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 With finite element method (FEM) using ANSYS 

finite element (FE) package, an electromagnetic-

structural simulation model is introduced for the 

switched reluctance motor (SRM). Since the main 

reason of noise and vibration in the SRM is a 

radial force applied to stator poles, the 2D FE 

transient analysis is carried out in  

electromagnetic modeling to predict the 

instantaneous radial force. Based on 3D FEM, the 

modal analysis is done in the developed structural 

model to determine mode shapes and natural 

frequencies. Using the developed simulation model 

and an evolutionary algorithm, a method is 

proposed for design optimization of the SRM to 

decrease noise. To evaluate the proposed method, 

the simulation results are presented for an 8/6 

switched reluctance motor.  
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1 Introduction 
 

Due to various advantages such as simple and 

rugged structure, high efficiency and good operation 

over a wide range of speed, special attention has 

been paid to the SRM in the last three decades [1]. 

Since the phases are excited separately, this 

machine can operate even under fault conditions 

with a reduced performance, and therefore it is a 

highly reliable machine. In comparison with other 

types of electric motor drives [2-3], SRM has the 

exclusive features and it can be utilized properly for 

different applications such as electric vehicle [4], 

aerospace [5], renewable energy [6-7]. However, 

the main drawback of this machine is its high noise 

which could be resolved in the future by doing more 

research on this topic [8].    

With regard to the basic operation principles 

described in [9], torque in the SRM is produced by 

applying a DC voltage to one of the phase windings 

which tends to bring the rotor into a position with 

minimum reluctance. The different phases are 

excited successively and this leads to the rotor 

rotation. When exciting the phase, a significant 

attraction radial force is produced between the 

excited stator pole and the adjacent rotor pole. Once 

the excited phase has been turned off, the radial 

force goes off and stator vibration is suddenly 

released from that force. This results in the stator 

vibration [10].  

To decrease the acoustic noise and vibration of the 

SRM, the various procedures have been already 

introduced in the literatures being divided into two 

major categories including the control strategies 

[10-12] and the machine design algorithms [13-20]. 

Considering different shapes for stator poles in [13-

14], the best structure is suggested to minimize the 

noise of the SRM. To reduce the noise and vibration 

of the SRM, [15] introduces a special slot wedge 

referred to as structural stator spacers. Modeling 
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and calculating noise of the SRM, [16] shows that 

the 12/8 SRM produces lower noise in comparison 

with the 6/4 SRM. Considering various topologies 

for the stator structure, the most appropriate 

structure is introduced in [17-18] to minimize noise 

of the SRM. Acoustic noise and vibration in the 

SRM is reduced in [19] using skewed stator/ rotor 

poles. A multi-physics modeling of the SRM based 

on finite element method is introduced in [20] to 

simulate the acoustic radiation of the machine. In 

spite of the done works, we still need more research 

into the noise reduction of the SRM.       

In the present paper, electromagnetic-structural 

simulation model is developed for the SRM with 

finite element method (FEM) using ANSYS finite 

element (FE) package. Carrying out the 2D FE 

transient analysis, the instantaneous radial force 

acting on the stator pole is predicted in the 

developed electromagnetic simulation model. In 

addition, modal analysis is completed in the 

introduced simulation model to determine mode 

modes and natural frequencies. The simulation 

model is created totally in ANSYS parametric 

design language (APDL) useable for different 

conventional types of the SRMs. The simulation 

model is applied to an 8/6 SRM and the simulation 

results including the instantaneous radial force, 

mode shapes and natural frequencies are given. 

Using a developed simulation model and an 

algorithm of Design of Experiments (DOE) for 

reducing noise and vibration, design optimization of 

the discussed 8/6 SRM is completed. Subsequently, 

the electromagnetic-structural simulation model is 

introduced in section 2. Applying the developed 

simulation model to an 8/6 typical SRM, the 

simulation results are presented in Section 3 and the 

design optimization procedure is then described. 

Finally, the paper is concluded in Section 4.      

 

2 The simulation model 
 

The developed simulation model consists of two 

separate parts which include electromagnetic and 

structural analyses. In the electromagnetic 

modeling, the instantaneous radial force acting on 

the stator pole is predicted using 2D FE transient 

analysis of the SRM. To predict the dynamic 

electromagnetic characteristics using ANSYS FE 

package, it is required to establish an appropriate 

coupling between external electric circuit and the 

FE model as shown in Fig. 1 for a typical 8/6 SRM. 

Since radial force applied to stator pole needs to be 

determined, the coil related to one stator pole must 

be considered only in the FE model. The 

CIRCU124 element is chosen for coupling the 

electric circuit to the FE model whose free node is 

to be connected to a node inside the coil region as 

observed in Fig. 1. The PLANE53 with AZ degree 

of freedom is selected for all regions in the FE 

model. Elements of coils have two extra degrees of 

freedom, CURR and EMF, and each slot requires a 

unique CURR and EMF node coupled set. 

