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Structural Analysis of Induction Machine and Switched Reluctance Machine 

Presented is a comprehensive analysis of structural performance of Induction 

Machine (IM) and Switched Reluctance Machine (SRM) rotors under different 

operational conditions. Electric machines are susceptible to forces of diverse 

origins. In addition to traditionally considered magnetic and centrifugal forces, 

this article discusses independent and inclusive effects of thermal expansion and 

shaft attachment techniques on structural integrity of the machines. A 

comparative analysis of structural performance of IMs and SRMs has also been 

performed, under a range of scenarios, to facilitate application specific machine 

selection from a structural perspective. 
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1. Introduction 

Induction Machines (IMs) and Switched Reluctance Machines (SRMs) provide cost effective 

options by eliminating the use of permanent magnets in a brushless rotor configuration. While 

IMs are extensively used in the industry, the comparable cost, versatility and rigidity of SRMs 

make them competing candidates for many adjustable speed applications. The presented work 

provides a comprehensive analysis of structural performance of IM and SRM rotors under 

different operational conditions. This study attempts to formulate a comprehensive method of 

performing structural analysis on electric machine rotors and uses the generated method for 

comparison of SRM and IM. The structural analysis of electric machines is an important design 

step performed regularly in the industry. However, reliable experimental verification of such 

analyses often requires optical equipment and environmental chambers, which are spatially and 

financially expensive. Hence, generation of an accurate method of simulating such experiments 

through FE analysis can provide financial relief, thereby allowing more general laboratories to 

effectively participate in such studies. The structural analysis of an electric machine is more 

multi-faceted than currently perceived, the structural deviations, namely stress and deformation, 

are affected by multiple sources as presented in figure 1. 



 

Figure 1. Flow chart for comprehensive structural analysis. 

It is generally accepted that magnetic and centrifugal forces dominate during low and 

high-speed applications respectively, hence, leading to negligence towards other sources of 

structural disturbances. This paper stresses the importance of including the effects from all 

possible sources. The effects of neglected origins, namely, shaft attachment techniques and 

temperature increase have been quantified to support the assertion. In previous literatures such 

as [1], [2] and [3], authors have not considered thermal effects and shaft assembly techniques 

during rotor design process. Similarly, designs of high speed SRM and IM have been explored 

in [4] and [5] respectively with operating speeds as high as 60,000 rpm, these design processes 

also fail to include thermal effects and shaft assembly techniques. In [6], an SRM generator 

design has been considered where rotor dynamics have been explored with shaft included in the 

model, however, the possible effect of shaft attachment techniques and thermal stresses have 

been ignored. In article [7], authors have analysed the thermal stress on IM rotor in an isolated 

manner. In [8] and [9], the thermal effects have been included but the structural effects of shaft 



assembly techniques have not been discussed. In [10], authors compare structural performance 

of different types of rotor bars for IMs rotated at 12000 rpm with temperature change from 20 

˚C to 130 ˚C but the effect of shaft attachment technique has not been included. 

The presented work observes and compares the structural performances of IMs and 

SRMs of different power and speed ratings obtained by implementing aforementioned analysis 

method. IMs have been extensively used in the industry due to expensive and fluctuating prices 

of rare earth magnets. However, Switched Reluctance Machines (SRMs), although not as 

popular, present similar capability with comparable power density. SRMs are known to suffer 

higher acoustic noise, but the geometric simplicity and lower mass of SRM rotors result in 

structural robustness, which can make SRMs better candidates for selective applications. Other 

significant difference between two machines is the capability of IMs, of correct power ratings, 

to operate without a converter, known as line start IMs. Line start IMs suffer significant 

magnetic forces during start up due to inrush currents. The structural effects of inrush currents 

were investigated as a part of preceding work [11] and have been included to ensure entirety of 

the study. Structural advantages of SRM over IM have been mentioned in [12] by Harris and 

Miller at 7.5kW power rating. Mathematical stress calculations were performed in [13] to make 

comparisons under high power and high-speed conditions (240 kW, 10400 rpm). The 

performance of SRM and IM were further explored and compared for electric vehicle and 

hybrid vehicle applications in [14] and [15] respectively. It is to be noted that preceding work 

has been published and referenced as [11]. While [11] considers the effects of centrifugal forces 

exclusively, this article provides a complete structural study of the machines under centrifugal, 

magnetic, thermal and assembly related disturbances. Moreover, this article attempts to 

establish a procedure to conduct FE analyses such that the structural performance of electric 

machines can be predicted effectively.  

