimized 
through Electromagnetic Finite Element Analysis (FEA). 
Multi-physics FEA is also performed to predict the 
vibration and acoustic noise of the optimized design. The 
results of this study confirm that placing windows in both 
the stator and the rotor of the SRMs can significantly 
reduce the acoustic noise compared to conventional SRMs. 

Keywords— Switch Reluctance Machine, Acoustic Noise, 
Vibration, Noise Reduction 

I. INTRODUCTION  

 SRMs have many advantages over other electric machine 
types, such as: robustness, simple construction, low cost, high 
torque/inertia ratio, wide speed range, better thermal 
performance, fault tolerance, and reliability [1]. These 
attractions make SRMs a strong candidate in many 
applications, such as space and aviation, or other harsh 
environment applications. However, the development of SRM 
for use in the automotive industry and home appliances has 
been limited mostly due to the high torque ripple and high 
acoustic noise and vibration [2]. 

 For the last two decades many studies have been conducted 
to mitigate the noise and vibration of SRMs. These studies can 
be classified into two main categories: control approaches or 
geometrical design modifications.   

Regarding the control approach of current shaping, one of 
the main methods is active vibration cancellation (AVC) [3].  In 
this method, during the demagnetization stage, a period of zero 
voltage is applied to the winding to cancel the free vibration.  In 
[4] a hybrid excitation method has been proposed. Where, two 

phases are excited by a long conduction angle and one phase by 
conventional angles to smooth the abrupt change of the 
excitation. In [5] direct instantaneous force control was used to 
smooth the force sum by shaping the current and eliminate 
mode-0 borne noise. A special current waveform has been 
proposed in [6] to reduce the acoustic noise and vibration 
excited by the third harmonic of the radial force sum.   Control 
techniques increase the computational complexity, have a 
negative impact on the drive performance, but are not effective 
over the entire speed range.  

With respect to the geometrical design approach; many 
unconventional SRM design concepts have been proposed to 
improve the machine characteristic, such as having double 
stator structure or shark type SRMs [7]-[9], while other 
researchers follow the path to improve the design of the 
conventional SRM.  In [10], the effects of different machine 
frame shapes were studied. In [11], authors propose to use 
structural spacers between the poles. The authors in [12] 
indicated that having a higher number of rotor and stator poles 
is always better from the noise perspective. Different stator pole 
shape and yoke designs have been investigated in [13], [14]. 
Skewing the stator and/or rotor laminations are studied in [15].  

Making windows in SRM structure is also one of the 
methods reported in the literature. In [16], [17] three different 
rectangular windows are introduced in the rotor and the static 
radial force and torque was calculated for each configuration to 
determine the best method. Also, the effect of different circular 
windows in the rotor poles and yoke is studied in [18], [19] 
respectively. In [20], the authors focused on creating windows 
in only rotor or stator lamination. Comparison of these methods   
shows that individually windowed stator or rotor SRM has a 
similar effect; as both methods have successfully reduce the 
peak value of acoustic noise compared with the non-windowed 
SRM.  

    In this study rectangular windows in both the stator and rotor 
poles are applied to a case study SRM. The coupled circuit and 
the FEA simulations are conducted at the rated conditions. An 
optimization method to determine the best dimensions and 
position of the windows is carried out. Mechanical FEA 
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analysis is performed to predict the deformation and acoustic 
noise of SRM with the optimized windows. The 
electromagnetic, mechanical, and acoustic performance of the 
windowed SRM are compared with the conventional SRM at 
the same operating conditions.   

II. NOISE GENERATION IN SRM 

The acoustic noise in SRMs can arise from electromagnetic, 
mechanical, or aerodynamic causes. The mechanical noise may 
emanate from the gearbox, bearing friction, mechanical 
misalignment or eccentricity. Aerodynamic noise can be caused 
by ventilation fans or air flowing through rotor salient poles, 
especially at high speeds. Electromagnetic noise is caused due 
to the magnetic flux in the air gap. The electromagnetic noise 
contributes the majority of acoustic noise in SRMs [21].  

