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ABSTRACT 

Electric machine design is a comprehensive task depending on the several factors, such 

as material resource limitations and economic factors. Therefore, an induction machine is 

a promising candidate because of the absence of magnetic material in the rotor. However, 

the conventional design approach can neither reflect the advances of the induction 

machine(IM) design nor exploit the trade-offs between design factors and the multi-physics 

nature of the electrical machine. Therefore, proposing fast and accurate novel methods to 

design, develop and analyze IMs using electromagnetic field oriented approaches is 

competitive to the old-fashion numerical methods. To achieve improved IM design from a 

baseline design to an optimal design, this dissertation: (1) Investigates the challenges of 

the high speed IM design specified for the electric vehicle application at the rated operating 

condition considering electromagnetic boundaries for the reasonable saturation level 

within a compact volume; (2) Proposes a new design approach of IM using modified 

equivalent circuit parameters to reduce spatial harmonics because of slotting effect and 

skewing effect; and also presents the importance of the 3-D analysis over 2-D analysis 

while developing the IM; (3) Proposes a novel electromagnetic field oriented mathematical 

model considering the slotting effect and axial flux variation because of skewing rotor bars 

to evaluate the IM performance with a lower and precise computational effort; (4) 

developed baseline IM is optimized with genetic algorithm incorporated in proposed sub-

domain model to improve the torque-speed profile. In order to further simplify the 

optimization procedure, a parametric and sensitivity based design approach is implemented 

to reduce the design variables.  

To evaluate the proposed optimal IM with extended constant power region and high 

torque density within a compact volume using novel 3-D subdomain model, the machine 

has been prototyped and tested from low to high speed under no-load and loaded condition. 

Electrical circuit parameter variation is demonstrated and compared to the one simulated 

in the FEA environment. This innovation can be applied to a family of electric machines 

with various topologies.  
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CHAPTER 1 

INTRODUCTION 

1.1. Overview and Motivations 

The increasing demand electric vehicles (EV) requires technological improvements of 

individual powertrain components, including electric motors, power electronics, and 

energy storage. Based on 2018 sales analysis presented in Figure 1.1, it is estimated that 

EV sales will increase from 1.1 million worldwide to 30 million in 2030 as EVs become 

cheaper compared to internal combustion engine (ICE) vehicles. North America accounts 

for more than 11% of global sales [1] and [2]. EV powertrain is characterized by an electric 

motor to convert electrical energy to mechanical energy maintaining the required high 

energy density. Although currently, available traction motors maintain high efficiency, 

high torque, lower maintenance, and cost compared to the conventional ICE cars. However, 

they are not as cost competitive as conventional vehicles to gain large-scale market 

penetration [3]. For this to become a reality, further research is ongoing to develop new 

cost-efficient technologies and machine topologies. Therefore, advances in electrical 

machines with higher performance characteristics with a lower cost could significantly 

reduce the cost of industrial and residential energy systems to meet the potential market 

demand. 

This Chapter first provides a summary of currently available EVs to assist in setting 

the required and justified design targets to improve electric motors for EV technology 

through scientific research and development (R&D) activities conducted in this 

dissertation. Section 1.2 explains the desired fundamental characteristics of traction motors 

for EV application. Such a background study helps understand the challenges and benefits 

of various design of electric machine topologies in order to improve some of their features 

such as weight, cost, efficiency and speed range using mathematical modeling, design, 

analysis methods, and testing. Section 1.3 is a review and the state-of-the-art technology 

in the research areas of computer-aided design tools to design electric machines-such tools  
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Figure. 1.1. Annual global light duty vehicle sales forecast [2]. 

are a major area of focus of this dissertation. Section 1.3 discusses available mathematical 

techniques to design and develop electric machines. Therefore, the challenges in existing 

traction motors are justified at design stage and research contributions that this dissertation 

has made, in order to solve the challenges towards the advancement of the EV drivetrain 

system discussed in Sections 1.4 and 1.5. 

1.2. Literature Reviews  

The propulsion system is the heart of an EV, and the electric motor is the core of the 

system, which converts electrical energy from a battery into mechanical energy enabling a 

vehicle to move as it is presented in Figure 1.2. Along with advanced power electronics 

and control systems, different motor types emerged to satisfy the needs of the automotive 

sector [4]. Electric machine (EM) design is a challenging task that involves multi-domain 

physical phenomena, many design variables, objectives, and constraints. To design an EM 

with satisfactory output characteristics, electromagnetic, thermal and mechanical aspects 

of the design need to be managed carefully. For this purpose, understanding different EV 

topology and EM structure of existing traction motors, the basic characteristics of EM  
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Figure. 1.2. Ideal torque-power/speed characteristics of traction motor [5].  

which are required for traction applications are listed below [6]. The ideal torque-speed 

profile of a traction motor is shown in Figure 1.2. 

1) High torque density and power density. 

2) High torque at starting, low speeds, hill climbing, and high power at high speed. 

3) Wide speed range, with a constant power operating a range of around 3–4 times the 

base speed is a good compromise between the peak torque requirement of the 

machine and the volt-ampere rating of the inverter. 

4) High efficiency over a wide speed and torque ranges, including low torque operation. 

5) High overload capability, typically twice the rated torque for short durations. 

6) High reliability and robustness appropriate to the vehicle environment. 

7) Low cost 

Permanent magnet synchronous motors (PMSMs) with embedded rare-earth magnets 

are the most favorable EMs adopted in EVs. However, one significant exception is Tesla 

that employs a copper rotor induction motor (IM) instead of PMSM [7]. Figure 1.3 

represents the EV propulsion system of an available vehicle in the market [8]. IM is a 

strong replacement of PMSM because it is simple, robust with a mature manufacturing  
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Figure 1.3. Ford Focus EV propulsion system [8].  

technology and control method. Absence of rare-earth magnets in the IM makes it cheaper 

than PMSM, which increases its popularity in the future market as consumer demand 

increases [9]. The breakdown cost of PMSM is presented in Figure 1.4 which shows the 

importance of eliminating permanent magnets in the rotor. However, because the 

magnetizing part of stator current establishes the magnetic field of IM, the power factor is 

not as high as PM, leading to lower power density. Further, the constant power region of 

IM is not as wide as PMSM [11-13]. The overall efficiency of IM is usually lower than 

PMSM, except in the high-speed region, because there is no need of large stator current to 

respond to the PM magnetic field [13-15].  

1.2.1.Electric Vehicle Outlook in Market 

The idea of electrifying vehicles has existed for decades, and EM designs have changed 

based on the availability of technologies and design tools to make EVs popular in the 

market as a replacement to the existing ICE vehicles. But up to now, there is no EV 

achieving all the characteristics mentioned above in terms of the overall manufacturing and 

operating cost and driving range. Table 1.1 presents details on the cost, mileage, and 

driving range of the commercially available EVs. The global EV market is dominated by 

major players such as Tesla (US), Nissan Motor Corporation (Japan), BYD (China), BMW 

(Germany), and Volkswagen (Germany) [16]. A missing option is the reduction of the 

overall cost of the EV through technical improvements of EMs through an accurate 
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Figure. 1.4. The break down cost of a prototyped IPMSM in CHARGE Labs.  

analytical tool at the design stage. Cost reduction is expected to continue because of 

advancements in computer-aided design tools to develop compact and optimal EMs in 

terms of overall performance characteristics in a component and system level. The major 

limitations of the design tools are the accuracy of the field calculations to simulate the 

performance characteristics of the developed designs over the wide speed range at the 

design stage.  

PMSM and IM are two strong candidates used widely in EV propulsion systems. 

PMSM is an appropriate candidate due to its high torque, power density and high efficiency 

because of the usage of NdFeB permanent magnet (PM). Also, a wide constant power 

region can be reached for PMSMs. However, the high price of NdFeB PM in recent years, 

which peaked in 2011, strongly influences the popularity of PMSMs [17]. The breakdown 

cost of PMSM presented in Figure 1.4 illustrates the cost savings of using magnet free EMs 

in EV powertrain. Since the future market targets a cheaper EV, developing a new low-

cost and highly efficient motor designs, alternative magnetic materials with reduced rare 

earth content, and improved motor manufacturing methods are essential. Long-term 

emphasis on non-rare earth motor architectures will reduce motor costs and mitigate rare 

earth market uncertainties. Hence, both industry and research have a interest in improving 

IM performance as it emerges to be a strong and reliable candidate.  
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TABLE 1. 1.  
PRICE, ACCELERATION, DRIVING RANGE, POWER RATING AND ELECTRIC MOTOR 

CONFIGURATION OF COMMERCIALLY AVAILABLE ELECTRIFIED VEHICLES [18]-[19] 

Car Model 
Price 

(CAD) 
Range 
(km) 

0-60 
mph 

Motor 
Type 

Power 
(kW) 

Torque 
(Nm) 

Ford Focus Electric $31,498 185 10.1 PMSM 107 249 

Kia Soul Electric $35,395 150 11.8 PMSM 81 157 

Hyundai IONIQ 
Electric 

$35,649 177 8.1 PMSM 88 295 

Nissan Leaf $35,998 172 10.2 PMSM 80 157 

Volkswagen e-Golf $36,355 134 10.4 PMSM 100 290 

Tesla Model 3 (Base) $40,000 350 4.6 PMSM 228 563 

Chevrolet Bolt $42,895 383 6.5 PMSM 150 160 

BMW i3 $48,750 183 7.1 PMSM 127 249 

Tesla Model S (75D) $95,350 210 2.5 IM 193 249 

Tesla Model X (75D) $108,100 381 2.9 IM 193 249 

Tesla Model S (P100D) $174,700 507 2.28 Dual IM 193+375 249+649

Tesla Model X (P100D) $188,300 465 2.4 Dual IM 193+376 249+650

Fiat 500e  $41,345 135 8.7 PMSM 83 200 

Mercedes B250e  $51,876 140 7.9 PMSM 87 187 
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1.2.2.Comparison of Various Electric Machine Topologies 
Towards EV Development  

Since IM and PMSM are the most favored EMs to satisfy EV requirements and emerges 

into the automotive industry, a comparative analysis of the performance characteristics of 

both gives a better idea of what needs to be done for further improvement. Table 1.2 is the 

summary of the advantages and disadvantages of both machines from marketing and output 

characteristic aspects [20-26]. Figure 1.5 demonstrates the typical IM and PMSM 

configurations. Based on the existence of PM in the rotor of PMSM and available field 

excitation in the rotor, reluctance torque is as an additional torque component and enhances 

the capability of PMSM. The torque-speed characteristic of an IM is mainly characterized 

by starting torque, pull-out torque, rated speed, and maximum speed. The dynamic 

performance enhancement of IM can be achieved either by the implementation of vector 

control (VC) or direct torque control (DTC) techniques [27-29]. High speed operation with 

an extended constant power range of up to 4–5 times of the base speed can be reached by 

flux weakening which is one of the desirable requirements for EV operation [30-32]. 