2. Theory and Verification 

The presented study is based upon results obtained through Finite Element Analysis (FEA) 



using ANSYS® software. To verify the accuracy of FEA results, a simplified model has been 

developed, theoretical structural effect of each origin has been calculated individually, and 

comparison with corresponding FEA result has been made. The simplified model is presented in 

figure 2. It consists of two disks each 5mm thick, the larger hollow disk has an outer diameter 

(OD) of 50 mm and an inner diameter (ID) of 30 mm. The smaller disk with the diameter of 

30.005 mm is placed in the hollow space. The difference between the diameter of smaller disk 

and ID of larger disk represents interference dimension. 

 

Figure 2. Simplified model 

2.1. Interference Fit 

Interference fit is one of the most common and recommended methods for attaching shaft to the 

rotor core. This method is used over a wide range of speeds and is preferred over other 

prevalent methods such as keying and welding for high speed machines. Increase in rotational 

speed increases the sensitivity of the machine towards concentric imbalance of the rotor, hence 

at very high speeds, the level of required dynamic core stability can be provided only by the 

interference fit method [17]. However, the interference fit introduces stress in the rotor during 



rest and affects the stress distribution during operation. Although the interference dimension and 

resultant stress are usually calculated with high precision to prevent violation of safety margins, 

the effect of the interference fit on stress distribution and the maximum feasible speed is still 

notable. 

The radial and tangential stresses experienced by the disks under interference fit of 

0.0025 m for structural steel has been simulated and calculated using equation (4) and (5) 

respectively [18],[19]. As presented in Table 1, the theoretical and simulation results match with 

a percent error of less than 2%. 
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! !! = ! !  = Young’s modulus, !  = inner radius of outer disk, ! ! = outer radius of outer disk, ! ! = 

radius of inner disk, !  = interference dimension, ! ! ! 𝑣!= Poisson’s ratio 

𝜎!  = radial stress, ! != tangential stress 

Table 1. Simulation process verification. 

  

Calculated 
Value 
(Mpa) 

Simulated 
Value 
(Mpa) 

%  
Error 

Interference fit       
Radial Stress -10.667 -10.515 1.425 

Tangential Stress 22.667 22.417 1.103 
Thermal Stress       

Axial Stress 144 144 NA 
Centrifugal Force       

Radial Stress 0.03317 0.03193 3.883 
 



2.2. Thermal Stress 

Change in temperature causes expansion in material at a rate determined by the coefficient of 

thermal expansion. The coefficient of thermal expansion for the selected material (i.e.  

Structural steel), is 1.2×10!!  𝐶!! . This expansion introduces thermal stress if the object is 

externally or geometrically restricted to expand. The expansion and stress experienced can be 

calculated using equations (7) and (9) respectively [20], [21]. The simulation results have been 

confirmed by comparing the axial stress experienced by the outer disk presented in figure 2 

when the temperature of the entire body is increased from 22 ˚C to 82 ˚C. The result is 

presented in table 1. The disk movement has been restricted by fixing two laminar faces and 

inner cylindrical face. 

 !! ! ! !! ! ! ! !!"      (6) 

 !" = !! − 𝑙! (7) 

  ! !  !" 𝑙!  (8) 

 !! ! ! ! !  (9) 

!  = final length, !! = initial length, !"  = temperature rise  

!  = strain, !  = stress, !  = Young’s modulus 

2.3. Centrifugal force 

Centrifugal force depends on the rotational speed and the mass of the rotating body. For 

verification purposes, rotational speed of 314 rad/s was applied to the outer disk presented in 

figure 2, and the maximum normal stress obtained through FEA was compared with theoretical 

calculation. The comparison is included in table 1, the percent error between calculated and 

simulated value is 3.88%. The theoretical calculation was made based on equations (11) [18]. 
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𝜎!  = radial stress at r, ! !!!"# = max radial stress, !  = density, 𝑟!  = outer radius of the disk ! !  = 

inner radius of the disk, 𝑟 = radius of stress calculation, ω = rotational speed 

2.4. Magnetic Force 

Magnetic forces due to the stator and rotor magnetic fields cause deformations and 

stresses at low speed and during transience. The magnetic forces acting on the rotor structure 

were calculated using !"#$%&&! !!" !! . The forces acting in radial direction (! ! )!and tangential 

direction (! ! ) can be calculated based on equation (12) – (15) [23]. The forces acting on the 

rotor faces can be captured by defining a contour and using Maxwell Stress Tensor (MST). The 

forces can then be integrated along the corresponding faces of the rotor geometry to obtain the 

force distribution. However, Surface Force Density (SFD) technique allows importing forces 

acting on each mesh element from Maxwell to ANSYS® for structural analysis. Compared to 

