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Squirrel cage induction motors are widely used in industrial applications such as in industrial 

drives, pumps, lathe machine and turbines due to its simple and rugged construction and low 

maintenance requirements. The rotor of the squirrel cage induction motor determines the 

motor torque and operational efficiency. Failures of the motor occur due to the failure in the 

rotor and its components. For designing of the rotor with good performance and mechanical 

durability the causes of those failures should be minimized. 

 

The main objective of this thesis is to study structural rigidity of squirrel cage rotor with 

different surface contact between the rotor components. The active part of squirrel cage rotor 

which is an assembly of the copper bar, end ring and shaft are simulated with the commercial 

finite element analysis software ANSYS Workbench 18.0. Two designs of the rotors are 

introduced and with different surface contacts, the active parts are simulated and analyzed 

to investigate and obtain the research objectives. The investigation of mechanical and 

thermal stresses generated by the rotor components determines the mechanical stability of 

the rotor designs. The modification and optimization of rotor parts describe the design aspect 



 

 

and considerations needed to be considered for designing of a rotor with good performance. 

The best possible options for the surface contact between the components of active part of 

rotor and the possible material options are obtained as results. The results obtained in form 

of the equivalent stress and deformation at rotor parts validate the effect of surface contact, 

thermal condition and design considerations to the stability squirrel cage rotor. The design 

and analysis result bonded contact as most suitable contact type and need of use of retaining 

ring for the reduction of stress in the active part of rotor. 
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1 INTRODUCTION 

 

 

In recent decades, use of high-speed induction machine in various applications has increased 

due to the advantage of having good mechanical and electrical performance [1]. Squirrel 

cage induction motors (SCIM) are the most used electrical machine in industries and in 

manufacturing processes due to the simple and robust construction, minimal requirements 

of maintenance, low cost and high values of starting and breakdown torque [2-4].  The main 

feature of SCIM is considered as being a singly excited machine it is gaining a significant 

amount of advantages in absence of brushes, commutator and slip rings [5]. Investments in 

research and development of different types of induction motors have increased due to the 

necessity of improved motor performance with reduced motor size, cheaper costs and more 

efficient machines in the industries. Fig. 1 presents the exploded view of individual parts of 

an induction motor. 

 

Figure 1. Parts of an induction motor 

 

 Rotor is a very important component of an induction machine as it is responsible for 

determining the motor torque and operational efficiency [6]. Industries and research sectors 

are giving more attention to the development of rotors with improved mechanical, 

electrical and thermal performance. In order to meet those demands of the rugged structure 

with improved mechanical, thermal and electrical performance the active part of the rotor 

(assembly of conducting bars, end ring and rotor shaft) also needed to be optimized to that 

level. Due to the importance of rotor active part in motor operation and performance, the 

study and investigation on the active part of the rotor are increasing in research area 

nowadays. In this thesis, the research on the active part of the rotor is carried out.  
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According to Szucs [7]  finite element technique is commonly used method by the electrical 

machine manufactures for the estimation and comparisons of rotor designs. In this thesis, the 

mechanical stress generated in the rotor design during operating conditions is investigated 

using finite element analysis (FEA) approach. Use of finite element analysis approach for 

the study of induction motor, rotor and rotor components are in rise nowadays. The steady 

state structural analysis is usually carried out to predict the performance of the simple 

designed model with basic design rules [8]. Different FEA softwares like ANSYS, Abacus, 

Femap, Nastran etc. has been developed and used for investigating the stresses and 

deformation on the rotor components at different loading conditions. Not only for rotors, 

FEA approach has been used in various industries and for calculating the stress and verifying 

the strength of structures and individual component.  

 

ANSYS workbench is used as FEA tool for simulation. The structural analysis is done to 

investigate the stresses and the required customization was done for the best possible options 

of the designs. The advantages of using FEA and the optimization can be simplified by the 

means of costs, efforts, quality, performance and the time period for the construction of the 

induction machine [9]. Figure 2 presents two different examples of the simulations done by 

using ANSYS as the FEA software. 

 

 

Figure 2. Simulation of rotor using ANSYS [10,11] 

 

1.1  Background research of squirrel cage rotor 

The demanding situation of high-speed technology has led the expansion of research focuses 

on the design and investigation of different models of squirrel cage rotor. The focus areas 
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are mostly based on mechanical, thermal, manufacturing and in some extent towards 

magnetic issues [12].The development of rotor components with different materials and 

investigation of their possible impacts on the machines has become popular in the scientific 

community [13]. Numerous research has been carried out about the design considerations, 

basic design rules and authors have evaluated different optimization techniques for the 

design of the efficient rotors and investigation and to improve their performance of induction 

motor [14]. Caprio. M et al. [15] has done the study about the mechanical design 

considerations and analysis of the induction motor for high-speed mobile applications and 

came up with a solution with a unique design for the end ring. The unique end ring design 

has advances with compact package and high performance mechanically and electrically. 

The suggested design of end ring is shown in figure 3. The features shown in figure 3, 

keyhole stress relief cut and end ring boss of the unique end ring reduces the stresses 

generated at the joints area to provide low temperature on the joining and also preserves the 

mechanical properties of the copper alloys.   

 

 

Figure 3. Unique end ring design and features [15]   

 

Huppunen [1] and Aho [16] have included detailed research done on axial slitting of solid-

rotor in induction motors in which they have shown the investigations and results on 

different numbers(odd and even) and different geometries of rotor slits. The odd and even 

number of slits have a significant role in the performance of rotor. The results were 

concluding the deep slitting of 40%–50% of the rotor radius could provide a good torque 
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generation capability with reduced eddy-current losses at the cost of reduced mechanical 

strength. When the number of rotor slit is odd it can beneficial as the rotor losses are 

minimized and the torque ripple resulting an increased unbalanced magnetic pull. 

 

Lahteenmäki and Soitu [17] have used finite element method to study the solid rotor with a 

squirrel cage in an induction motor. The investigation was a combination of mechanical 

strength of a solid rotor and the squirrel cage rotor’s electromagnetic performance along with 

their manufacturing difficulties. The comparison of the traditional copper coated rotor with 

squirrel cage rotor leads to the solution of induction motor with squirrel cage rotors. The use 

of squirrel cage leads the increment of power density and efficiency with reduced cost of 

reduced mechanical robustness. Lateb et al. [18] compared laminated-rotor topology with 

different types of solid rotors and found laminated-rotor topology to have higher power 

factor with 2%–3% higher efficiency levels. Ikeda et al.[19] also experimentally compared 

and found for the high efficiency and good electrical and mechanical performances 

laminated rotor should be used. 

 

Mark Hodowanec and William R. Finley [20]  have studied different rotor construction types 

from traditional to modern forms. Four different rotor constructions types manufactured by 

casting and fabrication were studied. Among aluminum die casted, copper die casted, 

fabricated aluminum bar and fabricated copper bar, copper bar squirrel cage rotor more 

beneficial in the high-speed machine than of casted and fabricated aluminum rotor. The 

evaluated results based on the manufacturing process and properties of the rotor types, 

generated rotor stresses, electrical performance and rotor bar heat capacity have the results 

in the favor of copper bar squirrel cage rotor. Studies [21,22] for mechanical and electrical 

performances have been done by comparing different designs of squirrel cage rotor and the 

optimization studies for the rotor parts to increase the mechanical performances are 

investigated also favors the copper bar squirrel cage rotor. 

 

Several studies [2,23-25] done on rotor bar  shows that the design, geometry, cross-section 

and position of rotor bar has a significant role in the performance and stability of squirrel 

cage rotor and it also states that the motor performance and structural rigidity can be 

determined by the variation of the rotor bar configuration and material used for rotor bar. 

Caprio.M et al. had done a study on the contact geometry of the end ring and conducting 
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bars to investigate the mechanical and thermal challenges. The research and concludes that 

the brazing process in case of ZrCu conductor bars to the BeCu end rings is not feasible due 

to the strength and degradation present at the heat-affected zone. 

 

1.2 Research problem 

A large percentage of SCIM have failed during operation due to rotor failures. According to 

Bonnett A.H et al [6],  majority of the rotor failures are because of the various stresses 

generated on the rotor. There are various reasons behind the breakage of the rotor 

components rotor bar, end ring and shaft. In operating condition, the generated stresses are 

responsible for the breakage of the components rotor bar and end ring when the generated 

stress are over the yield stress of the component materials. The generated stresses are thermal 

stresses, magnetic stresses, residual stresses and mechanical stresses. Thermal overload and 

unbalance are responsible for the generation of thermal stress. Residual stresses are caused 

by the manufacturing errors and the dynamic stress due to cyclic stresses, centrifugal forces 

and shaft torques. The electromagnetic forces, electromagnetic noise, unbalanced magnetic 

pull, and vibration are the caused for magnetic stresses. Environmental stresses can occur 

due to contamination and abrasion in rotor material due to the moisture and chemicals. Other 

major failures like bearing failures, loose laminations, defected and fatigued parts produce 

the mechanical stress [26]. Due to time limitation, only the mechanical stresses and thermal 

stresses have been investigated to ensure the mechanical stability of the rotor structure in 

this research work.  