Although the maximum torque capability of IM limits the high speed operation and 

constant power range, the extended speed ranges up to 3–4 times the base speed, as well 

as higher efficiency of PM motors, can be achieved by applying suitable control algorithms 

of power converters above the base speed [33]. Important design considerations for PM 

motors associated with fixed excitation for electric propulsion system includes torque  

 

(a)       (b) 

Figure. 1.5. 2-D cross section of mainly used electric machines in current commercial 
EVs. (a) squirrel cage IM. (b) interior PMSM.  
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TABLE 1. 2. 
PMSM AND IM COMPARISON FROM MARKETING AND PERFORMANCE CHARACTERISTIC 

ASPECTS [34] 
A

dv
an

ta
ge

 

P
M

S
M

 

1) High torque and power densities hence compact volume 

2) High efficiency 

3) High power factor 

4) Good heat dissipation because of no rotor loss 

5) Various configurations and adjustable performance 

6) Quick acceleration due to a lower electromechanical time constant of the rotor 

IM
 

1) Robust structure 

2) Relatively low cost 

3) Well established manufacturing techniques 

4) Reliable 

5) Comparatively good efficiency at high speed 

6) Good overload or peak torque capability 

7) Good dynamic performance using VC and DTC control 

D
is

ad
va

nt
ag

e 

P
M

S
M

 

1) High cost and uncertainty due to rare earth PM 

2) Relatively difficult on flux weakening especially when the electric loading is 

limited 

3) Relatively lower efficiency at high speed due to additional current component 

required for flux weakening 

4) The risk of irreversible demagnetization of PM due to high temperature, high 

demagnetizing armature field or vibration 

5) High back EMF at high speed under in case of fault 

IM
 

1) Design of IM is more complicated to satisfy the HEV/EV demand due to poor field 

weakening in high speed 

2) Lower efficiency than a PM machine due to the inherent rotor loss. 

3) Size of an induction machine is generally bigger than a PM machine with the same 

power and speed rating although it depends on the requirement of peak torque. 

4) Low power factor and low inverter-usage factor. 

5) The heat on the rotor is more difficult to be dissipated. 

6) The control schemes are a little difficult due to the variable equivalent parameters. 
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(a) 

 
(b)  

Figure. 1.6. Comparison of power-speed characteristics. (a) IPM power versus speed 
curves (limited voltage), for rated and overload current amplitudes. Effect of rotor saliency 
on the power overload curve. (b) IM power versus speed curves, for rated and overload 
current amplitudes and limited voltage [34]. 

density, flux weakening capability, overload capability, stator iron losses, rotor eddy 

current losses, and demagnetization withstanding capability. In conventional PMSMs, a 

compromise has to be made between low-speed torque capability and high-speed power 

capability. Comparison of power-speed characteristics of both machines in Figure 1.6 gives 

a better understanding of why IM performance needs to be enhanced to achieve the required 

output characteristics for future EV development for a minimal cost EV. 

1.3. Desired Design Targets for a High Speed Traction Motor 
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Adoption of EM targets requires R&D advancement in several areas including 

powertrain components such as permanent magnet materials, non-rare earth magnets, 

conductors, laminations, and power electronics such as advanced capacitors, thermal and 

electrical packaging and wide bandgap semiconductors. R&D aims to achieve cost and 

performance targets in the above technology areas and presented in table 1.3 [35]. 

Improving EM performance characteristics within an appointed target is compulsory in 

order to adopt EV in the world market. The EM design breaks down into electromagnetic, 

thermal, and mechanical aspects assisting in determining and accelerating future 

technology advancement. Since the aforementioned design tools are strongly coupled and 

should follow an acceptable operating profile, EM designs attempt to: satisfy a certain duty 

cycle and torque-speed profile, thermal requirements, efficiency, and some constraints such 

as cost, weight, and volume. Each analysis to analyze the corresponding specification and 

aspects of EM to meet the overall output characteristics of EV.  

Since developing the EM is a multidisciplinary task, summarizing each methodology 

towards optimal EM development helps to improve the required analysis tools: 1) 

Electrical analysis typically specifies the supply voltage, frequency, and the number of 

phases, and even the phase connection and number of poles. Also, the slot numbers, 

winding layouts, turns per phase, and wire sizes are determined by the designer in this step. 

2) Magnetic design calculates the air gap diameter and machine stack length, or active 

length, based on output power, speed, pole number, and cooling type. The slot sizing, core 

height, and external stator diameter are also determined depending on various criteria. 3) 

Insulation design, which specifies the material choice of the insulation and its thickness in 

various parts of the machine are designed based on supply voltage, thermal management, 

and the environment in which the machine operates. 4) Thermal design defines the heat  

TABLE 1. 3.  
SATISFACTORY POWERTRAIN TARGETS IN 2022. 

2022 Electric Drive system Targets 

$8/kW 4 times cost reduction 

1.4 kW/kg 35% size reduction 

4.0 kW/L 40% weight reduction 

94% system efficiency 40% loss reduction 
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extraction caused by losses from the machine which is imperative to keep the windings, 

core, and frame temperatures within safe limits. Depending on the application or power 

level, various types of cooling are used. Calculating the loss and temperature distribution 

in the cooling system represents the thermal design. 5) Mechanical design refers to critical 

rotating speed, noise, and vibration modes, mechanical stress in the shaft and frame, and 

its deformation displacement, bearing design, inertia calculation, and forces on the winding 

end coils during the most severe current transients. In the machine design problem, all the 

above design features are strongly coupled. As an example, the allowable operating 

envelope for electrical machines depends largely on the ability of the machine to reject heat 

generated because of internal loss. The internally generated heat limits the maximum 

allowable current and flux density, which has a significant impact on the electric and 

magnetic designs of the machine. The electric and magnetic design determines the amount 

of copper loss and core loss, which both are a major source of heat. However, the thermal 

considerations and mechanical considerations are often dealt with separately in present 

practice, despite the strong design relationship. 

1.4. Review of Existing Computer Aided Design Tools for 
Magnetic Field Analysis  

Modeling is one of the most important aspects of electrical machine design. Without 

an accurate model, it is impossible to predict performance. There are different tools and 

methodologies to design EMs. However, accuracy and optimization of the EMs require 

special attention. Since the design is a multi-domain physical phenomenon with a large 

number of design variables, establishing the most practical analysis tool is crucial for the 

design and optimization of IM under various criteria. Several numerical and analytical 

methods have been employed to solve the magnetic field problem of different EM 

topologies. Finite element method (FEM) analysis, is approved to analyze the magnetic 

field distribution and calculate the related electromechanical parameters. This method is 

highly accurate and incorporates the influence of nonlinear factors. However, it remains 

relatively slow and time consuming in case of a multi-dimensional investigation. The 

accuracy of the magnetic equivalent circuit (MEC) based analysis is generally better than 

analytical models, but its computational liability is lower than FEM because the number of 



12 
 

unknowns in a MEC model is an order of magnitude lower than the one in a FEM model. 

The magnetic equivalent circuit (MEC) is used to analyze the electromagnetic field inside 

the motor because the MEC can account for the nonlinearity, armature reaction, and end 

effect, among other parameters. Nevertheless, this method calculates the magnetic field 

only at several discrete points of the structure, and it lacks adequate precision. The usage 

of the analytical and semi-analytical model based on the subdomain method is gradually 

increasing in the design of various EMs because this method can provide more accurate 

predictions of the magnetic field distribution to predict the exact performance of EM within 

a lower computational time. 

A comprehensive list of computer-aided design tools and the corresponding qualitative 

ratings of them are presented in Table 1.4 (‘+’ represents an advantage, and ‘-‘ for a 

disadvantage). The most important criteria of an analysis tool are mathematical model 

accuracy and computational effort, which generally oppose each other. Higher accuracy 

usually involves a heavier and time-consuming computational effort. Analytical design 

models are fast during simulation, but if the machine parameters are outside the considered 

modeling region, the results can be inaccurate. FEA can achieve accurate field solutions 

but is computationally expensive, especially if a 3-D analysis is needed.  

 

TABLE 1. 4. 
COMPARISON OF COMPUTATIONAL PERFORMANCE OF ELECTROMAGNETIC FIELD 

SOLUTIONS [36-41]. 

 MCM 3-D FEA-EC WF SD 

Calculation time + --- + ++ 

Overall accuracy - + - + 

Field component calculation No Yes No Yes 

Robustness to geometry + ++ - + 

Skewing No Yes No Yes 

Saturation - + - + 

Faults No Yes No Yes 

Topologies PMSM-IM PMSM-IM PMSM-IM PMSM-IM 
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Numerical methods, such as FEA, are an efficient option in machine design field due 

to its accuracy. However, 3-D FEA analysis is a time- consuming and inefficient approach 

in the design optimization process [41] and [42] especially if detailed output characteristics 

need to be investigated at the end-windings and along the axial length of the EM in case of 

skewing effect. Hence, the need for an exact 3-D analytical solution is crucial to reduce 

research, time, and cost to obtain an optimal solution of the design for any industrial 

application. The most favorite methods by designers are the determination of Maxwell’s 

equations using the analytical technique and winding function method (WFM) to calculate 

inductances. They are fast and precise and can be considered in optimization [43], [44]. 