The magnetic flux in electrical machines passing through the 
air gap can be decomposed into radial and tangential 
component. The magnetic flux densities generate radial and 
tangential forces on stator and rotor poles as shown in Fig. 1. 
The tangential component acts on the rotor teeth surfaces 
generating the torque and tangential vibration on the stator 
teeth. The tangential vibration is very small and the majority of 
vibration and acoustic noise are caused by the force acting on 
the stator pole tips at the radial direction [22]. In SRMs, the 
variation of the radial force is very large compared to smooth 
airgap machines due to the saliency structure and the phase 
commutation.  

  

Fig. 1. Magnetic flux lines nad forces in the air gap 

There are several methods to calculate the magnetic forces 
in the air gap such as: global virtual work method, the Maxwell 
stress- tensor method, the Coulomb virtual work method and 
the Lorentz force formula [23]. Among these methods Maxwell 
stres tensor can be used to calculate the force on the air gap. 
The stress tensor T can be expressed as in (1), where B is flux 
density, ߤ଴ is the permeability of free space and nො  is the unit 
normal vector. The force F acting on the integral surface (s) can 
be presented by (2) and correspondingly, the tangential 
force,	ܨ௧, and radial forces, ܨ௥, can be expressed as in (3) and 
(4), respectively. In these formulations, ܤ௥	  and ܤ௧  are the 

radial and tangential component of the flux density in the air 
gap respectively. 

 
                      ܶ ൌ ଵఓబ ቔ൫BሬሬԦ ∙ nො൯BሬሬԦ െ ଵଶ                       ଶnොቕ      (1)ܤ׏

                                       
ܨ                                      ൌ (2)       ݏ݀	ܶ׬

                                 
௧ܨ				         ൌ ∬ ଵఓబ ൫BሬሬԦ ∙ nො൯BሬሬԦ	݀ݏ ൌ ଵఓబ∬BሬሬԦ௥BሬሬԦ௧	݀(3)           ݏ                        

 

௥ܨ	          ൌ ∬ ଵଶఓబ ଶnොܤ׏ ൌ ଵଶఓబ∬ሺܤ௥ଶ െ                       (4)      ݏ݀	௧ଶሻܤ

 
Natural frequencies of the machine structure are very 

critical in generating the vibration and the acoustic noise. When 
one of the radial force harmonics coincide with one of the 
natural frequencies of stator/frame structure, resonance will 
occur. The resonance will cause SRM structure to deform and 
vibrate with the specific mode shapes. The vibration of the 
outer surface creates a pressure in the surrounding air 
generating airborne acoustic noise. The vibration caused by the 
radial force will often form along the circumference of the 
stator surface. The first six circumferential mode shapes of the 
cylindrical machines are shown in Fig. 2.  For small machines 
modes 1-4 are more significant; however, for large and medium 
machines higher vibration modes are more pronounced [24]. 
Mode 2 (oval shape) of the structure is the dominant mode in 
SRMs having two poles per phase [25], while mode 4 (double 
oval shape) is more common on SRMs having four poles per 
phase [12]. For SRMs having a high number of poles, mode 0 
(the pulsating or breathing mode) is the most common [5]. The 
pulsating mode causes uniform deformation along the outer 
surface of the stator.   

 

 
 

Fig. 2. Circumferential mode shapes of cylindrical machines. 

III. SRM WITH WINDOWS IN STATOR AND  ROTOR 

POLES FOR NOISE REDUCTION 

The radial forces are reported to be the main source of noise 
and vibration in SRMs. The magnitude of the radial force 
depends on the magnetic flux density in the air gap as presented 
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in (4). One way to reduce the radial force in SRMs is to 
introduce windows in both the rotor and stator poles, which 
increases the reluctance of the magnetic circuit around the 
poles. This method reduces the radial force, but the tangential 
force and the torque production could be affected. For this 
reason, there is a need for an optimization process to determine 
the best place and dimensions of the windows in order to 
achieve the reduction in the radial force with minimum impact 
on the electromagnetic torque.  

The parameters that define the windows in stator and rotor 
poles are shown in Fig. 3. Where D is the distance from the 
midpoints of the tooth tips, H is the height of the window and 
W is the width of the window. The effect of the windows on the 
reluctance of the magnetic circuit will depend on the variables 
D, W and H.  