 

1.3 Research objectives 

The main objective of this research work is to investigate the mechanical strength of the 

rotor active part. To determine the structural rigidity of the active part of squirrel cage rotor 

the mechanical design aspects, design considerations and major reasons for the failures of 

the rotors has been reviewed. The FEM analysis of the active part of the squirrel cage rotor 

with different types of surface contacts is conducted to achieve the research objective. Two 

rotor designs are introduced with different surface contacts, the active parts are simulated 

and analyzed to provide and solve the research problem, which is the question regarding the 

mechanical and thermal strength of the rotor.  The results obtained from finite element 

analysis to determine the equivalent Von Mises stress and deformation at individual rotor 

parts were assumed sufficient in to accomplish the research work.  
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1.4 Research methods 

The research work is carried out collecting information with both qualitative and quantitative 

methods. The research will be able to determine the importance of mechanical design aspect 

of squirrel cage rotor in squirrel cage induction motor. The brief research methodology can 

be seen in figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4. Research methodology flow chart 

 

1.5 Structure of the thesis 

This research work is divided into five chapters. The first chapter is the introduction about 

the research work. It includes the basic description of the thesis along with the structure, 

background of the research and research objectives. The second chapter includes the brief 

Topic selection 

Defining research problem, 

question and research objectives 

Literature review 

Research methods 

Simulation  

Results and Analysis 

Conclusion                        
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description of squirrel cage rotors with the theoretical background of the rotors along with 

the theory of the components and forces and loading associated with rotors. I also include 

the design aspects and design considerations involved in the development of rotor assembly.   

 

The third chapter is the method section that includes the detailed FEM (finite element 

method) approach and simulation setup for analysis. The changes and optimization of the 

designs of rotor parts are described and shown in the form of figures in this chapter. 

 

The fourth chapter is the result and analysis section. This chapter includes the simulation 

results in the form of tables and figures. The results obtained from each simulation are 

analyzed. The fifth chapter is the final chapter that includes the brief conclusion of this whole 

research work. The material data sheets, simulation figures are attached as appendices. 
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2 SQUIRREL CAGE ROTOR 

 

 

Squirrel cage rotor (SCR) is the inner part and the rotational component of squirrel cage 

induction motor [27] which produce the mechanical torque to drive a load by coupling its 

magnetic field with the magnetic field of the stator [28]. The popularity of SCIM is 

increasing due to the simple and ruggedness structure of the SCR assembly of electrical 

winding of rotor consisting of rotor bars and end rings [6,29]. The assembly is a simple rotor 

core manufactured of stacked laminations and a shaft which is fitted inside the rotor core 

[30]. The stacked lamination is responsible providing the structure for the cage as well as 

carrying the generated magnetic flux and heat. The produced electrical current and torque 

are carried by the cage windings.[6]. The position of the rotor is maintained by the shaft 

which produces a torque on the rotor. The outer circumference of the rotor consists of open 

or closed slots in which the conducting bars are fixed using punching process [6,27]. The 

advantage of the open slot is to reduce the rotor leakage inductances with chances of 

increasing the speed regulations of the constant power range. The advantage of closed slots  

producing lower surface loss contains more higher rotor leakage inductance for improved 

filtering in presence of inverter supply [30]. The conducting bars or also called rotor bars 

which are located along the length of the rotor body parallel to the axis of rotation or with a 

uniform skew establish electrical connection between them by the mean of short-circuiting 

the rings at both end of the rotor that are connected by brazing [27,28]. Fig. 5 presents the 

basic structure of squirrel cage rotor.  

 

 

Figure 5. Typical squirrel cage rotor [27] 
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Squirrel cage rotors are distinguished in two types by the manufacturing processes that are 

casting and fabricating [26,31,32]. Cast rotors are typically manufactured by forming a 

laminated stack using end rings and integral bars with shot-poured aluminum. In high-speed 

applications, aluminum materials are not considered sufficient to handle the spin stress in 

the end ring so to overcome the situation there are developments of the rotors cast with 

copper for higher efficiency. Considering the high-speed applications the fabricated rotors 

are suitable due to the building process as the rotor bars are individually manufactured, and 

inserted inside the core holes which is later joined (brazed) with end rings and has advantages 

of having better strength level [15].  

 

For the demanding, higher rating, and special application, fabricated rotors are chosen as the 

possibility of maintenance of the failures occurred in bars and end-ring segments.  For casted 

rotors, the repairing of the parts is impossible after the appearance of cracks and breakage 

although casted rotors are more durable or rugged than compared to fabricated rotors [33]. 

Figure 6 represents sated and fabricated rotors. 

 

 

 

Figure 6. Casted copper rotor left and fabricated rotor right [34] 
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2.1 Design aspects of SCR 

The design of SCR or high-speed motor should satisfy the required performances the 

problems related to the output power, dynamic stiffness, rotational speed and the vibrational 

limits [35] and need to solve the problems of mechanical stresses, losses and a maximum 

speed of the rotor [36]. The design aspects of the SCR are described in this section. 

 

2.1.1 Mechanical aspect 

Stresses are induced on the rotor materials by the centrifugal forces because of the peripheral 

speed [22]. The stresses can be over the yield strength or at the level where the mechanical 

deformations are not reversible [36]. Considering mechanical aspect the rotor should 

withhold the high speed generated and need very precise dynamic balancing and needs to 

stay balances overall operating conditions, which are loads and temperatures [37].  

 

2.1.2 Electromagnetic aspects 

The aim of designing a motor need to meet the required torque with a minimum slip as the 

slip to minimize the rotor losses [36]. The materials for the rotor are chosen to have high 

permeability, high saturation flux density, and low electrical resistivity. In case of unsuitable 

material, there are the skin and proximity effects, which will lead to the very low penetration, 

concentration of the eddy current on the outer part of the rotor and also lead to making the 

inner part to be useless and increase the rotor resistivity. The conductivity and 

electromagnetic behavior can be increased using the squirrel cage rotor. [22,36,38] 

 

2.1.3 Thermal aspects 

Thermal behavior of SCR needed to be considered critical as the possibility of large amount 

of losses which can be concentrated in a small volume [39]. The increase in temperature or 

overheating at the critical spots can cause the machine failure and breakdown. The critical 

parameter for all the motors is temperature presence at the windings. The material with high 

thermal conductivity should be chosen to avoid the machine breakdown and failure of 

squirrel cage rotor. For SCR an advantage as the copper material is used which is a good 

conductor [40]. 
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2.2 Different designs of squirrel cage rotors 

In this section, six different types of squirrel cage rotors are presented and are compared 

based on the mechanical, electrical, thermal, manufacturing and electromagnetic aspects. 

 

 

1. Slitted solid rotor 

The advantages of having smooth solid rotor are to obtain good mechanical performances 

and the low frictional losses. Good penetration of electromagnetic field and the 

oversaturation of rotor can only be achieved by slip. Slitting the solid rotor radially can 

reduce the circulating currents but slip and rotor conductivity are not affected which results 

in the low penetration, concentration of eddy- currents at surface layers. The increase in the 

roughness coefficient in radically slitted solid rotor will results the additional loses than the 

benefits of the efficiency. [22,36]. Figure 7 represents a radically slitted solid rotor. 

 

 

 

Figure 7. Radically slitted solid rotor [22] 

 

2. Slitted solid rotor with copper end ring 

Slitted solid rotor with copper end ring increases the torque of the motor. The Lorentz force 

is increased due to the flow of current in the solid iron tends to be more aligned with the 

axis-parallel direction [41]. Hupanen [1]  has stated, “two-pole smooth solid rotor equipped 

with copper end-rings produces twice as much torque at a certain slip as the same rotor 

without end-rings”. For further improvement, the cross-section of the rotor can be slitted 
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axially such that the better flux penetration can be achieved. Figure 8 represents a slitted 

solid rotor with copper end rings at both ends. 