However, in WFM, the determination of instantaneous rotor-position-dependent 

inductances is challenging [45]. In [46], 2-D analytical solutions were derived and 

proposed for non-skewed simple structures, solid and slotted rotor, which mostly deals 

with eddy current calculation for rotor bars solving Maxwell’s equations. The shortcoming 

is in the accuracy of electromagnetic performance analysis is compromised over the 

simplicity of developed differential equations, and axial asymmetrical effects are 

neglected. Therefore, proposing novel analytical methods such as subdomain (SD) method 

is critical in finding a 3-D general solution for magnetic flux density distribution 

considering the axial variation of the magnetic field, unlike previous methods. Calculating 

magnetic field behavior is required in different domains such as stator, and rotor slots, 

which are the most dominant places of loss and saturation level to help designers to 

optimize the EM structure. 

1.5. Research Objectives  

Optimal design of the induction machine is an important and crucial task for traction 

application, which requires a multi-disciplinary investigation for satisfactory continuous 

and peak output characteristics. Thus, the objective of the dissertation is to optimize the 

IM design by reducing spatial harmonic and maximizing the peak performance 

characteristics of the motor in an effort to reduce the overall cost, weight and extend the 

range of the EM. The objective was divided into the following sub-objectives. 
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1) Understanding the principle of designing a high-speed IM for EV application 

considering higher frequency effects on the maximum torque and special harmonic 

components. 

2) Investigating of the 2D and 3D finite element analyses and their discrepancies in the 

determination of the IM parameters and performance characterization.  

3) Proposing a semi-analytical approach to design and develop a high-speed IM 

considering higher order of harmonics. 

4) Validating the proposed semi-analytical model with the FEA as an exemplary IM to 

investigate the magnetic field distribution in different geometrical domains. 

5) Proposing a novel design approach to reduce the number of structural variables to 

optimize maximum performance characteristics of IM within a limited volume through the 

proposed semi-analytical model. 

6) Analyzing the developed high-speed IM through experimental investigation to study 

the electrical circuit parameters from low to high speeds. 

1.6. Research Contribution And Dissertation Layout 

This dissertation proposes a novel and advanced field analysis and design approach to 

maximize the peak characteristics of IM. The major sections are: 

1) A closed-loop structural design algorithm is developed in Chapter 2 to design the 

high-speed IM for traction application based on equivalent circuit parameter determination, 

including low and high harmonic components. Also, the detailed effect of structural 

variation on the inverter fed IM behavior is investigated. 

2) In Chapter 3, a modified equivalent circuit is proposed considering higher order of 

special harmonic due to slotting effect and the rotor bar geometry is optimized to achieve 

the lower special harmonics within a constant volume keeping the continuous average 

torque constant. 

3) The coupled analytical and FEA design algorithm is proposed in conjunction with 

improved particle swarm optimization (IPSO) in Chapter 3 considering the axial magnetic 

flux density variation because of skewing effect and therefore inducing spatial harmonics 
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in the air-gap flux distribution which causes the output torque oscillation and reduces 

average torque production.  

4) The novel mathematical solution is proposed through an exact solution of Maxwell’s 

equations divided to a) Poisson, b) Laplace and Helmholtz equations calculating the 

magnetic flux distribution in stator slots, rotor bars and air-gap of a typical IM considering 

axial flux variation due to skewing rotor bars. A detailed mathematical derivation is 

described in Chapter 4, and it has been validated using 3D-FEA. 

5) The impact of stator-rotor slots and pole combinations is investigated in Chapter 5 

through a proposed parametric based optimization process to discover the optimal 

combination with minimal torque ripple, higher pull-out torque and constant efficiency to 

meet the specified targets for the traction application. In addition, a sensitivity-based 

optimization proposed to reduce the stator slot and rotor bar geometrical variables for 

further enhancement of overload capability of the high-speed IM is one a drawback of IM. 

6) A genetic algorithm based rotor bar geometry optimization is implemented through 

proposed two objective functions and presented in Chapter 5 maximizing the peak 

capability of the developed baseline IM. It was validated through performance and 

parameter characterization over the entire speed range. 

7) In Chapter 6, the proposed optimal design of IM is prototyped and validated for 

various operating condition and different speeds with the one developed in FEA. Also, the 

thermal distribution of prototyped high-speed IM is investigated with and without cooling.  

8) A summary of the dissertation is provided in Chapter 7F. The limitations of the 

proposed methods are also discussed, and possible solutions are outlined for further IM 

optimization. 
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CHAPTER 2 

DESIGN TARGETS AND TOPOLOGY SELECTION OF 
HIGH SPEED IM FOR ELECTRIC VEHICLE WITHIN A 

FIXED OUTER DIAMETER 

2.1. Introduction 

The advanced technology of power electronics has been made possible to achieve 

higher rotational speed in EMs by increasing the input frequency from 60 Hz up to 1000 

Hz, which is a complementary element for traction application demanding high efficiency 

and power density within a wide speed range. The mechanical robustness and simple 

structure of IM make it the best candidate for high speed applications. In the design and 

analysis of high speed IMs, mechanical, thermal, and electromagnetic problems occur due 

to the high rotational velocities, which conflict each other when high performance machine 

is required. Therefore, there are so many design factors involved in the high speed IM 

development, which makes the design procedure complex if satisfactory of overall 

performance is needed for the application.  

To some extent, the design must be a compromise between a large number of 

conflicting requirements which can be selected based on the importance of one parameter 

to another depending on the application requirement. Therefore, finding a unique solution 

for IM design is a difficult task even for the same application, and hence designs will vary 

because of the diverse preference and trade-offs chosen by different designers for the same 

application. To a great extent, the design is an iterative process in order to obtain the desired 

solution. Therefore, in this chapter, an automated design package for design and 

optimization is reviewed for variable sine-wave has driven high speed IM. This design 

package is developed as a common practice and as a starting point for improving the rated 

performance of the IM using analytical design equation for variable speed motor. The 

principle of this design approach includes two main segments, one for a common 

laboratory stator to limit the outer diameter of the motor, second for an existing inverter in 

the CHARGE Labs to keep the electrical input to the IM constant. Subsequently, an 

improved baseline traction motor by the well-established automated design is developed, 
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and the weakness of the common optimization techniques in overlooking the performance 

requirements throughout the entire range of operation are outlined. 

2.2. Calculating Design Targets of the Scaled down High Speed 
IM for Electric Vehicle Application 

As a primary objective towards developing a high speed IM for EVs, preliminary 

torque, speed, and structural constraints need to be well defined to initiate the design 

procedure for a typical electric vehicle. Consequently, the desired performance 

characteristics in quantitative terms through specific technical criteria can be achieved with 

fine tuning of the initial parameters using closed loop analytical design process. Therefore, 

target categories were specified, such as torque density, power density, volume, speed 

range, etc. In this section, numerical targets for the characteristics mentioned above are 

calculated using laboratory traction machine used in commercially available Ford focus 

2014 in the market [1]. The selection of the target categories varies depending on placing 

emphasis on any design objective. In this study, obtaining a high torque, high efficiency, 

low harmonic losses within a compact volume (constant outer diameter and stack length) 

is the desired objective within an enhanced speed rang. The continuous and peak rating of 

Ford Focus 2014 is represented in Table 2.1 as the final target to begin the IM development. 

Since the tire size (R16) and the vehicle speed (120 mph) are kept similar to the Ford Focus 

2014, the electrical ratings of the scaled-down prototype are estimated exactly based on the 

power ratings of Ford Focus motor presented in Table 2.1. For further verification of the 

required continuous and peak torque and rated speed of the scaled down motor, vehicle 

dynamic model is also elaborated to calculate the required parameters to set the scaled 

down design targets in Table 2.2 using (2.1)-(2.2) with tire size of 215/55R16 and engine 

power and torque for the similar size ICE vehicle [2] and [3]. 
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where ix, i0, Tw, Te, Fw and rw are the engaged drive ratio, final drive gear ratio, wheel torque, 

engine torque, wheel force, and wheel radius. Figure 2.1 is representing the schematic of 

the ICE vehicle power train [3]. Internal combustion engine (ICE) vehicle powertrain 

includes engine, clutch, vehicle gearbox, and differential gear box. In order to provide a 

reasonable high speed compared with the existing traction motor, the target ratings have 

been modified to 11 kW, 35 Nm, and 3,000 rpm. 

TABLE 2. 1. 
DETAILS OF LABORATORY ELECTRIC VEHICLE IPM MOTOR DRIVE AND TRANSMISSION 

Traction Motor  

Specifications 

Peak Power 100 kW 

Peak Torque 282 Nm 

Continuous Power 45 kW 

Continuous Torque 150 Nm 

Base Speed 3,000 rpm 

Maximum Speed 10,000 rpm 

Transmission Ratio 7.8 

Integrated Inverter 

with Motor 

Input voltage range 260V to 400V 

Peak power 120 kW 

Peak current 400 Arms 

 
 

TABLE 2. 2.  
DETAILS OF SCALED DOWN DESIGN TARGETS FOR HIGH SPEED INDUCTION MOTOR 

Peak Power >25 kW 

Peak Torque >70 Nm 

Continuous Power 11 kW 

Continuous Torque Up to 35 Nm 

Base Speed 3,000 rpm 

Maximum Speed 10,000 rpm 

Transmission Ratio 7.8 
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Figure. 2.1. Vehicle rear-wheel drive powertrain diagram. 

2.3. Fixing Main Structural Sizing of Scaled Down High Speed 
Induction Motor for the Scaled down Design Targets  

There are four main issues need to be addressed when designing a high-speed induction 

motor, if an overall good performance in the entire torque-speed envelope has to be 

obtained. First, the induced losses by high frequencies in the rotor and additionally stator 

must be limited to achieve high efficiency at different operating conditions. Second, the 

rotor must provide mechanically and dynamically stable behavior throughout a wide speed 

operation range, to allow safe operation of the motor over the entire driving range. Third, 

the motor must be efficiently cooled to achieve a high power density, which is much more 

challenging compared to the conventional IM design, as the volume needs to be constant 

and compact to reduce the active weight of propulsion system. Lastly, the rotor must 

withstand the high centrifugal forces corresponding to peripheral speed.  