The performance of a noise reduction method can be 
evaluated through the measure of the peak radial force [17]-
[19]. A different perspective, which is more suitable for SRMs 
with high number of poles, is the peak to peak variation of the 
total sum of the radial forces. In this method, the radial forces 
of adjacent poles is considered to be acting in small area of the 
stator yoke [5], [6]. The later method is considered in this 
research for the optimization and verification of the proposed 
noise reduction method. 

 A performance index (I) can be defined as in (5) to assess 
the effectiveness of each design, where ௔ܶ௩௚the average torque 
is and ܨ௥௜௣௣௟௘  is the peak to peak value of radial force sum.  

ሻܫሺ	ݔ݁݀݊ܫ	݁ܿ݊ܽ݉ݎ݋݂ݎ݁ܲ   ൌ ௔ܶ௩௚ܨ௥௜௣௣௟௘ (5) 

 
The optimum design can be determined by sweeping the 

parameters in Fig. 3 in specific range and then select the one 
that maximizes the performance index (I).  

 

             
 

Fig. 3. Windows variables in both stator and rotor.  

IV.  SIMULATION AND ANALYSIS RESULTS 

The study is performed in 24/16 three phase SRM. Firstly, 
the conventional (non-windowed) SRM is simulated through 
FEA at the rated condition to have a baseline.  Then, the 

parameters provided in Fig. 3 are swept to get optimum window 
design for the stator and the rotor. Finally, multi-physics FEA is 
performed to predict and compare the vibration and noise levels 
of the baseline and the optimum windowed SRMs.   

A. ELECTROMAGNETIC ANALYSIS 

The average torque and force sum ripple are used to calculate 
the performance index of each design. The baseline SRM has a 
performance index of 0.6.  There are 1070  different windows 
variations covered during optimization process. Figure 4 
presents the optimization results, where each point indicates the 
percentage torque reduction versus the percentage of radial force 
ripple reduction compared to the baseline SRMs.  

Below the 20 % torque reduction point, the force reduction 
increases linearly with the torque reduction. In this linear region, 
the points that are more close to the dashed red line of Fig. 4 are 
the best in reducing the force ripple for a given torque reduction. 
Beyond the linear region, there is no significant improvement in 
the force ripple reduction. The optimum design is determined 
based on the point having a maximum performance index (I) as 
shown in Fig. 4. The optimum design as shown in Fig. 5 has a 
1.36 performance index with having 64.2 % force ripple 
reduction and 19.8% torque reduction.  

 

 
Fig. 4. Parametric sweep results of the windows. 

 

 

 

  

 

 

 

 

                                 

 

Fig. 5. Optimum stator and rotor windows  
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 The normalized static torque production of the baseline and 
the proposed windowed SRM is presented in Fig. 6. It is 
observed that the windowed SRM output torque is reduced 
especially during the overlapping region of the poles. The 
reduction in the windowed SRM can be compensated for by 
increasing the peak current if the motor cooling can tolerate the 
increment in the temperature.  Increasing the peak current by 
20% produces an average torque that is only 4% less than the 
baseline SRM, while the force ripple is still reduced by 61% 
compared to the baseline SRM. The radial force contributed by 
each phases, as well as the total force ripple, is shown in Fig. 7. 
The performance index after increasing the current is 1.29 
compared to 0.6 for the baseline SRM.  

 

 

Fig. 6. Static torque characteristic 

 

 

 

 

Fig. 7. The phase and the sum radial forces for the baseline and the 
windowed SRMs. 

 
Fig. 8. Flux densities at the poles for the windowed and baseline  SRMs. 

 Figure 8 presents the flux densities at the poles for the 
baseline and the optimum windowed SRMs. The windowed 
SRM has a slightly higher flux density compared to the 
conventional SRM. A flux saturation is present in small regions 
around the windows, which can be improved if a fillet is added 
around the corners of the windows. 

B. VIBRATION AND ACOUSTIC ANALYSIS 

 Multi-physics FEA is performed to evaluate the 
effectiveness of the windowed SRM in reducing acoustic noise 
level compared to the baseline SRM. The flow diagram of multi-
physics analysis is shown in Fig. 9. The frequency spectrum of 
the radial force, calculated through the electromagnetic FEA, is 
considered as an input to the mechanical FEA. The deformation, 
acceleration, and velocity is calculated in the frequency domain 
through the harmonic response and modal analysis.  Finally, the 
velocity of the outer surface is transferred to the acoustic 
analysis to determine the sound pressure level (SPL) around the 
motor.  