Since it is difficult to plot the geometric model of 

the machine each time before the analysis, the 

geometric model of the SRM is created as a 

parametric model in the FE model and the number 

of stator/ rotor poles, the axial length of the motor, 

radii of different sections, the stator and rotor pole 

arcs and some other geometric data are selected as 

geometrical parameters. A time-step analysis is 

required to predict dynamic electromagnetic 

characteristics of the SRM. In each time step, the 

coupling equations relating the stator and rotor at 

the middle of the air gap are cleared, and re-

established after rotor rotation by 0.5°. The force- 

related boundary conditions are to be defined in the 

preprocessing stage using FMAGBC command and 

the Maxwell forces calculated on rotor elements are 

then to be summarized using FMAGSUM command 

in the post-processing stage. More details about 

electromagnetic modeling of the electric machines 

using ANSYS are accessible in [22].  

 

 
 

Figure 1. The FE model coupled to external circuit.  
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A three-dimensional structural FE analysis is 

carried out in the developed simulation model to 

study the mechanical characteristics. In order to 

determine the natural frequencies and mode shapes 

for the stator, PLANE182 and FLUID29 with Ux 

and Uy degrees of freedom should be utilized. 

When the 3D geometrical model of the stator is 

built up, the stage of assigned attributions is to be 

completed and therefore density, Young’s modulus 

and Poisson’s ratio are identified for each created 

volume. After meshing, modal analysis is carried 

out using UNSYM command and the natural 

frequencies and then mode shapes are determined. 

The frequency spectrum of the predicted radial 

magnetic force along with the mode shapes and the 

natural frequencies obtained for the stator are used 

to calculate vibrations. It is noted that the 

electromagnetic force is considered only in 

modeling whereas other types of forces such as 

aerodynamic force and those related to load 

coupling are not considered here.              

 

3 Simulation results 
 

The developed electromagnetic-structural model is 

applied to an 8/6 SRM, 1 kW, 1500 rpm with 

specifications given in Table 1 and the simulation 

results are presented in this section. For this motor, 

Young’s modulus, Poisson’s ratio and density are 

2.07 × 1011 N/m2, 0.3 and 7800 kg/m3, respectively 

[23].  Carrying out the 2D FE transient analysis of 

the discussed 8/6 SRM for this operating point: 

phase voltage = 93 V, speed = 1500 rpm, turn-on 

angle = 10°, turn-off angle = 20° and single-pulse 

control mode, the instantaneous torque and radial 

force acting on the stator pole are predicted for the 

one phase excitation period and they are shown in 

Fig. 2. Using the Fourier transform, harmonics 

related to the predicted radial force waveform are 

obtained and they are illustrated in Fig. 3.  

For this predicted waveform, values of the force and 

the corresponding frequencies are given in Table 2. 

The maximum force in the aligned position is 3363 

N. The maximum radial force applied to the stator 

poles which can be seen in Fig. 4 results in stator 

pole displacement and vibration. For this predicted 

radial force, vibration distribution and the stator 

deformation are illustrated in Fig. 5. As it is clear 

from this figure, maximum pressure occurs at the 

corner between the stator pole and stator yoke 

which is 2.7×107 pa and the maximum displacement 

is 1.37 ×10-5 m.     

 

Table 1. Motor specifications [21] 

 

Value Parameter 

4 No. of phases 

8/6 No. of stator /rotor poles 

125 Stator outer diameter [mm] 

100 Stator slot-bottom diameter [mm] 

63 Rotor outer diameter [mm] 

41 Rotor slot-bottom diameter [mm] 

0.35 Air gap length [mm] 

21 Shaft diameter [mm] 

90 Stack length [mm] 

21 Stator pole arc [deg.] 

21 Rotor pole arc [deg.] 

124 Turns per coil 
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(b) 

Figure 2. Predicted dynamic characteristics, (a) 

produced torque, (b) radial force acting 

on the stator pole. 
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Figure 3. FFT analysis of the predicted radial 

force. 

 

 

 

 
 

Figure 4. The load applied to the stator poles. 

 

 

 

 

 
(a) 

 
(b) 

Figure 5. Results for maximum radial force, (a) 

vibration, (b) stator deformation. 

 

 

Table 2. Calculated force for different frequencies  

 

Harmonic Fund. 2nd 3nd 4nd 

Frequency [Hz] 237 473 710 947 

Force [N] 1372 283 967 33 

 

 

3.1 Design optimization procedure 

 

In order to decrease noise of the SRM, four 

geometrical parameters of the stator depicted in Fig. 