MST that integrates the force obtained for a contour line over a surface, SFD is likely to be 

more accurate. Therefore, SFD was implemented to observe the effects of magnetic forces 

acting on the rotor geometry. 

Tooth faces along the air gap: 

  ! ! = ! ! 2𝜇! (𝐵!
! !  ! !! !     (12) 

 𝑓! !  ! ! ! ! ! 𝐵!  (13) 

Tooth faces perpendicular to the air gap:   

 !! = !1 ! 𝜇!
(! !! − !𝐵!
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  ! ! ! ! ! ! ! ! ! ! ! (15) 

 ! ! , !𝐵! = magnetic flux in tangential and radial direction, µ!  = permeability of air 



3. Machines, Geometry and Specifications 

The two machines considered: SRM and IM both present rare earth material free solutions, 

however, they have significant differences in design and operation. Structurally, SRMs have 

double salient structure with salient poles in both stator and rotor. They generally utilize 

concentrated windings and are characterized by their simple structure, low cost, and high fault 

tolerance. At same time, such geometrical configurations and salient structures make SRMs 

susceptible to higher vibrations and acoustic noise. Induction machines, on the other hand, have 

cylindrical rotor and stator structures with slots. They use distributed windings and have more 

complex structure with rotor core and cage made of aluminium or copper. The presence of the 

cage introduces rotor cage losses in IMs. The other key difference between the two technologies 

is the electronics required to drive the machine. While both the machines utilize bridge type 

drive electronics, IMs generally use single or three phase drives whereas the number of bridges 

required for a traditional SRM drive is equal to the number of phases. Moreover, line start IMs 

can operate at a fixed frequency without any drive electronics, but they suffer high magnitude 

in-rush currents during start-up. Such differences in design, geometry, and operation cause 

disparate distribution of stresses and deformations in SRM and IM under different operational 

conditions, which have been studied in detail in following sections. 

The machines considered for evaluation in [11] are used in this analysis as well. However, shaft 

and bearings have been introduced to model a more accurate support and to perform additional 

analyses such as interference fit and thermal stress analysis. Structural analyses have been 

performed in two sets of IMs and SRMs of comparable geometry and specifications. The power 

ratings of 2.2 kW and 96 kW have been chosen to include a wide range of power ratings. Table 

2 illustrates the geometrical dimensions and specifications of the 2.2 kW and 96 kW machines. 

As seen from the table, the motors have the same output power, stack length and stator outer 

diameter. Figure 3(a) and (b) provide 3D view of the 2.2 kW SRM and IM rotors respectively. 

IM rotor segments are made of magnetic steel M-19, and the rotor cage is made of aluminium 

alloy. 

 



Table 2. Machine Specifications. 

Machine Specs IM SRM 

2.2 kW Machines 

Output Power (W) 2200 2200 
Rated Speed (Rpm) 1425 1500 

Voltage (V) 380 400 
Output Torque (Nm) 14.7 14 
Total Volume (cm3) 1590.43 1590.43 

Efficiency 81.70% 82% 
Stack length (mm) 90 90 

Airgap length (mm) 0.35 0.35 
Stator O. D. (mm) 150 150 
Stator I. D. (mm) 90 80 
Rotor O. D. (mm) 89.3 79.3 
Rotor I. D. (mm) 36 30 

96 kW Machines 

Output Power (W) 965387 961128 
Rated Speed (Rpm) 17954 17965 

Voltage (V) 400(rms) 600(pk) 
Output Torque (Nm) 53.77 53.5 
Total Volume (m3) 0.01022 0.01022 

Efficiency 91% 90.59% 
Stack length (mm) 166 166 

Airgap length (mm) 1 1 
Stator O. D. (mm) 280 280 
Stator I. D. (mm) 164 164 
Rotor O. D. (mm) 162 162 
Rotor I. D. (mm) 80 80 

4. Structural Analysis 

Structural analysis involves study of stress distribution and deformations experienced by the 

machines during different operational modes. The stresses that result from different sources can 

cause structural failures upon exceeding the threshold strength of the material. In addition, 

depending on several factors, the concentrated stress points can be relieved by optimizing the 

geometry, thereby making structural analysis an important pre-production step. At the same 

time, radial deformations infringe upon the air gap deterring the performance of the machine, 

and severe deformations can lead to undesired contacts and high stress concentrations. This 

section explores the individual and cumulative effects of different sources of structural 



disturbances. 