An available stator in CHARGE Labs facility is chosen, to initiate the high speed IM 

development which was previously used for general industrial application and presented in 

Figure 2.2a. In this manner, the volume of the motor kept as a constant value for precise 

investigation of the other design factors and their effect on the IM performance 

characteristics. The chosen outer diameter can handle the target output torque based on the 

D2L rule where D is the outer diameter, and L is the effective length of the machine. Since 

the machine is adjusted in a defined volume, therefore the other geometrical parameters 

can be calculated using iterative closed-loop analytical procedure.  
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  (a)      (b) 
Figure. 2.2. Laboratory components for IM development: (a) The existing industrial 
stator in CHARGE Labs facility used for high speed IM development. (b) Fan-cooled 
inverter used for high speed IM drive. 

After fixing torque and speed rating of IM mentioned in Table 2.1 as well as motor 

volume, other electrical and mechanical targets such as DC bus voltage, maximum 

allowable current, and torque ripple were fixed based on the existing drives and 

transmissions available in the CHARGE Labs. Figure 2.2b presents the existing inverter, 

and Table 2.3 shows its voltage and current limitation used for IM development. The 

summary of the automated design algorithm is presented in Figure 2.3. The outer diameter 

and the stack length of the existing stator are presented in the Figure. 2.2, the baseline IM 

geometrical dimensions are calculated employing analytical design expressions (2.3)-(2.8). 

TABLE 2. 3.  
INVERTER SPECIFICATION USED FOR IM DEVELOPMENT. 

Characteristics 
Powerex 

PP200T120-ND 
Characteristics 

Powerex 
PP200T120-ND 

Continuous Output 
Current 

200 A Operating Temperature -20 to 60ºC 

Peak Output Current 400 A Input DC Voltage 900 VDC 

Continuous Output 
Voltage 

600 V Capacitance 2300 μF 

Peak Output Voltage 1200 V 
Nominal Ripple Current 

Rating per Capacitor 
11.6 Arms 
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Figure. 2.3. The design algorithm of variable frequency IM employing Analytical Closed 
Form Equations. 
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The rotor volume is calculated with the suitable tangential stress (σFtan) in the air-gap 

to produce the desired torque (T) [4].  

For totally enclosed IM: 
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where the Vr is the rotor volume. However, for a direct liquid cooled IM tangential stress 

boundaries is much higher. The derived local current and flux density for the specified 

rotor volume is used to calculated the machine constant using (2.4) and consequently the 

output power rating with (2.5) for the constrained volume.  
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where Kw, A, and Bδ are the winding distribution factor, local current, and flux densities. 

Since base speed is chosen as 3,000 rpm, special attention is required while calculating the 

air-gap length to eliminate non-uniform magnetic pull [4]-[6].  

40007.0001.0 vDL orag      (2.6) 

where Lag is the air-gap length, Dor is outer rotor diameter, and v is the peripheral speed of 

the rotor. Winding distribution factor is calculated for an integral winding. The number of 

turns per-phase is obtained with (2.7) using optimal phase voltage. The slot fill factor is 

limited to 70% to calculate the number of conductors per slot and achieve higher power 

density [4]-[6]. 

agipwphs BlkVZ       (2.7) 

where ω, kw, τp, αi, and Bag are rated frequency, winding factor, pole pitch, saturation factor, 

and air-gap flux density.  
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2.3.1. Winding Selection 
The previously number of turns is used to calculate the suitable integer number 

conductors per slot. The number of conductors is calculated with (2.8) 

s

s

Qs Z
Q

am
Z

2
      (2.8) 

where m is the number of phases, and a is the number of parallel paths, and Qs is the number 

of stator slots.  

2.3.2. Selection of Stator-Rotor Slot Combination and Rotor Bar 
Dimensioning 

Selection of the optimal number of the stator and rotor slot combination is a crucial 

requirement to reduce parasitic torque, excessive losses, and radial electromagnetic forces. 

For this purpose, first, the acceptable slot combinations are determined from the literature 

review and second a parametric based optimization approach is followed combined with 

FEA to search the optimal number of poles and stator-rotor slot combinations within the 

constant volume. To find out the adequate combination (2.9) is used [7] and [8]. 

)2(),1(,2,1,5,3,2,,0  ppppppQQ rs  (2.9) 

A comprehensive parametric analysis based optimization procedure is implemented in 

conjunction with FEA to find the optimal number of stator-rotor slot combination within 

acceptable magnetic flux density to obtain overall high peak torque, power, and efficiency 

with minimal torque ripple. The comparative analysis is provided for sample five different 

case study in Figures 2.4 and 2.5. For each individual design, the automated design package 

is used to calculate the rotor bar dimension and shaft correspondingly using (2.10)- (2.12). 

The dimension of the rotor bar is calculated for various slot type using a system of linear 

and non-linear equations.  
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(a)      (b) 

(c)      (d) 

 
(e) 

Figure. 2.4. Comparison of the selected designs obtained from automated parametric 
based optimization approach. (a) 36-24. (b) 36-26. (c) 36-30. (d) 36-40. (e) 36-42. 
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The impact of stator-rotor slot/pole combination on the electromagnetic performance is 

investigated using 2D FEA. With the intention of precise observation on the IM 

characterization, the same transient analysis has been conducted using the same FEA setup 

properties, including the design considerations given as follows:  

1) The same winding layout with double-layer and full slot-pitch distributed windings 

has been utilized (the same fundamental winding factor); 2) All the IMs have trapezoidal 

36 slots in the stators; 3) All the IMs are operated with 285 Vrms at 3,000 rpm; 4) Same 

stator and rotor core material have been used. Important stator-rotor slot/pole selection 

criteria for the three-phase IM is maximum fundamental MMF amplitude and minimum 

MMF harmonics while it provides peak rating as calculated targets. These parameters are 

related to the torque and power densities and excessive losses, the unbalanced magnetic 

pull, torque ripple, acoustic noise, and vibration issues. Even if the fundamental MMF for 

one turn and one ampere is almost the same for all IMs, the total harmonic distortion 

percentage is reduced as the stator slot, and pole number is increased. Therefore, it can be 

predicted that the parasitic effects will be lower if the stator slot and pole numbers are 

increased together. Due to the different magnitude of slotting and saturation harmonics for 

each case study lower number of poles in the IM has higher slip frequency, lower 

efficiency, and higher excessive losses because of significant saturation in the stator and 

rotor. However, it produces the same rated torque with higher overload capability compare 

to four and six pole IM. The high number of poles has overall good continuous output 

characteristics within a suitable flux density boundary. Though it produces lower peak 

torque and power, compare to the specified targets. 

 
 (a)      (b)    
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 (c)      (d)    

 

 
 (e)      (f)    

 

 
 (g)      (h)    
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 (i)      (j)    

 
(k) 

Figure. 2.5. Comparison of steady state output and magnetic characteristics for different 
stator-rotor slot-pole combinations. (a) Efficiency. (b) Rated speed. (c) Power factor. (d) 
Rated torque. (e) Torque ripple. (f) Maximum torque. (g) Inductance ratio. (h) Maximum 
torque. (i) Stator yoke flux density. (j) Rotor bar . (k) Stator yoke flux density at rated and 
peak operated conditions. 

TABLE 2. 4. 
PERMITTED FLUX DENSITIES OF THE MAGNETIC CIRCUIT FOR VARIOUS STANDARD 

ELECTRICAL MACHINES 
 
 

 

 

 

Structural Domain Flux density B[T] 

Stator yoke 1.4 - 2  

Rotor yoke 1 - 1.9 
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Based on the electromagnetic analysis results of the various structural designs, the 

suitable stator-rotor slot /pole combination is selected to satisfy the initial calculated targets 

in Table 2.2 is 36-42-4 pole combination. The proposed design has high efficiency and 

peak power rating with a lower torque ripple within reasonable magnetic flux density 

constraints in different structural domains of IM presented in Table 2.4. Figure 2.6 

represents the schematic of the baseline IM.  

2.4. Verification of Analytical Design Structural Sizing Through 
Electromagnetic Design  

In this section, the four poles 36-42 stator-rotor slot combination IM is developed in 

FEA environment to investigate the higher harmonic content for the entire speed range. 

For this purpose, the constant torque and constant power region conditions are adopted as 

the different operating condition, and IM output characteristics are analyzed through 2D 

FEA for further optimization purposes. Figure 2.6 is representing the 2D cross section of 

the developed high speed IM with a double layer distributed winding. 11 AWG wire is 

chosen to form the stator winding. Twelve number of conductor per slot is fitted in each 

stator slot to keep the slot fill factor as high as 70 percent for the sake of higher power 

density. The rotor bar material is chosen as Aluminum with a relative permeability of 

1.000021 and bulk conductivity of 38,000,000 Siemens/m, the thermal conductivity of 

237.5 W/m.C, the mass density of 2,689 kg/m3and specific heat coefficient of 951 J/k.C. 

 
Figure. 2.6. A CAD drawing of developed high speed IM in FEA. 
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2.4.1. Comparative Analysis of Output Characteristics for Skewed 
and Non-Skewed Rotor Through 2D FEA. 

The skewed rotors are employed extensively to reduce permeance harmonics, excessive 

losses [9] and [10], parasitic torque [11] and torque ripples in IMs because of slotting effect 

in both stator and rotor [12]. Rotor skewing increases the iron losses and decreases the 

level of iron saturation, acoustic noise, and average torque due to the axial variation of the 

air-gap flux [13]. Also, the leakage reactance becomes higher because of an additional 

component in leakage inductance, leading to reduction of efficiency [14]. Since skewing 

reduces the amplitude of rotor bar current, consequently the IM with skewed rotor bars 

starts in a shorter time than non-skewed IM [15]-[16]. Similarly, the axial variations of flux 

density in magnetic saturation in a skewed rotor might have a remarkable impact on the 

starting performance but have a relatively slight effect at full load operating condition. 