 

 

 

 

Figure 8. Slitted rotor with copper end rings 

 

3. Squirrel cage rectangular open slots solid rotor  

With squirrel cage and brazed end rings rotor conductivity can be increased but mechanical 

stress and vibration are considerably high due to the constraints on brazing due to centrifugal 

force and thermal dilation of the squirrel cage. The peripheral speed is limited due to the 

large centrifugal forces. There is the need for large air gap due to low power factor which 

results to increase the size of the motor. [22,36]. Figure 9 represents a squirrel cage 

rectangular open slots solid rotor  

 

 

Figure 9. Squirrel cage rectangular open slots solid rotor [22] 
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4. Solid rotor with embedded squirrel cage  

This design is considered to have almost the same electrical performances as the squirrel 

cage solid rotor with rectangular open slots with difficulties in manufacturing aspects and 

costs. For manufacturing, the rotor required to have isostatic pressing if the cold welds are 

not exactly identic, there will occur thermal imbalance and impose a derating of the motor 

in order to decrease the rotor temperature. [22,36]. Figure 10 represents the solid rotor with 

embedded squirrel cage. 

 

 

Figure 10. Solid rotor with embedded squirrel cage [22] 

 

5. Round embedded copper bars solid rotor 

This rotor removes the mechanical constraints into the squirrel cage. Axial dilatations of the 

round copper bar are free, and the centrifugal forces allow the contact between short-circuit 

rings and squirrel cage. Nevertheless, the manufacturing process to drill holes along the rotor 

with accuracy is difficult and need expensive tools. Electromagnetically speaking the 

performance of the rotor it has low power factor and circulating current which limits the 

power. [22,36]. Figure 11 represennts round embedded copper bars solid rotor. 
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Figure 11. Solid rotor with round embedded copper bars inserted in a solid rotor core with 

drill holes [22]. 

 

6. Laminated rotor with embedded squirrel cage 

It is considered to be the most effective design with excellent improvement in mechanical 

and electrical aspect. The laminated iron sheets limit the circulating current and saturation 

effects. The manufacturing process is easy and cost-effective as the rotor iron sheet is 

punched and due to the small air gap, the oversizing of the electrical feeding equipment is 

not necessary. [22,36]. Figure 12 shows the laminated rotor with embedded squirrel cage. 

 

Figure 12. Laminated rotor with embedded copper bars with copper end plates and end 

shafts assembled by tie rods [22] 

 

2.3 Rotor parts 

Considering SCIM’s configuration, there are different important parts of the rotor, which are 

rotor bars, end-rings, shaft, laminations, retaining ring and frame [31]. In this research work, 

the study is based in the active part of the rotor assembly. So, only the components of the 
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active part of the rotor and their importance’s in the active part are described in the sections 

below. 

 

2.3.1 Rotor shaft 

The rotor shaft is a single continuous member that spans between the bearing at each end of 

the stator, supporting the magnetically active rotor body and extending to drive flange for 

connection to the load equipment. The rotor body can be an integral part of the shaft or it 

may comprise a stack of thin insulated laminations shrunk onto the shaft, with stack plates 

at each end to maintain a higher interlaminar pressure providing tight and well-integrated 

stack. A typical example of a rotor shaft is shown in figure 13.  

 

Figure 13. Rotor shaft 

 

High-speed steel with good fatigue characteristics is typically required, especially for the 

high-speed applications. For integral rotor bodies, good magnetic permeability is required, 

and accurate characterizations of the magnetic material properties are necessary for faithful 

prediction of the machine reactance. Electrical resistance as a function of temperature is 

needed to quantify losses. [22,30,31,42]. Hot rolled carbon steel is mostly used material for 

motor applications but for the higher load applications alloyed steels are preferred and in 

case of extreme corrosion and difficult environmental conditions stainless material is 

required [43].  

 

2.3.2 Rotor bars or conducting bars 

Conducting bars or rotor bars usually copper or copper alloy run down the length of the rotor 

body either parallel to the axis of the rotation or within a uniform skew. Copper and copper 

alloys with low electrical resistance most often used [22,30,31,42]. The shape and resistance 

produced by the rotor bars have an important role in the performance of a squirrel cage 
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induction motor like produced torque and efficiency [23,25].  The optimization process in 

shape and bar resistance is used to reduce the losses at operating conditions [28].  The recent 

designs for induction motor end ring have good advantages for reducing the loading stress 

in the joining area of the end ring and rotor bar. Reduced stresses in the end ring and 

conducting bar at contact area are resulting in good improvements in operational speed and 

power density of rotor. The copper bar used in this research is shown in figure 14. 

 

 

 

Figure 14. Rotor bar 

 

Rotor bars need to have balanced property of mechanical strength along with the electrical 

resistance [15]. Copper and aluminum are most often used materials for the rotor bars. 

However, taking rotor performance the materials for the rotor bar are chosen with low 

electrical resistance [28] for which copper and the copper alloys are the best alternatives. 

 

2.3.3 End rings 

End rings are the annular ring that are connected or supported by the conducting bars in the 

rotor assembly [44].  The conducting bars rotor bars are shorted or assembled at each end of 

the main rotor body (whole shaft size) by full circular conducting rings or end ring which 

also called connection rings because it completes the electric circuit between them [15]. The 

bar to ring connection ring joints is done by brazing. The centrifugal and thermal growth 

results to higher stresses with other active components shaft and conducting bars at high 

operating speed and high temperatures [44].  The use of high strength copper alloys as the 

end ring material to achieve high performance at the provided speed.  Using high strength 

copper alloys also maintain strength capability through the metal joining process. 

[22,30,31,42]. A typical example of end ring is shown in figure 15.  
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Figure 15. End ring 

2.3.4 Retaining ring 

In high-speed rotor applications, there are some conditions when the generated stresses are 

much higher for copper end ring with low strength is not able to sustain those stresses. To 

overcome radial displacements caused by the hoop stress imposed at speed or the surface 

contact between end ring, shaft and conducting bar then there is a need for a high-strength 

retaining ring [45]. Retaining ring are basically made of high strength steel and alloyed steel 

with better fatigue properties and designed around the outer diameter of end ring. The 

function of the retaining ring is to provide required support and rigidity to the rotor structure.  

 

Use of nonmagnetic retaining ring can reduce the induced losses. When the rotor is at rest 

interference fit is present between retaining ring and end ring results in initial compressive 

stress on the end connector and generates hoop stress at the retaining ring. When the motor 

is in operation or rotor is energized to speed, some of the initial interference is lost by 

retaining ring due to the centrifugal force. The tensile stresses are increased during this 

process and the initial compressive stress at the connector becomes less compressive. The 

increase in rotor speed transforms into a tensile hoop stress which less in the end connector 

at the full speed than it would be without the presence of retaining ring.[22,30,31,42,45].The 

retaining ring made of Orver material is shown in the figure 16. 
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Figure 16. Retaining ring 

 

2.3.5 Laminations 

If used for the rotor body, laminations must be magnetic with adequate load carrying 

capability. An insulation coating, applied with adequate load carrying capability. An 

insulation coating, applied to prevent induction of axial currents, keeps rotor body losses to 

a minimum. Typical low-speed motors utilize electrical steels such as ASTM-A-677. For 

higher speed machines, the strength requirements often exceed the properties of the available 

electrical grade steels, and higher strength alloy steels, with generally poorer permeability 

and loss properties, must be substituted. [22,30,31,42]. Figure 17 represesnts a example of a 

typical lanination. 

 

Figure 17. Lamination of the rotor  

 

2.4 Rotor forces and loading 

Squirrel cage rotor is assumed the secondary winding which is not connected to any 

electrical power source. The power in the rotor is obtained from induction for flux which is 
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produced the stator winding.  The flux is distributed sinusoidally and is rotating with respect 

to rotor itself. The power is obtained in the form of electromotive force (E.M.F) which is 

induced in each rotor bars. The amount and rate of flux density cutting the rotor bar which 

is also sinusoidal determine the magnitude of the electromotive force. The same number of 

poles are developed by the asymmetrical rotor. Torque is produced by the force exerted by 

the current of each bar and cause the rotation of the rotor at speed less than the synchronous 

speed of the stator winding. Synchronous speed also defined the slip. The difference between 

the synchronous speed and the rotor speed will determine the slip as shown in equation 1 

[6]. 
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      (1) 

 

𝑁𝑠 is the synchronous speed of the motor and 𝑁𝑟  𝑖𝑠  the speed of rotor when the rotor is at 

loading condition [6]. Figure 18 shows the forces acting on rotor structure. 

 

 

Figure 18. Rotor forces [6] 
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2.4.1 Speed 

Driving load determines the speed of an induction motor. The motor is slowed down by the 

slip when the load is increased in an induction machine. When the motor torque is equal to 

the load torque the speed of the motor settle at an equilibrium speed. The equilibrium 

condition is established when the required torque is delivered with just enough current [6]. 

 

Synchronous speed calculated by equation 2.   
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      (2) 

 

f refers to the line frequency and p refers to the no of poles.  