 

(a) 

 

(b) 

Figure 3. (a) SRM Rotor Geometry, (b) IM Rotor Geometry 

4.1. Effect of Interference fit   

A machine with interference fit between shaft and rotor experiences a pre-stressed condition. 

The stress is concentrated on the contact surface of the rotor and the shaft. An interference 

dimension of 0.0065 mm for 2.2 kW machines is considered the present analysis. The rotor 



diameter is 0.013 mm smaller than the shaft diameter. The pre-stress experienced by SRM and 

IM are 82.58 Mpa and 60.76 Mpa respectively. The maximum stress concentration for the SRM 

rotor is at the surface of interference, as shown in figure 4 (a). The software determined 

maximum stress point in IM rotor occurs between rotor teeth and has the value of 74.74 Mpa, as 

illustrated in figure 4 (b), but this result might be affected by the transitional mesh at the sharp 

geometrical change. The maximum stress on IM interference surface is 60.76 Mpa. The 

difference in stress for the same interference level is due to the smaller ID of SRM rotor as 

compared to the ID of the IM rotor, hence altering the 𝛿 𝑅 value. The interference stresses are 

well below the tensile yield strength of the rotor material (M-19 350 Mpa). However, significant 

differences can be observed in stress distribution, location, and amplitude when interference fit 

is considered along with other sources of stress. These effects have been discussed in the 

following sections. 

 

(a) 



 

(b) 

Figure 4. (a) SRM interference stress, (b) IM interference stress 

4.2. Centrifugal Forces 

Centrifugal forces are the dominant forces in rotors with large mass and high rotational speed. 

To determine the effect of centrifugal forces, a rotational velocity of 10000 rpm was applied to 

2.2 kW rotor models. The combined effect of centrifugal forces with interference stresses have 

been studied and compared with the bonded shaft counterpart to emphasize the importance of 

including interference fit for a comprehensive design and structural analysis of a rotor. Thermal 

stresses have been decoupled to isolate and study the effect of centrifugal forces. 

The stresses and deformations that result from rotating 2.2 kW machines, with 

interference fit, at a speed of 10000 rpm are depicted in table 3. The maximum stresses 

experienced by the SRM and IM rotors were 76.8 Mpa, and 85.49 Mpa respectively. A notable 

observation is the decrease in stress in SRM rotor, from 82.58 Mpa to 76.8 Mpa, with the 

introduction of speed, as presented in table 3. This phenomenon can be explained by 

considering the radially outward direction of forces and deformation due to rotation. While this 

deformation induces stresses at certain parts of the rotor geometry, it also decreases the 

interference level, hence reducing the interference stress. Due to lower mass of the SRM rotor, 

the pre-stresses are still dominant compared to the rotational stresses at the speed considered. 



This phenomenon can be confirmed by verifying its consistency in IM. The heavier mass of IM 

rotor and the presence of rotor cage makes centrifugal forces more prominent in IM machine, 

hence altering the stress distribution. However, the release of interference stress can be detected 

by monitoring the contact pressure. As presented in figure 5, the average contact pressure over 

the contact surface during rest is 23.3 Mpa which decreases to 16.91 Mpa at 10000 rpm.    

More importantly, the inaccuracies that result from failing to consider effects of pre-

stress in a machine with interference fit is significant. The contact option often considered as a 

replacement to interference fit is bonded contact, which allows no degree of separation or 

sliding. The maximum stresses that bonded SRM and IM rotors experience during the rotation 

at 10000 rpm are 5.65 Mpa and 10.55 Mpa respectively, as compared to 76.8 Mpa and 85.49 

Mpa when interference fit is considered. Although the stresses experienced by both IM and 

SRM rotors are non-fatal in magnitude, the discrepancies observed can cause severe 

inaccuracies in lifetime analyses. 