Since skewing has a considerable effect on the power losses including iron losses and rotor 

bar copper loss [17], therefore, the influence of skew angle on stator current, 

electromagnetic torque, torque ripple, torque-speed profile, and magnetic flux density is 

investigated through 2D-FEA. As known, there is a direct correlation between the stator 

current, bar current, and electromagnetic torque. More precisely, in an IM, the 

electromagnetic torque is produced as a consequence of the induction of the rotor bar 

current [18]. 

 
Figure. 2.7. Schematic of voltage fed external circuit excitation used in FE analysis.   
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(a) 

(b) 
Figure. 2.8. The line to line peak current of developed high speed IM in 2D FEA at the 
rated operating condition with a sinusoidal supply voltage. (a) non-skewed rotor bars. (b) 
skewed rotor bars. 

In this study, it has been shown that the rotor skew affects the performance characteristics, 

especially the torque-speed profile and individual electromagnetic torque for each 

individual operating condition. Figure 2.8 represents the line to line current of the 

developed IM with skewed and non-skewed rotor bars with the same voltage excitation 

circuit. Figure 2.9 is presenting the electromagnetic torque of developed design in FEA at  

Peak line to line current: 38.53 A 

Peak line to line current: 42 A 



32 
 

 
(a) 

 

(b) 
Figure. 2.9. Electromagnetic torque of developed high speed IM in 2D FEA at the rated 
operating condition with a sinusoidal supply voltage. (a) non-skewed rotor bars. (b) skewed 
rotor bars. 

the rated operating condition, and it is proving that the torque ripple decreases significantly 

for the skewed IM from 7 percent to 2 percent. Figure 2.10 demonstrates the torque-speed 

profile and electromagnetic torque for each condition and compares the maximum torque 

and field weakening region for both skewed and non-skewed IMs. Level of saturation and 
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magnetic flux density is shown in figure 2.11 for skewed and non-skewed rotor bars and it 

establishes the lower flux density magnitude in case of skewed rotor bars because of 

improved performance of the IM. 

 

 

 
(a) 

 
 

 
(b) 

 
Figure. 2.10. Torque-Speed profile of developed high speed IM in 2D FEA. (a) non-
skewed rotor bars. (b) skewed rotor bars. 

Maximum Torque at rated condition: 111 Nm 

Rated Torque: 
36.08 Nm 

Weakened Torque 
at 8656 rpm: 

12.13 Nm 

Maximum Torque at rated condition: 107 Nm 

Rated Torque: 
37.71 Nm 

Weakened Torque 
at 8656 rpm: 

12.17 Nm 
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(a) 

 
(b) 

Figure. 2.11. Cross section of developed high speed IM and magnetic flux density 
distribution at steady state condition and rated operating condition. (a) non-skewed rotor 
bars. (b) skewed rotor bars. 

2.5. Conclusions 

This chapter presents an automated design algorithm using analytical design equations 

to develop a high speed IM to meet variable speed requirement. For this purpose, a 

parametric based optimization in conjunction with 2D-FEA is employed to find the optimal 

number of stator-rotor/pole combination within a compact volume considering 

electromagnetic boundaries. Furthermore, it was found that to skewing rotor bars reduces 

the excessive permeance harmonics due to slotting effect and MMF interaction between 

stator and rotor slots and leads to a slight increase of constant power region. Therefore, the 
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precise investigation of the IM axial behavior magnetic flux density is vital for further 

optimization of developed IM.  
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CHAPTER 3 

COMPARISON OF 2-D AND 3-D FINITE ELEMENT 
ANALYSIS BASED INDUCTION MACHINE DESIGN 
AND VALIDATION WITH MODIFIED EQUIVALENT 

CIRCUIT APPROACH 

3.1. Introduction 

Slotting effect is highly significant in induction machine (IM), because of the existence 

of slots in both, rotor and stator. As a result, acoustic noise and high frequency torque 

ripples are ominously high in IMs in variable speed applications. Additional iron losses 

and winding losses due to spatial harmonics, which is resultant of slots, can be reduced 

using proper slot/pole combination and chording of the stator winding in lower frequencies 

[1]-[6]. Additionally, the presence of skew in IM reduces slotting effect at higher 

frequencies by reduction of spatial harmonics, which is produced by slots [7]-[9]. However, 

owing to skewing, another problem that occurs is the axial air-gap magnetic flux variation. 

Results indicate that the axial variations due to skew and non-uniformity of flux 

distribution have a considerable impact on the starting performance of IM because of 

parameter changes along the machine axis [10]. 

Non-uniformity of flux distribution produces excessive losses, which results in a 

decrease in average torque production [11]- [13]. Background studies have investigated the 

influence of skew angle on rotor bar currents, electromagnetic torque, loss characteristics, 

and efficiency of IM [14]-[17]. Predominantly, most of the studies indicate that the nominal 

value for rotor bar skew angle ranges from 0 to 1.5 of the stator slot pitch. However, this 

is not necessarily the optimal value for the best possible performance [8]. Improvement of 

the air-gap flux density, which is distorted due to skewing in the axial direction, is more 

promising when the optimal skew angle is obtained as well as the reduction in axial 

harmonic of traveling magnetic flux waves is achieved to decrease unwanted losses [5]. 

2-D or 3-D finite element analysis (FEA) is used to analyze magnetic flux distribution 

in details and construct a high performance IM, depending on the geometrical aspects [18], 

[19]. In industrial development processes, 2-D analysis is preferred in case of machines 
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with no axial geometrical discontinuities because of shorter simulation time and faster data 

analysis. However, in the case of skewed machines, 3-D FEA is strongly desired due to 

axial magnetic flux and parameter variations for performance enhancement [20]-[22]. 

Considering spatial harmonic reduction in skewed IM and obtaining constant output 

torque with minimized ripples, this paper presents a hybrid analytical-3-D FEA algorithm 

to include the effect of axial field variation and hence develop an IM with enhanced 

performance. The necessity of using 3-D FEA instead of 2-D is given in section III. 

Modified equivalent parameters have been calculated to consider slotting harmonics and 

presented in detail in section IV. Subsequently, in section V, the calculated parameters are 

fed into an optimization process in order to enhance the overall performance by considering 

torque ripple minimization as the objective. The rotor bar geometry and skew angle are 

chosen as the design variables. Consequently, the improved IM has been compared with 

the initial IM in terms of spatial harmonics in the air-gap flux and other start-up 

performance aspects such as developed torque. 

3.2. Comparative Analysis of Initial Design in 2-D FEA and 3-D 

FEA 

In this section, the selection of an initial design for further analysis is explained. 

Additionally, the importance of considering axial flux variation in characteristics such as 

flux density, phase currents, and output torque has been proved through a comparative 

study in 2-D and 3-D FEA. 

3.2.1 Characteristics of Initial Design of IM 

A double cage squirrel cage IM is chosen as an initial model. The geometrical and 

electrical parameters of the three-phase IM with single layer concentric winding and one 

slot pitch skew angle as the initial model is given in Table 3.1. The cross section of the 

initial IM is given in Fig. 3.1(a). The experimental setup used to determine the equivalent 

circuit parameters (ECP) using IEEE 112 standards, which are shown in Fig. 3.1(b). 

Subsequently, the calculated ECP using Maxwell’s equations, and the experimentally 

measured circuit parameters are compared and validated in Table 3.2 [23]. 
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TABLE 3. 1.  

RATED AND GEOMETRICAL PARAMETERS OF INITIAL IM FOR FEA MODELING 

 

 
 

 TABLE 3. 2. 
CALCULATED AND MEASURED IM CIRCUIT PARAMETERS 

  

 

 

 

Rated Parameters Geometrical parameters 

Output power 7.5 hp Dso/Dsi 220.137/134 

Phase voltage 200 V Dro/Dri 133.4/42 

Phase current 20.9 A Stator slot number 48 

Number of poles 4 Rotor slot number 42 

Frequency 60 Hz Stack length 136.02 mm 

Synchronous speed 1,800 rpm Conductors/slot 120 

Equivalent Circuit Parameters Measured FEA Model 

Rs (Ω) 0.18 0.211 

Rr (Ω) 0.59 0.51 

Xls (Ω) 0.57 0.620 

Xlr (Ω) 0.86 0.91 

Xm (Ω) 22.67 23.54 
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(a) 

 
(b) 

Figure. 3.1. Parameter determination of the 7.5 hp, 4-pole induction machine. (a) 
Schematic of 2-D FEA model and existing rotor. (b) Experimental setup.  

3.2.2 Validation of 3-D FEA with Experimental Results 

For further validation of the developed FEA model, an experimental set up is developed 

to measure magnetic flux density, as shown in Fig. 3.2. Search coils have been wounded 

around entire stator tooth for accurate flux measurement. Faraday’s law is used to calculate 

the magnetic flux density using the induced voltage in the air-gap region. The induced  

Double cage 
rotor bars 

Single layer 
winding 
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Figure. 3.2. Search coil in the stator slot opening. (a) End winding of the search coil. (b) 
Overview of a complete turn of the search coil around one stator slot. 

 
Figure. 3.3. Experimental measurement of flux. (a) Measured induced voltage from search 
coil at the no-load condition with a slip of 0.0061. (b) Comparison of the measured and 
calculated magnetic flux in the air-gap at the no-load condition with the slip of 0.0061. 
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voltage is measured under no load condition. Search coils are designed using 22 AWG wire 

and six number of turns. The induced voltage at the no-load condition at a speed of 1,789 

rpm is measured and represented in Fig. 3.3(a). In addition to the ECP validation, measured 

magnetic flux density is compared for both developed FEA model and actual IM, as shown 

in figure 3.3(b). 