 

2.4.1 Starting current and power factor 

The starting current of a squirrel cage induction motor reaches 4-6 times than the rated load 

current when it is connected to full line voltage. It is 400-600 % larger than the rated current 

which refers that the relatively high-induced voltages are present which will cause heavy 

rotor current and at the instant of starting the resulting input current at the stator windings 

are high [6]. 

 

At low load and no load condition the power factor of and SCIM is poor. This poor condition 

of power factor appears due to the magnetizing component of input current which is a large 

part of the total input current of an induction motor. The power factor can be as low as 15 % 

lagging at no load conditions. When the loading increases the magnetizing component of 

current remains almost same but the current supply on the motor also increases which lead 

power factor to increase as much high as 85- 90 % lagging at the rated load. For an improved 

power factor, the motor should be loaded in which resultant line current is in phase with the 

voltage. In case of the unloaded motor, the magnetizing current is a major component of the 

input current. [6]. 
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2.5 Design constraints and design considerations 

Designing of high-speed rotors should solve the problems of mechanical stresses, losses, 

vibration levels, cooling restrictions and a maximum speed of the motor. The following 

parameters should be taken into consideration while designing a squirrel cage rotor.  

 

2.5.1 Centrifugal forces 

Designing of the rotor should overcome the centrifugal forces. As in some particular speed, 

stress are induced due to the centrifugal force. The stress can be minimized but can also 

reach to the point that can lead the deformation to be permanent or no longer irreversible. 

Good considerations needed to be taken while designing the rotor which can maintain the 

the stress below the irreversible point in every parts of the rotor structure. The rotor diameter 

has significant role to minimize the centrifugal forces. Following equations are used to 

estimate the diameter of rotors.[18,22] 

For solid rotors 
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Where, 𝜎𝑚𝑎𝑥  is the maximum allowed stress in the rotor,  𝜌  is density of the material, 

Poisson’s ratio is defined as  𝑣𝑝  Dr refers to inner rotor diameter and nr refers to the speed 

of rotor. 

 

2.5.2 Critical bending speed 

At critical speed, the rotational frequency of rotor coincides with the natural frequency of 

the rotor. The values of frequency of the first two critical vibration modes are low. The 

vibration of rotor is almost as the rigid body so the frequencies are referred as rigid body 

critical speeds and the remaining of the critical vibration modes are the bending modes.  
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The equation 5 shows the equation to determine the mode critical speed c  of the rotor 

which highly depends upon elasticity and density of the material as well as on the geometry.  
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 𝐸  is defined as Young’s modulus, lr is length of the rotor, I is inertia and S is the cross-

section of the rotor [18,22].  

 

2.5.3 Frictional losses 

Frictional losses should be considered while designing the rotor as it grows rapidly with 

respect to the function of the speed of the motor or rotor diameter. Equation 6 is used to 

estimate the losses [18,22] 

3 4
2

60 4

r r
f f f

n D
k C


 

   
    

   
   (6) 

 

 

Where, fk  is roughness coefficient and  𝐶𝑓 is the friction coefficient.  

 

2.5.4 Average flux density in air gap and ampere conductors per meter 

First, consider some factor such as power factor, iron loss, overload capacity, copper loss, 

voltage and temperature rise. Number of turns per phase is large there is the presence of a 

large value of ampere conductors. Leakage reactance would be high due to large ampere 

conductors. If the value of ac is higher, the overload capacity is higher as well and use of 

higher ac means the amount of copper being used is higher. For high voltage machines, the 

value of ac used is small and the insulation in those cases need to be larger [46,47].  

 

2.5.5  Length of air gap  

Considers factors like power factor, overload capacity, pulsation loss, unbalanced magnetic 

pull, cooling and noise. The overload capacity of an induction motor is defined as the ratio 

of maximum output to the rated output of the motor. There is the direct relationship between 
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the air gap length & overload capacity, i.e. greater is the air gap length, greater will be the 

overload capacity and vice-versa. For minimizing unbalance magnetic pull, pulsation loss 

and noise and for better cooling the air gap length should be large. The only limitation in 

increasing the air gap length leads to the poor power factor of the machine. Length of air gap 

is given by [46,47] 

 

0.2 2 ( )ag s sL D L      (7) 

 

2.5.6 Choice of rotor slots  

The number and shape of rotor slots in SCIM is considered to be important design 

consideration and while designing an induction machine a high attention is given for 

choosing the most suitable option. The difference between the number of stator slots and 

rotor slots should not be O, ±p, ±2p, ±3p, ±5p, ± 1, ±2, ± (p+ 1), ± (p+ 2) to avoid the 

synchronous cusps, cogging, crawling, voltage ripple, vibration and noise. It is important to 

avoid values of rotor slots exceeding stator slots by about 15-30. The harmonic torques can 

be minimized by chording, integral slot winding, skewing and increase in air gap length. For 

this purpose, chorded winding with an integral number of slots per pole per phase are used. 

Harmonic torque decreases on the increase in the length of the air gap. 

 

Closed or semi-closed slots are primarily used in the squirrel cage induction motor. For small 

size machines closed slots are preferred as due to the absence of slot openings and the air 

gap length is not large. So, for large machines, there is need of larger air gap and better 

overload capacity which can be gained using the semi-closed slot. Considering the size, 

rectangular shaped bars and slot are more often preferred compared to the circular shaped 

bars and slots. Insulation between rotor core and bar is not needed in semi-closed slot 

[46,47]. 

 

2.5.7 Area of rotor bars and end rings 

The performance of SCIM is influenced by the rotor resistance. The advantage of having 

higher resistance is having high starting torque but it also has a negative impact of losing the 

I2R, which will lead to lower the efficiency at the running condition. Rotor resistance is 

dependent upon the current density used for the rotor conductors and the conductor and end 
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ring area are dependent upon the current density. When there is need for higher current 

density then the area of end rings and rotor bar are lower and vice versa  [46,47] 

The value of current density chosen for the end rings should be such that the desired value 

of rotor resistance is obtained. Design of end rings with the presence of better ventilation or 

air gap is better it results in the higher value of current density in rotor bars. That is why 

when a rotor is designed with a high value of current density can give better starting torque 

but the efficiency is always lower of the machine [46,47]. 
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3 MODELING AND FINITE ELEMENT ANALYSIS 

 

 

This section includes two different designs of the active part of the rotor along with design 

aspects, design considerations and design parameters. In the later section, the brief 

description of simulation process steps in ANSYS form simulation setup to final simulation 

is given. 

 

3.1 Design of rotor active parts 

The 3D model of the rotor is done by using 3D modeling software SolidWorks. Two designs 

with different parameters are designed and only the active part of the rotor is taken for further 

simulation process and investigation of the results. Figure 19 represents the designs of the 

active part of the rotor figure 20 represents the drawing of the required dimensions of the 

copper bar which is listed in the table below. 

 

 

      

Figure 19. Active parts of rotors design 1 (left) and design 2 (right) 

 

Figure 20. Drawing representing the dimensions of the copper bar 
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Table 1 presents the dimensions of the active part of two designs taken from used for 

designing the 3D model. 

 

Table 1. Parameters of designs 

Parameter Value design 1 Value design 2 

Outer diameter of shaft [mm] 175 248.5 

Inner diameter of shaft [mm] 120 148 

Length of active part(L) [mm] 265 598 

Number of rotor bars 22 22 

Height of copper bar (H) ( mm) 15 26 

Width of base (W2) (mm) 12 12 

Width of Top (W1) (mm) 8 8 

 

According to Pyrhonen et al. [48] design process of the induction motor is an iterative 

process. The designing of the active part of the SCR also follows the same guidelines. 

Several steps are involved in the designing of the rotor. For designing only the active part of 

rotor three steps are considered sufficient which is represented by the flowchart shown in 

figure 21.  

 

 

Figure 21. Design flow chart for active part of rotor 
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3.2 Simulation setup for FEA  

Simulation is carried out in several steps. ANSYS workbench 3D finite element analysis 

software is used for the simulation of the rotor active part. Simulating of the whole rotor is 

inappropriate, as the simulation time is considerably high. Increasing in mesh size is not also 

appropriate as the accuracy of the result is not obtained. The rotor structure is symmetric so, 

1/24 part of the rotor structure is used for the investigation. The section is equal to the 15-

degree section of the rotor. Figure 22 represents the simulation steps for the static structural 

analysis of the rotor structure. Number 1-7 are the steps needed for the final simulation 

results. 

 

 

Figure 22. Simulation steps 

 

Figure 23 represents the 15-degree sections of the active parts. The shaft length of design 

one is 155mm and of design two is 178mm.  
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Figure 23. Sections of active part of design 1left and design 2 right 

 

3.2.1 Material properties 

Material properties play a significant role in the mechanical and thermal strength of the rotor 

so, the material selection for the rotor components are done according to the requirements. 