 

(a) 



 

(b) 

Figure 5. (a) IM contact stress at rest, (b) IM contact stress at 10000 rpm 

4.3. Thermal Effect   

An electric machine is susceptible to electric losses in form of copper and core losses. While 

copper losses are significant at lower rotational speeds and higher torques, high speed machines 

suffer from dominant core losses due to high frequency magnetic fields [24]. These losses result 

in considerable amount of increase in temperature in the rotor, accompanied by expansion and 

thermal stresses. A study of the effect of temperature increase has been included in this analysis 

by increasing the rotor core and cage temperature by 60 ˚C (room temperature is 22 ˚C and the 

temperature of the rotor structures is 82 ˚C). While [25] suggests that commercial IMs have 

rotor temperature of around 84 ˚C during operation at rated load, [26] presents conditions where 

the winding temperatures of SRM can be larger than the rotor body temperature by 90 ˚C. 

Therefore, SRM rotor temperature of over 90 ˚C can result in winding temperature of over 180 

˚C which violates the tolerance of H-class insulation. Choosing the rotor temperatures of 82 ˚C 

ensures that selected temperature corresponds to an operating point which is frequently 

observed and does not exceed the thermal limitations. Thermal loads have been added to the 

rotor structures as discussed in previous sections along with the interference fit and rotational 



speed. The increase in stresses and deformations have been observed and investigated to 

emphasize the importance of considering thermal load during structural analysis. 

As discussed in previous sections, 2.2 kW SRM and IM with interference fit were 

rotated at a velocity of 10000 rpm. Thermal load was introduced to the analysis and additional 

stresses and deformations were calculated. As mentioned in table 3, stresses experienced by IM 

and SRM rotor increased by 60% and 19.3% respectively, and deformations increased by a 

factor close to 10 in both cases. The considerable increase in stresses and deformations signifies 

the necessity of including thermal load during structural analysis. 

The rise in temperature also affects the stresses caused by the interference fit. The inner 

diameter of the rotors increases with the temperature which further relieves the interference 

pressure. Hence, the contact pressure decreases to 35 Mpa and 6.88 Mpa for SRM and IM 

respectively. However, further deformation in radial (outward) direction can result in separation 

of rotor from the shaft. Interference dimension needs to be carefully determined to ensure that 

the interference stress at rest is lower than the tensile strength of the material, and that the 

contact between shaft and rotor is maintained at all operational speeds.  

It is critical to properly consider every origin of structural stresses and deformations to 

accurately predict structural rigidity and behaviour of a machine using FEA. As seen from this 

section, interference, centrifugal, and thermal forces all contribute significantly towards the 

final outcome. Table 3 presents a comparative look at the inclusive stresses and the stresses 

generated only due to centrifugal forces in bonded contact scenario. They differ by a factor of 

14 for IM and a factor of 16 for SRM. Similarly, the cumulative deformations are 60-100 times 

larger than their counterparts. Failure to consider appropriate contact characteristics and forces 

can result in severe discrepancies, hence, leading to catastrophic results. 

Table 3. Independent and aggregated stresses and deflections. 

 

Stress 
(Mpa) 

Deflection 
(mm) 

Bonded contact 10000 
Rpm 

  2.2 kW IM 10.55 4.65E-04 
2.2 kW SRM 5.65 7.65E-04 

Interference fit pre-
  



stress 
2.2 kW IM 74.74 4.84E-03 

2.2 kW SRM 82.58 5.18E-03 
Int. fit + centrifugal 

forces 
  2.2 kW IM 85.49 5.38E-03 

2.2 kW SRM 76.8 5.09E-03 
Int. fit + centrifugal 

forces + thermal stress   
  2.2 kW IM 136.78 6.18E-02 

2.2 kW SRM 91.6 4.56E-02 

5. Structural Performance of Induction Machine and Switched Reluctance Machine 

Comprehensive structural analyses including interference, rotational, and thermal stresses, have 

been performed on two sets of machines. The first set consists of 2.2 kW SRM and IM with 

rotational velocity around 1500 rpm. A few of numerous practical examples for machines of this 

size are pumps, AC compressors, fans and blowers, machining tools etc. The second set consists 

of 96 kW SRM and IM with rotational velocity around 18000 rpm. The bigger machines with 

high speed are often used in industrial applications and present more complicated design 

problems than low speed motors. Several researches on optimization of machines and drives 

based on operational speed have been performed and published [27], [28], [29]. The two sets of 

machines with disparate size and operational velocities have been selected to extend the range 

of this study. Lastly, transient analysis has been performed on the 2.2 kW IM to include the 

effect of transient magnetic forces experienced by the IM rotor during line start. 