3.2.3 Performance Analysis of Initial Design in 2-D and 3-D FEA 

The fundamental equations of the electromagnetic field analysis using finite element 

formulation adopt magnetic vector potential as an unknown parameter. A better 

understanding of the difference between 2-D and 3-D FEA is essential because of the  
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(c) 

Figure. 3.4. Magnetic flux density distribution in the air-gap over one pole pair of 2-D and 
3-D finite element model for variable speed under no-load condition. (a) Radial. (b) 
Circumferential. (c) Total flux. 

physical nature of magnetic vector potential, which is a vector quantity. In this section, 

radial, circumferential, and total magnetic flux density is given in Figs. 3.5(a) – 3.5(b). The 

additional axial magnetic flux, which is due to skewing the rotor bars, is observed to cause 

a significant difference in the total magnetic flux density observed in 3-D, as seen in Figs. 

3.5(c). The developed torque and phase A current are presented for initial model IM under 

variable speed condition in Figs. 3.6(a) and 3.6(b). It is observed that in 3-D analysis, the 

average torque and peak current are less due to additional axial spatial harmonics as a 

consequence of the difference in the ECP. 
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(b) 

Figure. 3.5. Performance characteristics comparison of 2-D and 3-D finite element model 
for variable speed. (a) Current for phase A. (b) Developed torque for a variable speed range 
of 0-1,780 rpm. 

3.3. Improvement in IM Design Process Considering Space 
Harmonics 

In this section, a brief description of the proposed design process, including space 

harmonics due to the slotting effect in both stator and rotor is introduced and given in Fig. 

3.7. First, the specification of the initial IM, which is investigated and given in Table I, is 

taken, including geometrical and electrical parameters as initial inputs to the proposed 

algorithm. Subsequently, analytical design model including skew effect and spatial 

harmonics and 3-D FEA are used to calculate the ECP. Modified circuit parameters from 

the novel proposed hybrid analytical-3-D FEA is used to calculate the output torque 

considering higher harmonics due to slotting and skew effect. The spatial harmonic 

reduction is achieved by minimizing torque ripples as an objective function and keeping 

average torque constant using improved particle swarm optimization (IPSO) algorithm 

incorporating the developed analytical design expressions. The improvement of the overall 

performance is achieved, and the characteristics of the improved model are provided in 

section VII. 

3.4. Modified Equivalent Circuit Parameters Considering Axial 
Field Variation and Slot Harmonics 
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Figure 3.6. The design process of spatial harmonic reduction of IM. 

The space harmonics due to stator and rotor slot sizing and rotor bar skewing are 

considered in this section To analyze vibrations and noises in the IM. Skewed rotor bars 

have two significant effects due to axial flux variation in IM analysis: first, the ability of 

the spatial harmonic reduction in the air-gap magnetic flux density to reduce the noises; 

and second the average torque reduction, which is a result of rotor induction weakening in 

the air-gap magnetic field. The phase shift of induced voltage because of skewing for the 

same winding turn causes a drop in induced voltage, which decreases the average torque 

production of IM. The effect of skewing factor and spatial harmonics are taken into account 
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in the circuit parameter calculation considering stator and rotor slot harmonics to study this 

phenomenon more accurately and is represented in Fig. 8, where Rs and Rrν are stator and 

rotor fundamental and slot harmonic resistances, Lsσν, Lrσν and Lmν are stator, rotor and air-

gap leakage inductances for fundamental and slot using analytical design expressions, and 

consequently performance characteristics, such as torque production and phase current 

harmonics due to spatial harmonic reduction are investigated. The phase equivalent circuit 

of a three-phase IM harmonics, respectively. Stator winding resistance is predicted 

considering the end winding turn effect in (3.1) [24]. 
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Similarly, the per-phase equivalent rotor resistance referred to the stator side is 

calculated in (3.2) considering the skew effect. To simplify the equivalent circuit, the inter-

bar currents, which are flowing between adjacent rotor bars due to lack of insulation 

between core and bars, are neglected. To maintain the magnetizing current. The length of 

the skewed rotor bar increases the rotor resistance due to the additional component in polar 

coordinate and considering higher space harmonics due to the slotting effect. In addition, 

the skin effect is included because of higher rotor frequency during the start-up 

performance. 
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where ν is representing slot harmonic orders and tr is the thickness of the end-ring in the 

axial direction. Magnetizing and leakage inductances are inductive parameters in the IM 

equivalent circuit. Since the inductances increase significantly in case of skewed rotor bars 

with respect to the stator, the exact calculation of individual inductances is compulsory. 
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Stator and rotor leakage inductances are classified based on traveling and non-traveling 

flux lines through the air-gap. Higher harmonics of the magnetizing inductance in the air-

gap is the one crossing, and spatial distribution of the winding and skewing are its sources. 

The sources of non-traveling harmonics of the flux lines in the air-gap are the slotting, 

unevenness of the air-gap, end winding and skewing effects. In the proposed design 

algorithm, the same orders of slotting harmonics are considered as spatial harmonics in the 

leakage flux components leading to the derivation of modified circuit parameters. 

Individual leakage inductances for both stator and rotor are evaluated in (3.3), (3.4) and 

(3.5). The winding factor, kwν including skewing factor in inductance calculation 

determines the presence of harmonics due to both slotting effect and skewing. Fundamental 

and harmonic electromagnetic torque from the modified circuit parameters is calculated in 

the next section. 
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where the l  and δeff are the effective core length and air-gap length with stator and rotor 

slotting effect revised with Carter factor. Stator and rotor leakage inductance are broken 

down into individual components, namely, slot, tooth tip, air-gap, skewing and end winding 

leakage inductances. With considering skewing, and slotting harmonic effects, stator 

leakage inductance is calculated in (3.4). 
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where λus, λds, and λws are a slot, tooth tip, and end winding permeance factors in (3.5) and 

(3.6). The concept of magnetic stored energy is used to calculate these factors in the stator 

slot with specific stator slot shape represented in Fig. 3.1(a). 
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In (3.4), lwsλws = 2lewλlew+Wewλwew where lew is the average length of the end winding in 

the axial direction, Wew is the corresponding stator winding coil span, and λlew, λwew is the 

constant coefficient following the winding structures. Furthermore, σ௦௤௦ ൌ
൫ଵି௞ೞ೜మ ൯

௞ೞ೜
మ  and 

σఋ௦ ൌ ∑ ቀ ௞ೢಕ
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ቁஶ
஝ୀିஶ
஝ஷଵ

 are skewing, and the air-gap leakage factors. Also, k2 is the 

coefficient, which is a function of the average value of the phase shift. The effect of skewed 

rotor bars on the leakage inductance is considered in terms of winding factor because the 

induced voltage by fundamental sine wave decreases because of phase shift, which is 

happening due to successive axial displacement of the rotor bars. Hence, the effect is seen 

in both rotor and stator leakage inductance: it is included as σsqs, and in the rotor side, 

referring skew leakage inductance is equal to the stator skew leakage inductance. 

Accordingly, rotor leakage inductance is formulated in (3.7). 
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where λur is the permeance factor in the rotor, and end-ring is the average diameter of the 

end ring. In (3.7), the first and second term is representing the skew and harmonic leakage 

inductances, the third term belongs to rotor slot leakage. Here, the slot opening effect is 

neglected in the slot leakage component. The last term is representing the end ring 

inductance. It can be seen from (3.2), (3.4) and (3.7), rotor resistance and leakage 

inductances are increasing as a result of skewing rotor bars and considering slot harmonics 

which is leading to major variation in performance characteristics. Magnetizing inductance 

is decreasing due to the skew effect, which is seen as a reduction in torque production due 

to the reduction in EMF of the rotor in the air-gap. To evaluate the torque profile, rotor 

leakage inductance needs to be referred to the stator side as well as rotor resistance by 

transformation ratio (Ktrans) in (3.8). 
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3.5. Optimal Design of IM Using Modified Equivalent Circuit 
Parameters for Spatial Harmonic Reduction 

In this section, firstly, the output torque has been defined using the modified equivalent 

circuit parameters considering the effect of higher spatial harmonics in rotor bar resistance, 

and leakage and magnetizing inductances. Subsequently, IPSO has been used to optimize 

the rotor bar geometry and skew angle. 

3.5.1 Torque Considering Axial Field Variation and Slot 

Harmonics  

Output torque is derived with modified equivalent circuit parameters in section V using 

(3.1)-(3.7). And resultant torque is including fundamental and higher harmonic component 

considering slotting harmonics in both stator and rotor, as well as skew factor. The induced 

voltage is calculated using 3-D FEA and included in fundamental and higher harmonic 

torque calculation in (3.9) and (3.10) for no-load condition and loaded condition with 

corresponding slip value. 

 

 
Figure. 3.7. Simplified equivalent circuit of IM considering stator and rotor slot harmonics. 
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where s and sν=1-ν(1-s) are the fundamental and harmonic slips, and Vind is the root mean 

square (rms) value of the induced voltage in rotor bars. 

3.5.2 Improved Particle Swarm Optimization towards Design 

Improvement  

Torque ripple minimization approach using IPSO is applied to the modified equivalent 

circuit parameters including higher spatial harmonics to keep the torque production 

constant by reduction of spatial harmonics. IPSO as a popular heuristic optimization 

algorithm is selected owing to its easy implementation as well as high convergence when 

inertia and acceleration coefficients are selected accordingly [25], [26]. 

According to Fig. 3.8 the subscripts indicate the number of particles. rp and rg represent 

uniform random numbers between 0 and 1, which is generated repeatedly at each iteration. 

c1 and c2 normally are two positive constants, called the cognitive and social parameters, 

respectively, (in this IPSO model, time varying is considered as, c1 start=1.5, c1 end=2.5 

and c2 start=2.5, c2 end=1.5). The inertia weight, wi in IPSO algorithm should not be 

selected too large which might lead to premature convergence. It should not be too small 

because it can slow down the convergence excessively. The termination of the optimization 

is the number of generations chosen as 50. The selected IPSO converges to the optimal 

values of the fitness function over the defined iteration by updating the cognitive 

coefficients dynamically towards the best answers and subsequently, the pseudo velocity. 