After sectioning of the whole rotor model the sectioned-assembly is imported in ANSYS 

and the material for the individual components shaft, rotor bar and end ring are given. Table 

2 represents the material properties assigned to the individual components. The material 

4CRMn16-4 is alloyed steel “Imacro EL700” and “CuCrZr” is the alloyed copper material. 

 

Table 2. Material properties for design 1 and design 2 

Rotor Part Material 

Elastic 

Modulus 

(GPa) 

Poisson's 

Ratio 

Mass 

Density 

(kg/m^3) 

Yield 

strength 

(MPa) 

Shaft 4CRMn16-4 210 0.3 7800 700 

Rotor bar CuCrZr 185 0.28 8900 350 

End ring CuCrZr 185 0.28 8900 350 

 

3.2.2 Coordinate system 

The coordinate system in ANSYS resides in a model tree between geometry and 

connections. The coordinate system is defined so that it is available with any object that can 
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use a coordinate system. The global coordinate system is the default system which is seen 

when the model is imported in ANSYS. The global coordinate system is Cartesian, which 

has an ID 0, and the position is (0, 0, 0) which is unchangeable [49]. In this simulation, the 

cylindrical coordinate system is assigned which is shown in 24.  

 

Figure 24. Cylindrical coordinate system 

 

The cylindrical coordinate system results in the coordinate system where Z defines the 

rotational axis, Y defines the tangential axis and X is the radial direction.  

 

3.2.3 Surface contacts 

Two surfaces are said to be in contact when the surfaces are touching each other which in 

other words called being mutually tangent. The surfaces in contacts have characteristics such 

as no interpenetration, possible compressive normal forces and tangential friction and no 

transmission of tensile normal forces [50]. Table 3 represents types of surface contacts and 

its properties. 
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Table 3. Types of contact and properties [49] 

Contact Gap (open/close) Allowed sliding 

Bonded No No 

Rough Yes No 

No separation No Yes 

Frictionless Yes Yes 

Frictional Yes 
Yes, if 

Fsliding>Ffriction 

 

Bonded, no separation and frictional contact types are taken for the initial simulation. Rough 

and frictionless contacts are avoided their properties are not suitable for the surface contact 

of active part components. The study of properties of the defined contacts mentioned below. 

 

1. Bonded contact  

In bonded contact, the target surface and contact surface are attached as they are 

acting as a single part which means no sliding and translational movement occurs 

throughout the analysis. For initial analysis, bonded contact is used as the means of 

connections between rotor body, end ring and copper bar [50]. The example of the 

bonded contact is shown in figure 25 where all the connections between the parts A 

and B are bonded and the structure is behaving as a single part. 

 

Figure 25. Bonded contact between bodies A and B                    

 

2.  No-separation contact 

No separation contact is almost identical to bonded contact. The only difference is 

that the target and contact surface are tied up but for the rest of the analysis they does 

not behave to be a single component. The nodes in contact are bonded to the target 

surface in normal direction but the sliding movement is still possible [50]. Figure 26 
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represents the no-separation contact. For initial analysis, this contact is also used as 

the means of connections between rotor body, end ring and copper bar.  

 

Figure 26. No separation contact between bodies A and B 

  

3. Frictional contact: 

When of frictional contact is present between two surfaces the sliding of the contact 

body on the target surface is possible in the tangential direction and translation is in 

the normal direction. The coefficient of friction is an input for the frictional contact 

[50]. In the initial simulation, frictional contact with 0,15 mm friction coefficient is 

used between rotor body, end ring and copper bar. Figure 27 represents the frictional 

conatct contact between bodies A and B. 

 

 

 

 

 

 

 

Figure 27. Frictional contact between bodies A and B 

 

4. The combination of bonded and frictional contacts between the surfaces was 

simulated in at initial simulation. In multiple contacts, all the contact surfaces 

are bonded but the connection between end ring and shaft was given as 

frictional contact with 0.15 mm friction coefficient. Figure 28 represents the 

frictional contact given to the active part. Colors can distinguish the contact 

body and the target body in ANSYS. The red surface is the contact body and 
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the blue surface is the target body. The red surface of end ring contact body and 

blue surface of the shaft  target body are with frictional contact between them.  

 

Figure 28. Contact body left and target body right 

 

3.2.4 Meshing Details 

In ANSYS Workbench meshing is defined as dividing the surfaces into a number of small 

elements which is known as finite elements. As there are a number of parts in the assembly 

they needed to be in small pieces or elements for obtaining more accurate results, meshing 

is done. Figure 29 represents a finite element mesh model. In the meshing, size function is 

defined by proximity and curvature with fine mesh option. The number of cells across the 

gap is 5 and the maximum face size is given as 2 mm. The elements are taken as tetrahedral 

elements for meshing the model. The mesh on the contact regions is refined by using mesh 

refinement options as the main goal of the research is determining the stresses in the contact 

regions.  
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Figure 29. FEA mesh model for the rotor  

 

3.2.5 Constraints 

The boundary conditions or constraints in ANSYS are introduced by choosing for a static 

structural mode for the simulation. The constraints defined for the simulation are rotational 

velocity and displacements. The constraints for design one and design two are kept same for 

whole simulation process. The constraints are defined using the cylindrical coordinate 

system as the reference coordinate system. The constraints for the analysis are 

 

• The rotation speed of 22000 rpm is used (design 1). 

• The rotation speed of 12000 rpm is used (design 2). 

• Displacement is defined by restricting the movement in tangential direction 

(Cyclic symmetry). 

• Constraint 2, Displacement 2 is defined by restricting the movement in axial 

direction (Axial symmetry) 

 

Figure 30 represents the rotational velocity defined as the constraint taking the cylindrical 

coordinate system as the reference coordinate system. 
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Figure 30. Rotational velocity  

 

Figure 31 represents displacement constraint given to the active part by restricting the 

displacement in tangential direction considering the cyclic symmetry. 

 

 

Figure 31. Displacement constraint 1 

 

Figure 32 represents displacement constraint given to the structure by restricting the 

displacement in axial direction considering the axial symmetry. 
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Figure 32. Displacement constraints in axial symmetry 

 

3.2.6 Required solution output 

For investigating the mechanical strength of the rotor, the stresses and deformation at the 

rotor parts are selected to be the solution outputs. Equivalent Von-Mises stresses and the 

total deformation at each rotor components.  

 

3.3 Thermal analysis 

In this work, thermal analysis is carried out for design two to investigate the effect of 

temperature variation on the rotor parts. The stresses and deformation are observed in 

different thermal conditions. The different thermal conditions are the inputs for the 

simulation. Rotor temperature increases with respect to the thermal stress and thermal 

properties of the actual case. The deformation in the material depends on thermal 

conductivity and coefficient of linear expansion of the defined material. Broadly 

deformation can be calculated by the formula of deformation mentioned as equation 2. 

 

d a L D       (8) 

 

d is defined as total deformation in mm, a is the coefficient of thermal expansion L is the 

nominal length of the part being heated (diameter for a cylinder in mm) and D is the 

temperature (˚C). The deformation occurs due to the expansion of the metals with an increase 

in temperature. The deformation may lead the breakage of conducting bar and end ring. The 
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radial and tangential stresses increase with respect to the increase in temperature. The 

deformation is also higher at higher temperature.  

 

3.4 Modification of the rotor parts 

After each simulation results the modification of the rotor parts was carried out as an iterative 

process. Slight changes in the edges of the contact region were mostly done for the 

modification of the geometry of the components. For design one, 0.5 mm fillets on the shaft, 

end ring as well as in a copper bar in dimensions and are made to the rotor parts. Likewise, 

in design two retaining ring was added to the rotor structure and the simulation was carried 

out in different phases.  

 

3.4.1 Design one with fillets 

For the design one, 0.5 mm of fillets are designed at the edges of the contact regions of the 

shaft, end ring and copper bar. The fillets on the edges of the shaft are shown pointed by the 

black arrow in figure 33 end ring in figure 34 and in copper bar in figure 35. 

 

 

Figure 33. Fillets at the edges of shaft 
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Figure 34. Fillets at the edges of End ring 

 

 

Figure 35. Fillets at the edges of copper bar  

 

The material for the end ring and copper bar are kept unchanged but for the shaft, the material 

4CRMn16-4 is replaced by S355 steel. The modified material properties can be seen in table 

4.  