Table 4. Comparison of Deformation and Stress in IM and SRM. 

 
IM  SRM 

% 
Difference 

2.2 kW Machines    
Deformation 

(mm) 
6.14E-

02 
5.21E-

02 17.8% 
Stress (Mpa) 125.47 70.93 76.9% 

96 kW Machines    
Deformation 

(mm) 0.133 0.117 13.6% 
Stress (Mpa) 364.82 180.8 101.7% 

5.1. Low power application   

The machines considered for low power analyses were 2.2 kW IM and SRM with rated speeds 

of 1425rpm and 1500rpm respectively. Structural behaviours of these two comparable machines 

have been analysed under similar operational conditions with a rotor temperature of 82 ˚C.  



A summary of structural performance is provided in table 4. The magnitude of stress 

and deformation on the SRM rotor are 70.93 Mpa and 0.0521 mm respectively. The IM rotor 

experiences a stress of 125.47 Mpa and a deformation of 0.0614 mm. The deformations and 

stress concentrations for both machines are well below the respective thresholds. However, IM 

rotor exhibits a more severe deformation, 17.8% higher than that of SRM rotor, and experiences 

a stress 76.9% larger than that experienced by the SRM rotor. The deformations and stress 

patterns for both machines are illustrated in figure 6(a) and (b). In addition, for a higher speed of 

10000 rpm, the total stresses and deformations experienced by the 2.2 kW IM and SRM are 

included in table 3. The 2.2 kW IM experiences maximum stress and deformation of 136.78 

Mpa and 0.0618 mm which is 49.32% and 35.5% higher than those experienced by the SRM 

rotor (91.6 Mpa stress and 0.0456 mm deformation).  

 
 

(a) 

 
 

(b) 
Figure 6. (a) Base speed deformations of 2.2 kW IM and SRM rotors, (b) Base speed stresses of 

2.2 kW IM and SRM rotors  



Further analyses have been conducted to investigate the source of such high stress 

values in IM rotors. The IM rotor core experiences stress concentrations at the inner edges the 

rotor teeth tips and the inner curvatures of the rotor core slots as shown by stress concentration 

area 1 and 2 in figure 7.  The two possible causes for such stress concentrations are: geometry 

and presence of the rotor cage. The rotor slot geometry is known to have significant effect on 

stress distribution [11]. The model of 2.2 kW IM rotor core used in this study has sharp radius 

of curvature at the stress concentration area 2 which could cause stresses with such high 

magnitudes. Hence, the rotor core geometry was modified by increasing the inner curvature of 

rotor core slots by a factor of 3, shown in figure 8 (a) and (b), and its effect on the stress 

concentration areas were studied. The modified 2.2 kW IM rotor was rotated at 10000 rpm with 

interference fit and thermal stress as described in previous sections. The results are presented in 

figure 8(c) and (d). At the first glance, the maximum stress value seems to have decreased from 

136.78 Mpa to 115. 75 Mpa, but probing for multiple stress points along the notch reveals that 

the stress values at the concentration area 2 in both cases are similar (116.67 Mpa for original 

rotor and 111 Mpa for modified rotor). This has been shown in figure 8(c) and (d) through 

probe points. The maximum stress point detected by the software in figure 8(d) is towards the 

axial edge of each slot, the transitional mesh at this point can be the cause of deviation of the 

maximum value from the probed values. Hence, for better accuracy, a comparison based on 

multiple stress points has been used as opposed to single point comparison based on the 

software detected maximum value.  