Inputs to the optimization block are the initial rotor bar geometry, skew angle and the IPSO 

parameters. IPSO is applied at each time step to calculate the rotor bar geometry and skew 

angle as variables (X1, …, X11) in order to meet the constraints in an effort to minimize the 

torque ripples by keeping the volume and the average torque constant. Comparison of the  
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Figure. 3.8. IPSO algorithm to optimize the machine model. 

best result among the entire swarm, the improved design variables are illustrated in Table 

3 and Fig. 3.9. It is found that skewing rotor bars by 1.41 stator slot pitch skew angle is the 

best possible optimization output to improve the torque profile by the spatial harmonic 

reduction in the air-gap, and hence torque ripples drop. Furthermore, the same average 

torque is achieved with improved rotor bar geometry. Optimal rotor resistance and 

permeance factor have been calculated using rotor inductance formulation in the objective 

function. The initial and improved schematic rotor bar alongside matching skew angles is 

Calculating Inputs and IPSO Parameters 

 Initialize the IPSO with a Uniformly Distributed Random Vector 

X1 ← ~ U(blo, bup), pi ← xi

f(pi) < (g), g ← pi

vi ← ~ U(-|bup-blo|, |bup-blo|)

rp, rg ←  ~ U(0,1)

 f(xi) < f(pi),  pi ← xi

f(pi) < f(g), g ← pi

i < iteration i ← i+1

g = Optimal Answer of Objective Function

vi ← ωvi+c1rp (pi-xi)+c2r2(g-xi)

 xi ← xi + vi
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shown in Fig. 3.9. Also, geometrical and rated parameters are compared for both designs 

in Table. 3.4. Calculated improved geometrical parameters through optimization are used 

to determine the improved characteristics in the air-gap represented in section 3.6. 

TABLE 3. 3  
IPSO PARAMETERS, BASE AND OPTIMAL VARIABLES 

 
TABLE 3. 4  

COMPARISON OF ELECTRICAL PARAMETERS AND PERFORMANCE CHARACTERISTICS FOR 

INITIAL AND IMPROVED DESIGN  
 

IPSO Parameters Values Variables Initial (mm) Optimal(mm) 

Number of generations 50 X1 1 1.41 

Number of populations 30 X2 1 1 

Max inertia coefficient 10 X3 0 0.001 

Min inertia coefficient 0.001 X4 1 1 

Cognitive parameter start 2.5 X5 5 4 

Cognitive parameter end 1.5 X6 5 4 

Social parameter start 1.5 X7 3.5 0.5 

Social parameter end 2.5 X8 9 10 

Constriction factor 0.7 X9 1.5 1.5 

Mutation 0 
X10 4 5 

X11 2.5 1.5 

Parameters Initial Improved

Rs (Ω) 0.211 0.211 

Rr (Ω) 0.510 0.551 

Xls (Ω) 0.620 0.643 

Xlr (Ω) 0.914 0.760 

s 0.025 0.011 

η 87.23 88.38 
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Figure. 3.9. Comparison Geometrical  parameters for initial and improved design with 
respect to related skew angle. 

3.6. Optimal Design of IM Using Modified Equivalent Circuit 
Parameters for Spatial Harmonic Reduction 

The response of radial, circumferential and axial flux density in the middle of the air-

gap under the no-load condition with a slip of 0.001 is provided for initial and improved 

designs in Figs. 3.10(a)-3.10(c). Subsequently, spectrum analysis of total air-gap flux 

density, which is vector quantity including radial, circumferential and axial components, is 

given in Fig. 3.11. Harmonic components of total flux are revealing the fundamental total 

magnetic flux density is improved under one per pole pair. Accordingly, average developed 

torque has been improved and higher frequency harmonic components are reduced 

especially the one belonging to the main rotor slot harmonic using 𝜈 ൌ 1 േ 2𝑚𝑐𝑞. Because 

of improved rotor slot size and skew angle, a major component of harmonic flux which is 

developing torque ripple is reduced and performance characteristics are enhanced. 

Self-inductance, magnetizing inductance and developed torque for both designs are 

shown for the speed range of 0-1,789.2 rpm in Fig. 3.12. Accordingly, it can be seen that 

torque ripples are minimized as a result of space harmonic reduction in total magnetic flux 

density distribution in the air-gap for variable speed condition. It is worth mentioning that 

more reduction in the spatial harmonics is possible by defining different stator winding 

layout, which is the other major reason to produce space harmonics in IM. The continuation 

of this work by considering the winding layout and corresponding harmonics in the 

computational algorithm is set as one of the future works in the IM for further reduction in 

torque ripple and vibration. 
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(a) 

 
(b) 

 
(c) 

Figure. 3.10. Space distribution of magnetic flux density in the air-gap for the no-load 
operating condition for a single layer winding. (a) Radial. (b) Circumferential. (c) Axial in 
3-D FEA.  
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Figure. 3.11. Normalized harmonic components of total magnetic flux density in the air-
gap for the no-load operating condition. 

3.7. Conclusion 

In this thesis, the necessity of 3-D FE analysis over 2-D FE analysis for skewed IM is 

highlighted by the inclusion of axial magnetic flux distribution in the air-gap. The 

significant difference in performance characteristics such as current and induced torque is 

presented. Equivalent circuit parameters are calculated using analytical design expressions 

including higher spatial harmonics due to slotting and skew effect in IM. A torque profile 

of a three-phase induction machine has been improved using the novel proposed hybrid 

analytical-3-D finite element algorithm incorporating IPSO. Comparison of improved 

design and initial designs in 3- D FEA shows a significant decrease in spatial harmonics 

due to optimal skewing and improved rotor bar geometry. Hence, the fundamental 

component of magnetic flux density is increased in the total air-gap flux density. As a result 

of the spatial harmonic reduction, and keeping the average torque constant in the 

optimization procedure, the torque production is enhanced in comparison to the 

conventional skewed rotor bar IMs.  
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(a) 

 
(b) 

Figure. 3.12. Performance characteristics comparison of initial and improved designs of 
IM. (a) Self and magnetizing reactances under the no-load condition with a slip of 0.0061. 
(b) Electromagnetic torque production for 1,200 rpm. 
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CHAPTER 4 

3-D SUB-DOMAIN ANALYTICAL MODEL TO 
CALCULATE MAGNETIC FLUX DENSITY IN 

INDUCTION MACHINES WITH SEMI-CLOSED SLOTS 
UNDER NO-LOAD CONDITION 

4.1. Introduction 

In order to reduce loss and vibrations occurring due to axial magnetic flux variation in 

skewed electric machines, specially IMs, 3-D electromagnetic analysis is needed [1] and 

[2]. Numerical methods such as finite element analysis (FEA) is found to be an efficient 

option in machine design field due to its accuracy. However, 3-D FEA analysis is a time 

consuming and inefficient approach in design optimization process [3]. Hence, the 

necessity of an exact 3-D analytical solution is crucial in order to reduce research, time, 

and cost to obtain an optimal design for any industrial application. 

The most favorite method by designers is the determination of Maxwell’s equations 

using the analytical technique. It is fast and precise and is considered in optimization [3]- 

[4]. In [5], 2-D analytical solutions have been derived and proposed for non-skewed simple 

structures, solid and slotted rotor which mostly deals with eddy current calculation for rotor 

bars solving Maxwell’s equations. However, the accuracy of electromagnetic performance 

analysis is compromised over the simplicity of developed differential equations, and axial 

asymmetrical effects are neglected. In this thesis, a novel method has been proposed to find 

a 3-D general solution for magnetic flux density considering z-axis variation unlike 

previous methods, and magnetic flux densities in the air-gap, stator, and rotor slots are 

calculated and compared to the ones with 3-D FEA. 

4.2. 3-D Analytical Field Solution of IM 

To solve Laplace and Poisson equations, the structure of three-phase IM with any 

combination of rotor and stator slots can be divided into five major subdomains shown in 

Fig. 1: stator slot, stator slot opening, air-gap, rotor slot, rotor slot opening. Rotor and stator 

subdomains include 2Qr and 2Qs number of sub-regions, where Qs and Qr represent stator  
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Figure. 4.1. Sketch of ith stator semi-closed slot for a single layer concentric winding and 
ith rotor cage bar with domain indexing bar for stator slot, stator slot opening, rotor slot and 
rotor slot opening and air-gap subdomains.  

and rotor slot numbers. Therefore, in the case of a single layer windings the total number 

of sub-domains is [2(Qr +Qs)+1]. The first step in solving Maxwell’s equations is to make 

the following assumptions to simplify the analytical solution: a) supply is balanced 

sinusoidal currents; b) stator and rotor yokes are nonconductive and are infinite permeable 

materials; c) electric conductivity and magnetic permeability of rotor bars are constant; d) 

current density in stator slot is considered constant; and e) slots are considered rectangular 

in shape. Magnetic vector potential (MVP), defined as A, is used to calculate the magnetic 

flux density at no-load condition by considering the machine’s geometrical configuration, 

as well as electrical and magnetic properties. As a consequence of axially uneven geometry, 

MVP has three components: A as radial, A as circumferential and Az as axial. Governing 

partial differential equations (PDEs) are expressed in each region as (4.1). Three terms in 

the right-hand side are expressed for the existence of the current source in air-gap, stator, 

and rotor slot openings, stator, and rotor slots accordingly.  
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where m is the index for sub-domains and i is the number of slots. Relationship between 

MVPs and magnetic flux densities in all directions in cylindrical coordinates is as (4.2): 
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Based on the above assumption and PDEs for each sub-domains two types of boundary 

and interface conditions are used for normal component of flux density (B) and the parallel 

component of the flux intensity (H║) of two adjacent materials. 
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The current densities in stator and rotor slots under the no-load condition for single layer 

winding and skewed rotor bars are defined as in (4.4) and (4.5).  
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where, Ns, Ss, Wl, and Im are the number of conductors per phase, net area of wounded stator 

slot, winding layout and peak current in stator windings respectively. The current density 

in rotor bars follows the eddy current calculation and is derived for ith slot using two polar 

components in tangential and axial directions due to the skew effect as shown in (4.5).  
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where, rm, 0, r, and  are rotor speed, the permeability of the air gap and rotor bars 

and conductivity of rotor bars. 