 

Table 4. Material properties 

Rotor Part Material 

Elastic 

Modulus 

(GPa) 

Poisson's 

Ratio 

Density 

(kg/m^3) 

Yield 

strength 

(MPa) 

Shaft S355 210 0.3 7850 295 

Rotor bar and endring CuCrZr 185 0.28 7650 350 

 

Two different rotational velocity of 22000 rpm and other is 25300 rpm were used for design 

one and velocity of 12000 rpm and 13800 rpm were used in different simulation phases. 
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3.4.2 Design two with retaining ring 

After initial analysis, retaining ring was designed as the modification of the rotor active part. 

In order to assemble retaining ring with end ring modifications of copper bars were also 

needed to be done. Figure 36 represents the 3D model of the rotor with retaining ring. The 

retaining ring was placed on the end ring. The thickness of the end ring is 14.25 mm and the 

length in the axial direction is 30 mm.  

 

Figure 36. Rotor with retaining ring. 

 

Figure 37 represents the modified structure of the rotor bar. Some length of rotor bar was 

removed so that retaining ring and end ring can be assembled. 30mm length of rotor bar from 

the end ring contact region was removed then the retaining ring was assembled.  

 

 

Figure 37. Modified copper bar 
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Table 5 represents the mechanical properties of Orvar material. The properties are listed at 

room temperature and 400 ˚C. The material properties at 400 ˚C are taken to analyze the 

stresses at an ultimate high temperature just to ensure if the retaining ring is strong enough 

to withhold the stress or fly away from the contact surface. The material property for the 

Orvar at 22˚C and 400 ˚C are different in case of elastic modulus, mass density but yield 

strength remains constant. The simulation was carried out to determine the effects of the 

temperature rise so that we can investigate the temperature effect in the retaining ring.  

 

Table 5. Retaining ring material properties at room temperature and 400 ˚C 

Rotor Part Material 

Elastic 

Modulus 

(GPa) 

Poisson's 

Ratio 

(N/A) 

Mass 

Density 

(kg/m^3) 

Yield 

strength 

(MPa) 

Retaining ring( 22˚C) Orvar 210 0.3 7800 1520 

Retaining ring (400 ˚C) Orvar 180 0.3 7700 1520 

 

 

Figure 38. Section of rotor with retaining ring with contact with end ring 

 

3.5 Brazing sensitivity analysis  

The manufacturing process is not always perfect. There might occur some manufacturing 

error. The errors can be caused by various factors that may result in the rotor failures. One 

of the error can be during the brazing of the rotor components. The simulation is carried out 
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to investigate the effect of defective brazing condition. The brazed area or bonded region 

between end ring and the shaft is used as the contact region for simulation. Figure 39 

represents the brazing defective region where half of the surface contact region between of 

end ring and the shaft is fully brazed (bonded) and the half region is without any kind of 

contact any kind of contact. The simulation procedure is same described above but the 

rotational velocity is taken as 22000 rpm same as the design and the material for the shaft is 

Imacro EL700. 

 

 

Figure 39. Contacts between end ring and shaft 
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4 RESULTS AND ANALYSIS 

 

 

This chapter includes the simulation results done in this research work. The simulation 

results are presented in the forms of tables and illustrated figures. The results are divided in 

two sections for two different designs. Results for design one are described in section 4.1 

and the results of design two are described in section 4.2. The analysis of the investigation 

of the simulation results are also presented in each section respectively. The simulation 

results are listed in a sequence from initial analysis to final analysis results. 

  

4.1 Simulation results of design 1 

For investigation mechanical stress of design one, the simulation was carried out initially 

with four different surface contacts between rotor bar, end ring and shaft then the simulation 

is followed with further modifications. 

 

4.1.1 Initial simulation 

Initial simulation refers to the simulation carried out with four different types of contacts 

bonded, no separation, frictional and multiple (frictional contact between shaft and end ring 

and bonded in all remaining surfaces) contacts 22000 rpm rotational velocity.  Table 6 

represents the results for initial simulation.   

 

Table 6. Simulation results with different contacts at room temperature 

 

Contacts 

Max. Equivalent Von Mises 

stress(MPa) 
Deformation (mm) 

End ring Rotor bar Shaft End ring Rotor bar shaft 

Bonded 66.49 50.16 132.13 0.041 0.041 0.041 

No-Separation 98.88 90.81 244.23 0.042 0.047 0.041 

Frictional 330.34 259.93 1654.8 0.192 0.308 0.187 

Multiple 287.02 242.05 622.94 0.073 0.078 0.078 

 

The results presented shows the maximum equivalent Von Mises stress and total 

deformation at all rotor components.  It is seen that the stress on individual components in 

case of bonded and no-separation contact are under the yield strength of the material of the 
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components. For frictional and multiple contacts, the stresses at end ring and rotor bar are 

near to the yield stress of them for shaft it is much higher than the yield strength of the shaft 

material. The deformation for frictional contact is the most among other surface contacts. 

 

The results obtained from the initial simulation concludes that the bonded contact is most 

suitable contact type in that design case. For frictional and multiple surface contacts the 

stress at shaft it is maximum than the yield strength of the shaft material.  The reason behind 

is due to the stress concentration in the shaft because of critical bending stress caused by the 

vibration due to the presence of frictional contact between shaft and end ring. The frictional 

contact can have both sliding and translation that can be the cause of vibration resulting 

critical bending speed.  

 

4.1.2 Simulation 2 (with fillets and chamfers) 

After initial analysis, some changes in the rotor components was done. The simulation results 

carried out applying 0.5 chamfers and 1 mm fillets on the edges at 22000 rpm rotational 

velocity of the rotor components are shown in table 7. 

 

Table 7. Simulation results with chamfers and fillets at room temperature  

 

Contacts 

Max. Equivalent Von Mises 

stress(MPa) 
Deformation (mm) 

End ring Rotor bar Shaft End ring Rotor bar shaft 

Bonded 66.87 54.43 196.82 0.041 0.041 0.041 

No-Separation 98.67 91.21 510.23 0.042 0.047 0.041 

Frictional 283-34 278.83 954.36 0.149 0.262 0.140 

Multiple 311.99 239.02 638.41 0.049 0.047 0.048 

 

 

From table 7, simulation results with 0.5 chamfers and 1 mm fillets favor bonded contacts 

over the bonded, no separation, frictional and multiple (frictional contact between shaft and 

end ring and bonded in all remaining surfaces) as only bonded contact yield the stresses 

which are  under yield strength limit. The stresses generated due to contacts regions seems 

to be high than compared to the initial analysis. The stresses in other contacts are higher due 
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to the penetration of the fillets and chamfers in the contact regions. Because of the sharp 

edges, the penetration is seen clearly in the simulation. 

 

4.1.1 Simulation with shaft of S355 material  

After initial simulation and simulation with fillets and chamfers, the contact type no-

separation, frictional and multiple are excluded and only bonded and the combination of 

bonded and frictional contact is used for simulation. The material of shaft is modified from 

4CRMn16-4 to structural steel S355. Table 8 represents the simulation results modifying the 

shaft and with bonded contact and combination of bonded and frictional (frictional contact 

between end ring and shaft and all other surface contact bonded) contacts only at 22000 rpm 

rotational velocity.  

 

Table 8. Simulation results without fillets at room temperature  

 

Figure 40 represents the simulation models from ANSYS. From the results, the stresses 

generated due to the bonded contacts are under the yield stress of the material but in case of 

a combination of bonded and frictional surface contact much higher than the yield strength 

of the material used. It can be seen in figure a, b and c where the red color in the model 

determines the highest generated stress that seems to be present in their contact regions. 

 

The modification of shaft material from 4CRMn16-4 to structural steel S355 has no adverse 

effect with bonded contact but in case of a combination of bonded and frictional contact, the 

stresses are higher than the yield strength of the S355. It is due to the role of material 

properties in the mechanical strength of the component. The modification of shaft to S355 

material not suitable for the idea. The material of more strength is needed in this contact 

case.   

 

Contacts 

Max. Equivalent Von Mises 

stress (MPa) 
Deformation (mm) 

End ring Rotor bar Shaft End ring Rotor bar shaft 

Bonded 67.24 57.44 131.46 0.039 0.041 0.041 

Frictional and 

bonded 
715.80 313.08 1468 0.116 0.116 0.144 
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(a) 

 

            (b)                                                                             (c) 

Figure 40.  Equivalent stress at end ring (a), copper bar (b) and shaft (c) for frictional 

contact 

 

4.1.2 Simulation with S355 with fillets  

After the simulation of the rotor with S355 shaft at 22000 rpm rotational velocity, the 

simulation is carried out again with fillets in the edges of the contact region where there were 
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penetrations. Table 9 represents the simulation results with the S355 shaft and 0.5 mm fillets 

at the edges of the contact regions. 