 
Fig. 9.  The flow diagram of the multi-physics simulation. 

 The motor model used for the mechanical FEA analysis is 
presented in Fig. 10. In this model not only the stator structure 
but also the complete housing is modeled. The force spectrum 
on different stator poles is uploaded to the corresponding tooth 
tip in the mechanical model. The points where the motor 
assembly fixed to the test stand is considered as a fixed support 
in the analysis.  

      The acoustic FEA model is basically a body around the outer 
peripheral of the motor in the radial direction as shown in Fig. 
11.  The body has same properties as air regarding to the sound 
propagation. Radiation boundary conditions are assigned to the 
outer surface of the acoustic body. The mode shapes and their 
natural frequencies are  calculated by using modal analysis. The 
mode shapes with m=0, 2 and 4 and their natural frequencies are 
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presented in Fig. 12. The peaks of the vibration and acoustic 
noise are expected to happen near these frequencies.  

 

 

 

 

 

 

 

 

 

Fig. 10.  FEA model of the SRM for mechanical FEA. 

 

 

 

 

 

 

 

 

 

 

Fig. 11.  FEA model of SRM for acoustic analysis. 

 

  
 

m4:1.96 kHz         m0: 2.44 kHz          m2: 3.97 kHz 
 

Fig. 12.  Dominant mode shapes of the baseline SRM. 

The maximum deformation of the housing outer surface is 
shown in Fig. 13. The maximum deformation of the housing is 
reduced from 0.49 um for the baseline SRM to 0.24 um for the 
windowed SRM as shown in Fig. 13. The sound pressure level 
(SPL) at 1m distance from the outer surface of the motor is 
shown in Fig. 14. The peaks of the SPL are near the natural 
frequencies of the mode shapes with the maximum value 
happening near the frequency of the pulsating mode (m=0), 
which is expected for an SRM with a high pole count. The 
maximum simulated SPL level is reduced from 89.75 dB for the 
baseline SRM to 76.9 dB for the optimum windowed SRM.  

Table II summarize the electromagnetic and mechanical 
performances of the baseline and windowed SRMs.  The results 

present a considerable improvement on the performance index, 
maximum deformation and maximum noise level for the 
windowed SRM compared to baseline SRM. The tradeoff for 
using the windowing methods is a lower motor efficiency since 
higher current is needed to reach the same torque level. The 
lower efficiency operation can be observed by comparing the 
torque per ampere values for the baseline and the windowed 
SRM in Table II. 
 

 

                                          (a)                           (b) 

Fig. 13. deformation of the frame surface, (a) baseline SRM, (b) Windowed 
SRM. 

 

 
Fig. 14.   Sound pressure level at one meter from the outer surface. 

 

Table. 2. comparison of windowed SRM and Conventional SRM Performance 

 

 Conventional 
SRM 

Windowed 
SRM 

Normalized Torque   (Nm) 1 0.96 

Torque per Ampere (Nm/A) 5.98 4.99 

Performance Index (I) 0.6 1.29 

Maximum Deformation (um) 0.49 0.24 

Maximum SPL (dB) 89.75 76.9 
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V. CONCLUSION 

In this paper, the effectiveness of placing windows in both 
stator and rotor poles has been investigated to reduce the 
vibration and noise levels of SRMs. An optimization process has 
been implemented to determine the best position and dimensions 
of the windows. A comparison between the optimized 
windowed SRM and the baseline SRM was conducted through 
multi-physics simulations. Results of the analysis shows that the 
peak sound pressure level and the corresponding acoustic noise 
are reduced significantly for the windowed SRM. This study 
proves that the windowed SRM is very effective in reducing the 
noise and vibration level of SRMs.  The drawbacks of the 
windowed SRM include increasing the phase current to 
compensate for torque reduction and the higher flux density at 
the rotor and stator poles, which means more copper and iron 
loses and hence lower motor efficiency.  
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