 

Fig. 7.  Stress concentrations in IM rotor core 

 
Fig. 8(a) Original 2.2kW IM rotor geometry 



 
Fig. 8(b) Original 2.2kW IM rotor geometry 

 
Fig. 8(c) Stress concentration in original rotor core 



 
Fig. 8(d) Stress concentration in modified rotor core 

The second observation that can be made from figure 7 is that both the stress 

concentration areas are at the locations where the rotor cage makes contact with the core in 

radial direction. The rotor cage introduces additional mass to the IM rotor geometry that is 

solely supported by the rotor core slots. Upon rotation, the cage and the core try to move in 

radially outward direction. The interaction between these two parts introduces corresponding 

stresses in radial direction, hence increasing the magnitude of stress in both the concentration 

areas. This argument can be supported by performing an analysis without the rotor cage and 

comparing with caged rotor results. The results for analysis performed without the rotor cage 

are presented in figure 9. The maximum stress experienced by the rotor core without the cage is 

around 73.33 Mpa and the maximum deformation is around 0.0565 mm. These values are 

comparable to the stress and deformation experienced by the SRM counterpart, 91.6 Mpa and 

0.0456 mm, listed in table 3. While the deformation pattern did not change, the stress 

concentration area 1 disappears, confirming that the stress concentration at the inner faces of 

tips of the rotor teeth is due the rotor cage. The noticeable reduction in stress values in both the 

concentration areas confirm that the difference of stress between the results presented in figure 

8 and 10 is the additional stress caused by the rotor cage. The magnitude of the difference, 

63.47 Mpa reduction in maximum stress and 56.1 Mpa reduction in concentration area 2, 



confirms that the mains source of additional stress in an IM rotor compared to SRM rotor is 

caused by the presence of the rotor cage. 

 
(a) 

 
(b) 

Fig. 9.  Structural performance of IM rotor without cage at 10000 rpm, with thermal 
stress and interference fit (a) Deformation, (b) Equivalent Stress  



 
Fig. 10. Stress concentration on IM rotor without cage 

5.2. High speed high power application   

High speed high power analysis has been performed on comparable 96 kW IM and SRM, with 

operating speeds of 17954 rpm and 17965 rpm respectively. The rotor temperature considered is 

82 ˚C.  

The 96 kW machines display the deformation patterns and stress distribution similar to 

those of 2.2 kW machines but with larger magnitudes. As presented in table 4, the stresses 

acting on IM and SRM rotors were calculated to be 364.82 Mpa and 180.8 Mpa respectively, a 

difference of 101.7%. The deformations observed on IM and SRM rotors were 0.133 mm and 

0.117 mm respectively, a difference of 13.6%. The larger masses of 96 kW rotors and higher 

speed result in substantial centrifugal forces. The lower rotor mass and absence of rotor cage 

places SRM rotors in advantageous position for such applications. 

It is also important to realize that the rotor cage in IM also experiences the structural 

deformations and stresses. The contact between the rotor core and the cage has been considered 

as bonded to simulate metal die cast construction. The maximum deformation on the rotor cage 

is larger than that on the core. The stresses on the cage are smaller, however, the IM cages are 

typically made of aluminium or copper alloys which have considerably smaller tensile strength 

than M-19 steel (240 Mpa for aluminium alloy). Furthermore, compared to M-19, the tensile 

strength of aluminium decreases more rapidly with temperature rise (165 Mpa at 150 ˚C). 



Therefore, temperature increase not only introduces the thermal stress in the rotor cage, but also 

reduces the strength of the cage material, making it more vulnerable to temperature rise. Figure 

11 shows the deformations and stresses acting on the 96 kW IM rotor cage at 17954 rpm and 60 

˚C. The maximum stress of 131 Mpa at 60 ˚C is well below the threshold stress of 240Mpa, but 

it is not uncommon to have temperatures higher than 60 ˚C in an IM rotor. The H class 

insulations are rated for 180 ˚C. At higher temperatures, IM rotor cage can exhibit critical 

structural problems. 

 

Figure 11. Stresses on IM rotor cage. 

SRM displays significantly better structural rigidity than IM at both the power levels. 

At 2.2 kW, the stresses and deformations observed are not destructive in magnitude, but the 

difference in stress level suggests a significantly higher lifecycle for SRM compared to IM. At 

power level of 96 kW, the maximum stress generated in IM rotor (364.82 Mpa) exceeds the 

tensile strength of M-19 steel (350 Mpa). This indicates a structural incapability of the designed 

IM to withstand the cumulative forces at the rated speed and temperature. Performing Soderberg 

stress life analysis reveals that 96 kW SRM has a lifespan of 156930 cycles, fifty times the 

calculated lifespan of IM rotor at 3144 cycles [30]. The deformation of IM rotor is larger than 

that of SRM rotor but is not large enough to cause structural damage. However, the deformation 

occurs in radial direction and is undesirable as it infringes upon the air gap, consequently 



compromising the machine performance. Hence, both deformation and stress values suggest that 

SRM rotors possess structural superiority over IM rotors throughout a wide range of speed and 

power, and more so for high speed high power applications.   