 

Table 9. Simulation results with fillets at room temperature 

 

Contacts 

Max Equivalent stress 

in contacts (MPa) 
Max Deformation(mm) 

End 

Ring 

Copper 

Bar 

Shaft 

body 

End 

Ring 

Copper 

Bar 

Shaft 

body 

Bonded 68.07 62.46 191.68 0.0391 0.0389 0.041 

Frictional and bonded 241.49 322.58 313.89 0.039 0.037 0.036 

 

Figure 41 represents the simulation figures of the equivalent stresses generated at the 

individual components. Red colour in the figures represents the maximum stress. The 

stresses generated at copper bar, end ring and shaft are all under the yield strength of the 

defined material for both cases. In case of  combination of bonded and frictional contact, the 

equivalent stresses are very near to the yield strength of the defined material.  

 

The simulation results with S355 shaft and and 0.5 mm fillets at the edges of the contact 

regions between shaft, end ring and copper bar clear that the equivalent stresses generated 

at the individual components are acceptable although the stresses seem to be maximum at 

some points which are seen as red color. The stresses generated at copper bar, end ring and 

shaft are all under the yield strength of the defined material for both cases and the highest 

stresses are local at some elements than some concentrated region. The modification of 

components with 0.5 mm fillets is very good option to minimize the penetration resulting in 

the removal of generated stress. Combination of bonded and frictional contact have 

equivalent stresses are very near to the yield strength of the defined material which suggests 

either to modify the individual component material with better yield strength or to avoid the 

contact type. 
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(a) 

 

   (b) 
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(c) 

Figure 41. Equivalent stress at end ring (a), copper bar (b) and shaft (c)  

 

4.1.3 Final simulation for design one 

The final simulation for design one with 0.5 mm fillets at the edges of the conducting bar, 

shaft and end ring with bonded contact and with 22000 rpm and 25300 rpm rotational 

velocity investigated to obtain the final results. The structural stresses generated on the 

individual parts are listed in table 10. 

 

Table 10. Simulation results with fillets and bonded contact at room temperature 

 

RPM 

Max.equivalent Von Mises stress 

(MPa) 
Total deformation (mm) 

End ring Copper bar Shaft End ring Copper bar Shaft 

22000 38.61 75.87 135.06 0.0211 0.0213 0.0211 

25300 47.33 97.53 188.54 0.0281 0.0283 0.0281 

 

Figure 42 represents the stress generated by the components at 22000 rpm rotational speed. 

The area rounded by red circle is the maximum stress and. The maximum Von Mises stress 

at each rotor part is under the yield stress of the material defines under both conditions of 

22000 RPM and 25300 RPM. The simulation results evidence the need for optimization of 

components to achieve the best possible solution for high-speed squirrel cage rotor. Bonded 
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contact is the most suitable contact while designing the contact on active parts of squirrel 

cage rotor. 

 

 

 

 

 

(a) 

 

 

(b) 

  

 



56 

 

 

 

(c) 

 

Figure 42. Equivalent stress at end ring (a), copper bar (b) and shaft (c) at 22000-RPM 

rotational speed 

 

Figure 43 represents the maximum total deformation caused by the loading condition 

mentioned above. The maximum deformation seems to be minimal for the rotor components. 
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(a) 

 

 

(b) 

 

                  (c) 

 

Figure 43. Total deformation at end ring (a), copper bar (b) and shaft (c) at 22000 rpm 

rotational speed 
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4.2 Simulation results of second design  

For second design, the initial simulation was carried out initially with different types of 

contacts. Bonded, no separation, frictional and multiple (frictional contact between shaft and 

end ring and bonded in all remaining surfaces) are defined surface contacts. The initial 

simulation was carried out with 12000 rpm and 13800 rpm rotational speed. Table 11 

represents the results of simulation of design two with 12000-rpm rotational speed. 

 

Table 11. Simulation with different contacts at room temperature  

 

Contacts 

Max. Equivalent Von Mises 

stress(MPa) 
Deformation (mm) 

End ring Rotor bar Shaft End ring Rotor bar shaft 

Bonded 113.10 87.99 349.05 0.0371 0.0368 0.0356 

No-Separation 129.61 146.43 539.90 0.0391 0.0469 0.0339 

Frictional 640.64 178.52 629.84 0.2390 0.5657 0.2234 

Multiple 245.34 309.15 475.52 0.0792 0.0818 0.0818 

 

Table 12 represents the results based on the only difference of rotational speed than table 11 

simulation results. 

 

Table 12. Simulation with different contacts at room temperature 

 

Contacts 

Max. Equivalent Von Mises 

stress(MPa) 
Deformation (mm) 

End ring Rotor bar Shaft End ring Rotor bar shaft 

Bonded 149.57 116.37 461.62 0.0491 0.0486 0.0471 

No-Separation 152.11 171.85 633.63 0.0459 0.0551 0.0398 

Frictional 847.96 234.44 835.33 0.3165 0.7508 0.2960 

Multiple 319.68 414.87 633.63 0.1044 0.1078 0.1079 

 

For both simulations, the equivalent stresses on the individual rotor components are 

comparatively higher compared to the yield strength of the assigned individual materials. 

The maximum deformation also seems to be higher. For this design, the results from the 

initial simulation give the clear view of the importance of the retaining ring. It is due to the 

design and area of the end ring and shaft. As from the literature, rotor resistance is dependent 
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upon the current density and current density is dependent upon the area of bars and end rings. 

Presence of better ventilation or air gap form the end ring structure benefits in the efficiency 

or the rotor but in this case, the end ring is unable to withhold the loading condition of 12000 

rpm and 13800 rpm rotational speed. 

 

4.2.1 Simulation at 22 ˚C and 200 ˚C 

The simulation of the rotor without retaining ring at different temperature performed here. 

Table 13 shows the results based different working temperature with two different contact 

type bonded contact and combination of bonded and frictional (frictional contact between 

shaft and end ring). 

 

Table 13. Analysis without retaining ring at 12000 rpm rotational speed 

Contacts 

Max. Equivalent Von 

Mises stress (MPa) 
Max Deformation(mm) 

End 

ring 

Rotor 

bar 
Shaft 

End 

ring 

Rotor 

bar 
shaft 

Bonded(22 ˚C) 111.01 92.09 320.10 0.035 0.035 0.035 

Bonded (200 ˚C) 326.11 416.6 759.10 0.504 0.518 0.518 

Frictional and 

bonded (22 ˚C) 
153.69 113.09 194.87 0.041 0.044 0.044 

Frictional and 

bonded(200 ˚C) 
291.19 340.70 682.09 0.508 0.523 0.523 

 

From the results, it is seen that with bonded contact and retaining ring at 22˚C, the equivalent 

stress generated at end ring and copper bar is quite low compared to the yield strength of the 

material but in case of the shaft it seems very close but still under the yield strength. 

However, in the case at 200˚C, the stresses generated at copper bar, end ring and shaft are 

over the yield strength of the defined material. Thus, the bonded contact is not a suitable 

solution at 200˚C. 

 

 For the case with the combination of bonded and frictional contact at 22˚C, the equivalent 

stresses are under the yield strength of the defined material. Thus, the defined contact is a 

suitable solution but in case of 200˚C are over the yield strength of the defined material. 
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The simulation of the rotor without retaining ring with bonded as well as combination of 

bonded and frictional contact at 22˚C is reasonable but in case of 200˚C, the thermal stress 

generated at the contact region has an adverse effect on the shaft. The stress at the shaft is 

over the yield limit that is responsible for the failure of the rotor. Rotor material with high 

thermal conductivity should be chosen to avoid the machine breakdown and failure of 

squirrel cage rotor. 

 

4.2.2 Final simulation for design two 

The simulation of the rotor with retaining ring at a different temperature of 22˚C and 400˚C 

is carried out and the results are shown in table 14.  

 

Table 14. Analysis with retaining ring at 12000 rpm rotational speed  

Contacts 

Max Equivalent stress in contacts 

(MPa) 
Max Deformation(mm) 

End 

Ring 

Copper 

Bar 
Shaft 

Retaining 

ring 

End 

Ring 

Copper 

Bar 
Shaft 

Retaining 

ring 

Bonded  

(22˚C) 
103.12 90.26 264.15 155.82 0.020 0.020 0.021 0.020 

Bonded 

(400˚C) 
543.91 574.41 1030.5 753.91 0.160 0.155 0.157 0.148 

Frictional and 

bonded (22 ˚C) 
177.64 167.53 230.02 141.80 0.047 0.044 0.042 0.042 

Frictional and 

bonded (400˚) 
543.91 574.41 1030.5 753.06 0.160 0.155 0.157 0.148 

 

Figure 44 represents the generated stress at the shaft. The area rounded by red circle is the 

maximum stress. The maximum stress at 22˚C is at the sharp edge of the shaft where the shaft 

and copper bar are connected by the surface contact but in the case at 400˚C it is at one point. 