6 are considered in this paper and their optimal 

values are then obtained. In fact, these four design 

parameters called Tab, Fil, Tpr and Sct are 

considered to model the radial displacement for the 

stator pole, the manner of filling space between the 

pole and back-iron, pole tapering and stator core 

thickness, respectively. As Figs. 7-10 show, these 

selected design parameters could have significant 

effect on the natural frequencies. Changing these 

parameters for the range of Table 3, the discussed 

8/6 SRM is analyzed with respect to the considered 

operating point using a developed simulation model 

and also a noise value is calculated for each design. 

The DOE algorithm is then used to determine the 

optimal design parameters for minimum noise.  
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Figure 6. The selected design parameters. 
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Figure 7. Influence of Tab parameter on the natural 

frequencies. 
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Figure 8. Influence of the Tpr parameter on the 

natural frequencies. 
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Figure 9. Influence of the Fil parameter on the 

natural frequencies. 
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Figure 10. Influence of the Stc parameter on the 

natural frequencies. 

 

The DOE is centered on factors, responses, and runs 

to determine whether and how a factor affects a 

response. The DOE is an active statistical method 

by which some informed changes are applied to the 

inputs (the selected design parameters) and then the 

outputs (the produced noise) are analyzed. Based on 

the results of output data, optimized inputs for the 

best outputs are obtained and utilized. There are 

some helpful tools, called the residual plots, used 

for checking whether the experiments are 

independent. Any special pattern on the residual 

plots indicates some affiliation on the experiments 

and it could mean the experiments are either not 

well-done so that their repeat orders are not 

appropriate or important parameters are not chosen 

for optimization.  

Based on the design optimization procedure 

described above, design optimization of the 

available 8/6 SRM is done and the related 
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simulation results are summarized in Table 3. In this 

table, the second column reveals the variations 

range of the selected design parameters, the third 

column represents the primary values of the 

parameters related to the available motor and the 

last column illustrates the obtained optimum design 

parameters.        

Using the developed simulation model, the mode 

shapes and natural frequencies are obtained for both 

available motor and optimized motor as shown in 

Figs. 11 and 12. For higher natural frequencies, the 

possibility of resonance is lower and consequently 

the noise can be improved. As it is clear from these 

figures, the frequencies are higher for the optimized 

motor. The vibration plots in time domain for the 

two motors are compared in Fig. 13. This 

comparison shows that the maximum vibration is 

reduced to 14 m/s2 for the optimized motor while it 

is 25.6 m/s2 for the available motor. The comparison 

is also done for the frequency domain presented in 

Fig. 14 and it is seen that the proposed design 

optimization results in reducing the maximum 

vibration from 7 to 2.5 m/s2 for the second mode 

which is a dominate mode. Figure 15 shows this 

comparison for noise signals plots in frequency 

domain calculated at one side of frame at 20 cm 

distance and it is obvious that the noise of the 

discussed 8/6 SRM is significantly reduced once 

design optimization has been done. 

 

Table 3. Range of variations and values for the 

parameters 

 

Parameter 
Range of 

variations 

Primary 

values 

Optimum 

values 

Tab [mm] 0 to 8.5 0 6.32 

Tpr [°] -15 to 15 0 8 

Fil [mm] 
0.0005 to 

0.0085 
0.0005 0.0055 

Sct [mm] 9.4 to 18.8 12.5 14 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 11. Stator deformation of the available 

motor for different modes: (a) second 

mode, (b) third mode, (c) fourth mode, 

(d) fifth mode. 



Engineering Review, Vol. 36, Issue 3, 293-301, 2016.  299 
______________________________________________________________________________________________________________________ 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 12. Stator deformation of the optimized 

motor for different modes: (a) second 

mode, (b) third mode, (c) fourth mode, 

(d) fifth mode. 
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(b) 

Figure 13. Vibration plots in time domain: (a) the 

available motor, (b) the optimized motor. 

 

4 Summary and conclusion  
 

An electromagnetic-structural simulation model for 

the switched reluctance motor was developed with 

ANSYS finite element package. The model is 

created totally in ANSYS parametric design 

language as a parametric model employed for 

different designs. In electromagnetic modeling, the 

instantaneous radial force acting on the stator pole 

is predicted precisely by carrying out 2D finite 

element transient analysis. The mode shapes, 

natural frequencies and the produced vibration due 

to the radial force, are calculated with 3D finite 

element method in the developed structural model. 

Applying the introduced simulation model to an 8/6 

SRM, the simulation results including instantaneous 

radial force, frequency modes, modes shapes and 
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variation value were presented for the considered 

operating point. To reduce vibration and noise of 

the discussed 8/6 SRM, a design optimization 

procedure was described in which optimal design 

parameters were determined using a developed 

simulation model and an algorithm with Design of 

Experiments. The given simulation results showed a 

significant reduction of noise in the discussed 8/6 

SRM after design optimization process.    
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Figure 14. Vibration plots in frequency domain for 

the two motors. 
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Figure 15. Noise signals plots in frequency domain 

for the two motors.  
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