5.3. Transient/Start Up  

As previously mentioned, line start IMs have capability to operate without any drive electronics. 

However, lack of back emf and short circuited rotor cage cause significant in-rush currents 

during the start-up. The resulting magnetic forces and effects of such transient current on 2.2 

kW IM rotors has been investigated and presented in this section. The 96 KW IM was designed 

to operate at a base speed of 17954 rpm, very high to be considered for line start. The in-rush 

currents in 2.2 kW IM rotor is presented in figure 12(a). The in-rush currents produce 

concentrated impulsive forces with significant magnitudes. As depicted in figure 12(b), the 

transient electromagnetic forces can be 5 to 6 times larger in magnitude, than the forces during 

normal operation. These transient forces are obtained by integrating the forces acting on the 

vertical contour corresponding to the face of the rotor tooth highlighted in figure 13. 

The investigation of structural performance during transience was performed by 

calculating the Surface Force Density (SFD) on the rotor and simulating the consequential 

structural disturbance. The electromagnetic force vector acting on each mesh element was 

calculated using Maxwell®. The SFD was then imported to ANSYS® for transient structural 

analysis. The SFD function internally matches the mesh elements of Maxwell and structural 

analysis in ANSYS-workbench, then imports the forces acting on each element. This process 

considers the force vectors acting on each mesh element individually, hence exhibiting more 

accuracy than applying force integral on the respective face of rotor geometry. The forces 

imported from Maxwell using SFD are represented in figure 14. Only 1/4th of the rotor 

structure was considered to save simulation time. 



 

(a) 

 

(b) 

 

(c) 

Figure 12. (a) Winding Current profile in IM during start up, (b) Magnetic force profile for IM 

during start up, (c) Torque profile for IM during start up 



 

Figure 13. Rotor tooth face for EM force observation. 

 

 

Figure 14. Surface Force Density load import – front view 

The resultant stresses and deformations due to transient forces are 3.91 Mpa and 34.7 

µm respectively, and are presented in figure 15 (a) and (b). The maximum stress can be 

observed on the rotor teeth, and the maximum deformation occurs on the rotor teeth and the 

cage. While none of the factors have magnitude large enough to cause any structural failure, 

frequent exposure of the machine to such transient forces can result in accelerated fatigue and 

reduction of machine life span. 



 

(a) 

 

(b) 

Figure 15. (a) Stresses due to transient forces on 2.2KW IM rotor core and cage, (b) 

Deformations due to transient forces on 2.2KW IM rotor core and cage 

6. Conclusion 

The dynamic deformations and stresses are currently measured either through strain gauges or 

through optical measurements. While strain gauges suffer fixture and durability issues, the 

optical methods are cost and space intensive [28]. Hence, a means to accurately predict 

structural behaviours of electrical machines can be very valuable. This paper attempts to 

formulate a procedure to accomplish this task. Moreover, applications of electric machines 

without permanent magnets have shown drastic increase in recent years. Induction machines 

have been extensively utilized, but it is important to recognize the possibility and advantage of 

using their SRM counterparts. IMs have line start capability and better acoustic behaviour than 



SRMs, making them more suitable for line connected applications such as household appliances 

and for applications with low noise and vibration requirements. However, SRMs produce higher 

torque per ampere for similar ratings, power/torque densities and efficiencies. SRMs also 

possess structural superiority due to simple geometry and rigid structure, as discussed in this 

article. Therefore, for rugged applications that prefer higher torque such as washer/dryer, 

smaller off-road vehicles, etc., SRMs provide a better option. In addition, repeated exposure to 

higher stresses causes decrease in lifetime. Hence for frequently used equipment such as water 

pumps, SRMs can be a lasting and more durable choice. A significant amount of work is 

continually being performed towards improvement of both the technologies for utilization in 

Electric Vehicles (EV). Complete comparison of two machines for EV applications will require 

more detailed analysis, but this article has presented the structural aspect of SRMs and IMs for 

their applications in such high-power high speed requirements. Finally, the transient structural 

analysis has been performed to investigate the effect of high start-up currents on IM rotors. 
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