 

The final simulation of the second design with retaining ring around the diameter of end ring 

is the best option for the rotor. The use of retaining ring for providing required support and 

rigidity to the rotor structure was successful. When the motor was in operation at 12000 rpm 

rotational the produced centrifugal forces was not higher to induce the irreversible 

deformation. The retaining ring provided enough strength to overcome the mechanical and 

thermal stress generated in the rotor. Only in case of 400˚C, the stress at shaft is much higher. 

As the working environment will not reach to that extend there is no need to worry about the 
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structural stability of the rotor. The modification of shaft material is an alternative solution form the 

design aspect view. 

 

 

   

 

                                       (a)                 (b) 

Figure 44. Equivalent stress at shaft body for 22˚C (a) and 400 ˚C (b) with bonded contact 

 

Figure 45 represents the generated stress at end ring. The area rounded by red circle is the 

maximum stress.  

 

 

Figure 45. Equivalent stress at end ring for 22˚C (a) and 400 ˚C (b) with bonded contact 

 

Figure 46 represents the generated stress at the rotor bar. The area rounded by red circle is 

the maximum stress. The maximum stress at 22˚C and 400 ˚C is at the removed area of the 

rotor bar. 
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Figure 46. Equivalent stress at rotor bar for 22˚C (a) and 400 ˚C (b) with bonded contact 

 

Figure 47 represents the generated stress at the retaining ring at 400˚C. The maximum stress 

at 22˚C and at 400˚C is nowhere near the yield strength of the retaining ring material. 

 

 

Figure 47. Equivalent stress at retaining ring for 22˚C (a) and 400 ˚C (b) with bonded 

contact 

 

Figure 48  represents the total deformation of end ring at 400˚C. The deformation at 22˚C is 

negligible but at 400˚Cdeformation seems to be much higher compared to deformation at 22˚C. 

The deformation at 400 ˚C is large compared to 22˚C it is due to the thermal stress induced by 

the temperature. The deformation occurs due to the expansion of the metals with the increase 

in temperature. To reduce deformation the material with higher thermal conductivity and 

coefficient of linear expansion can used to replace the current material.  
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Figure 28.Total deformation at end ring for 22˚C left and 400 ˚C right with frictional and 

bonded contact 

 

Figure 49 represents the total deformation of rotor bar. The deformation at 22˚C is negligible 

but at 400˚C deformation seems to be much higher compared to deformation at 22˚C. The 

expansion of copper alloy had produces the deformation. Copper alloy with higher thermal 

conductivity and coefficient of linear expansion can used to replace the current CuCrZr 

material. 

 

 

 

Figure 49. Total deformation at rotor bar for 22˚C left and 400 ˚C right with frictional and 

bonded contact 
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Figure 50 represents the total deformation at retaining ring. Deformation 400˚C deformation 

higher compared to deformation at 22˚C. The can be neglected as it is minimum at that high 

temperature. The working environment is not possible to rise to 400˚C at any extent. So, the retaining 

ring is suitable considering mechanical aspect. 

 

Figure 50. Total deformation at retaining ring for 22˚C left and 400 ˚C right  with 

frictional and bonded contact 

 

4.3 Sensitivity analysis of brazing error 

The simulation results of brazing sensitivity are shown in table 15. The simulation results 

are based on discontinuity of brazing of the end ring and the shaft contact region at 22000 

rpm rotational speed.  

 

Table 15. Results of sensitivity analysis at room temperature 

Speed 

(RPM) 

Max.equivalent Von Mises 

stress (MPa) 
Total deformation (mm) 

End ring Rotor bar Shaft End ring Rotor bar Shaft 

22000 306.93 96.63 228.12 0.026 0.024 0.024 

 

Figure 51 and 52 represents the equivalent stress and deformation respectively of sensitivity 

analysis of brazing error. The sensitivity analysis of brazing concludes the need for perfect 

brazing in surface contact between shaft and end ring. The results depict the stresses are 

under the yield strength of the material of the rotor parts, but the structural rigidity is in 

question. From stresses and deformation, evidence it seems the end ring can be torn out from 

the area of no brazing region.  
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   (a) 

 

   (b) 

Figure 51. Equivalent stress at end ring (a) and shaft (b)  
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(a) 

 

(b) 

Figure 52. Total deformation at end ring (a) and shaft (b) 
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5 CONCLUSION 

 

 

This main aim of this master’s thesis was to study the mechanical design aspect of  squirrel 

cage rotor. The active part of the squirrel cage rotor was studied with the help of qualitative 

and quantitative information obtained from the simulation results at various parameters using 

finite element analysis approach. The simulation results provided the qualitative information 

about the mechanical and thermal stresses produced during the loading conditions. The 

information acquired from the literature reviews, previous research articles provided the 

quantitative information such as design aspects, basic design rules, design considerations 

and the squirrel cage rotor.   

 

Simulation of two different designs of rotor model designed in SolidWorks was done for the 

investigation of mechanical stresses in the rotor structure. The designs were investigated to 

determine the role of the design aspects and considerations in the designing of the rotor 

structure. Simulation process started by utilizing one section of the rotor from the active part 

assembly. Due to symmetrical nature of rotor, 1/24 (15degree) section was taken for 

simulation. The reason behind it to reduce the simulation time was successfully achieved. 

Several simulations were carried out in short period of time. Different rotational speeds were 

used as loading condition for the simulation work. ANSYS workbench was used as FEA 

tool for simulation and investigation of the results.  

 

Different surface contacts were assigned for different simulations. After each simulation, the 

results were investigated to determine the stresses and deformation at different surface 

contacts. The results and the observation suggested which contact type is the most suitable 

for the design. After analysis made on each simulation, further simulations were carried out 

modifications of rotor components. From the results achieved it was seen that the bonded 

contact which is also known as perfect brazing is the most suitable contact type between the 

rotor components as the generated stress and the deformation are low than compared to other 

types of surface contacts and seems to be suitable for all the rotor simulations carried out. 

Due to manufacturing error brazing can be uneven or with some defect which is also 

discussed and investigated. The results seem to be acceptable but the tearing of end ring can 

be possible.  
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The modification or optimization of the rotor parts by using 0.5 mm fillets in the shaft and 

rotor bar is found to be a possible option to reduce the generating stress by minimizing the 

deep penetration that occurs between the edges of the components. This determines the 

design aspects and consideration for the manufacturing of rotor active parts. The size of rotor 

bars end rings and shaft all have some effect on the performance of the motor. 

 

The importance of retaining ring in the active part of the rotor is determined. From the 

simulation of second design, in high-speed application and high temperature the retaining 

ring is needed to overcome the stress generating in the end ring to avoid the breakage of the 

end ring from the rotor structure. The material for the components also needs to be chosen 

by taking account the thermal condition of the motor operation. And for further research on 

the rotor active parts, different materials with good conductivity and strength than copper 

alloy can be used. More analysis of different designs, with different modifications on the 

components as well as other rotor types of squirrel cage can also be done  for the betterment 

of performance of squirrel cage induction motor 
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APPENDIX 1: Simulation Figures for bonded contact for second design 
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 Simulation figures for bonded contacts 

 

 

Figure 1. Equivalent stress  

 

Figure 2. Equivalent stress in end ring  

 

 

 

Figure 3. Equivalent stress in copper bar 
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Figure 4. Total deformation on shaft  

 

Figure 5. Total deformation in end ring  

 

 

Figure 6. Total deformation in copper bar in  
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Simulation with no-separation joint 

 

 

Figure 7. Equivalent stress in shaft body  

 

 

 

Figure 3. Equivalent stress in end ring  

 

 

Figure 9. Equivalent stress in copper bar  

 



 

 

APPENDIX 2, 2 

 

 

 

 

Figure 10. Total deformation in shaft body  

 

 

Figure 11. Total deformation in end ring  

 

 

Figure 12. Total deformation in copper bar  
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Simulation with frictional contact 

 

 

Figure 13. Equivalent stress in shaft body  

 

 

 

Figure 14. Equivalent stress in end ring  

 

 

 

Figure 15. Equivalent stress in copper bar  
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Figure 16. Total deformation in shaft body  

 

 

 

Figure 17. Total deformation in end ring  

 

Figure 18. Total deformation in copper bar  
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Simulation with multiple contacts (frictional, bonded and no-separation) 

 

 

Figure 19. Equivalent stress in shaft body  

 

 

Figure 20. Equivalent stress in end ring in  

 

 

Figure 21. Equivalent stress in copper bar  
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Figure 22. Total deformation in shaft body  

 

 

Figure 23. Total deformation in end ring  

 

Figure 24. Total deformation in copper bar  