4.3. General 3-D Solution of Laplace’s Equation 
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In II and IO regions which indicates air-gap and stator slot opening located between 

Ror<ag<Ris and Ris<so<R1s. The solution of radial, circumferential and axial components 

of MVPs without any external excitation is presented in (4.6)-(4.8) for a specific time 

instant. 
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where, m1, m2, k2, and m3 are positive orders of spatial harmonic in ρ, θ and z directions. 

A1(II, IO)-A3(II, IO), B1(II, IO)-B3(II, IO), C1(II, IO)-C3(II, IO) and D1(II, IO)-D3(II, IO) are integral 

coefficients. The number of integral constants is [(m+k)Qs] in case of stator slot opening. 

The air-gap region is treated as two layers and has [(m+k)(Qs+Qr)] constants. J1 and Y1 are 

the first order of Bessel functions of first and second kinds. F2 and 𝐺ଶ,ସ
ଶ,ଵ are generalized 

hypergeometric and Meijer G-functions. 

4.4. General 3-D Solution of Helmholtz’s Equation 
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In III and IIIO regions which represent rotor slot and rotor slot opening with the 

magnetic property of µ0µr, located between R2r<r<R1r and R1r<ro<Ror. The solution of 

radial, circumferential and axial components of MVPs with induced currents in rotor bars 

are derived in (4.9)- (4.11). Where, A1(III, IIIO)-A3(III, IIIO), B1(III, IIIO)-B3(III, IIIO), C1(III, IIIO)-C3(III, 

IIIO) and D1(III, IIIO)-D3(III, IIIO) are integral coefficients., Ji and Yi are Bessel functions of first 

and second kinds and tan is the skew angle. No-load slip is considered in rotor speed 

calculation rm as (1-s) s. The number of integral constants is 2mQr in the rotary region. 

 
 

 

























































 



 












1 1

2

),(1

1

2

),(1

)tan(

),(1

)tan(

),(1

,

1

1

1

1

1

0
2
1

0
2
1

)1(

)1(

m

m

imIIIOIII

m

imIIIOIII

im

IIIOIII

im

IIIOIII

IIIOIII
miDD

miDC

eB

eA
A

z
rrm

z
rrm

(4.9) 

 


































































 





 







 





 


















 



 






1,

2

2

2

2

2

2),(1

2

2),(2

)tan(

),(2

)tan(

),(2

,

22 0
2
2

0
2
2

1

)log(1cos

)log(1sin

km
IIIOIII

IIIOIII

im

IIIOIII

im

IIIOIII

IIIOIII

m

k

mD

mC

eB

eA
A

z
rrm

z
rrm

(4.10) 

   
   
































 







1
),(3),(3

0
4

),(3

0
4

),(3

,

3

33

3

3

)tan(1

)tan(1

m

m

IIIOIII

m

IIIOIII

rrmimIIIOIII

rrmimIIIOIII

zIIIOIII eDeC
YB

JA
A  

(4.11) 

 

4.5. General 3-D Solution of Poisson’s Equation  

In region I which specifies stator slot region located between R1s<s<R2s, with a 

sinusoidal balanced current source, defined in (4.4), the solution of MVPs is presented in 

(4.12)- (4.14). 



64 
 

 

    















 








1

)(1

),(1

)(1

)(11)(11)(1

1

2
1

2
1)cosh()sinh(

m

m

IOII

m

IIII eDeCzmBzmAA (4.12) 

   











































































 











 

 









1,

2)(22)(2

1,1

0,1,
2

1
,

2

1
21,2

4,2
21

2

2

22

2
2

21

2

2

2

2

2)(22)(2

22

)()(

2

1
,

24

)(

4
;2,

2

3
;

2

1

4

)(

)cosh()sinh(
km

IIII

III

mYDmJC

m
G

mJm

m
F

mYkm

zmBzmAA

(4.13) 

 
  

   z
B

c
ckRA

RRj

A

k
Ii

ckck
sI

ss

i

s

zI ˆ

2
cos1

2)ln(2

1
)(3

1
13

2
2)(3

2

2

2

20

3

1313



































































(4.14) 

where, i, c1 and ji
s are the ith slot position, slot opening, ith slot current density. A1(I)-A3(I), 

B1(I)-B3(I), C1(I)-C3(I) and D1(I)-D3(I) are integral coefficients with (m+k)Qs elements. 

4.6. Boundary and Interface Conditions 

Integral coefficients of MVPs in given general solutions for all sub-domains are derived 

using boundary and interface conditions according to Figure. 4.1, considering axial 

component continuity of MVPs along the z-direction. Boundary conditions for stator slot 

and the interface between the stator slot opening and the air-gap are given in (4.15) - (4.18). 
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Fourier expansion similarly has been applied to the boundary and interface equations 

between rotor slot opening and air-gap, which are given in (4.19)-(4.22). 
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Magnetic flux density in the air gap, rotor, and stator slots are calculated using the 

proposed mathematical model for a single cage induction machine under the no-load 

condition with any pole-slot combinations. In addition to the flux variation, Maxwell stress 

tensor is applied to determine torque using the calculated magnetic flux density 

components in (4.23).  
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where L and B are the axial length of the machine and magnetic flux density in the air-gap, 

n is the normal unit vector, Γ is the integration path and r is the displacement vector from 

the rotor to the segment dΓ. 

4.7. Validation of 3-D Sub-Domain Mathematical Model and 3-
D Finite Element Analysis 

1.  

A case study is developed to validate the proposed 3-D sub-domain model with 3-D 

FEA using geometrical parameters of a 7.5 hp IM presented in the Table. 4.1. The stator 

has 128 conductors per phase and the wounded slot area is calculated by c1[(R2s)2-(R1s)2]. 

Angular rotor speed is calculated with a slip of 0.001 for no-load condition and the peak 

current is 20.9 A. According to the winding layout in (4.24) for three-phase under one pole, 

the current density is calculated using Fourier expansion for ith stator slot. 
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In order to increase the accuracy of magnetic flux density in five sub-domains, the 

transient analysis is performed using current source excitation. The total number of 

elements is chosen as 224,822 and time step size is 2x10-4. The CPU time for 3-D FE model 

for an instant time is 70:21:41 and memory is 17 GB. CPU time in 3-D sub-domain model 

is 00:53:17 and memory used is 2.56 GB. In the calculation of the 3-D analytical solution, 

the number of spatial harmonic orders is chosen to be 40 for the slots and the air-gap 

domains.  

For 3-D sub-domain model matrices and cells have been used to accelerate the 

computation time instead of loops. The main task in the model is to build the boundary 

condition matrix and the source vector using three-dimensional spatial harmonic orders. 

Comparing both approaches indeed depends on parameters such as the meshing density for 

the FEA and the programming capability as well as the number of harmonic orders for sub-

domain model. However, the proposed analytical model is much faster compare to 3-D 

FEA. 

Figures 4.2a-4.2c shows the three-dimensional components of magnetic flux density in 

the middle of the air-gap on the cylindrical surface with the diameter of 133.7 mm and 

angular variation of 0 to 180o. It can be observed that the flux magnitudes calculated from 

two approaches are approximately close which validate the flux calculation using (4.6)- 

TABLE 4. 1. 
DESIGN DATA FOR FEA MODELING 

 

 

 

 

 

 

Design Parameters for 3-D FEA and Proposed Model 

Dso/Dsi 220.137/134 Qs 48 L 136.02 mm 

Dro/Dri 133.4/42 Qr 42 Ns 120 

C1 6.7 C2 3.8 C3 1.8 

C4 2.8 gi 𝑖ሺ2𝜋ሻ 𝑄௥⁄ 𝜃௜ 𝑖ሺ2𝜋ሻ 𝑄௦⁄  
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(4.8). Non-uniform distribution of flux density in the axial direction due to skewing and 

axial asymmetry is predicted using the novel 3-D proposed model as well as 3-D FEA. 

Figures 4.3(a)-4.3(f) shows the three-dimensional components of magnetic flux density 

in the stator and rotor slots. Magnetic flux components in rotor slot are solved using a 

cylindrical surface with a radius of 60.6 mm and angular variation of 0 to 2.8o for rotor slot 

opening, and cylindrical radius for stator slot is 75 mm and angular position varies from 0 

to 6.7o. It can be observed that the flux magnitude calculated from 3-D sub-domain model 

follows 3-D FEA results, validating the flux calculation. Non-uniform distribution of flux 

density in the axial direction is as important as a circumferential component to be 

considered in the optimization process to reduce spatial harmonics. 
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(c) 

Figure. 4.2. 3-D FEA and analytical prediction of magnetic flux density with a slip of 0.001 
in the middle of the air-gap. (a) Radial. (b) Circumferential. (c) Axial components. 
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(e)       (f) 

Figure. 4.3. 3-D FEA and analytical prediction of magnetic flux density with a slip of 0.001 
in the rotor and stator slots. (a) Radial. (b) Circumferential. (c) axial components in the 
first stator slot. (d) Radial. (e) Circumferential. (f) Axial components in the first rotor slot. 

 

 

Figure. 4.4. Comparison of torque-speed characteristics with a slip of 0.05.  

Figure 4.4. demonstrates the torque-speed characteristics of IM, which compares the 

results of 2-D FEA, 3-D FEA and proposed 3-D sub-domain model. Equivalent circuit 

parameters are calculated using (4.25) and (4.28). Comparison of error between 3-D FEA, 

sub-domain model and 2-D FEA demonstrates good agreement between both 3-D methods. 
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where DA and DB are defined as [Dir+Dor] and [Dor-Dir]. hs, kr, kb, kew, kw and ksq slot height, 

end-ring and rotor bar resistance coefficients, end winding coefficient, winding and 

skewing factors. Ψ and φ represent phase flux and flux linkage which is used in inductance 

calculation. 

4.8. Conclusion 
In this thesis, 3-D sub-domain model has been proposed in cylindrical coordinates to 

predict magnetic flux density in the air-gap region, stator and rotor slots. The proposed 

mathematical model can be used for any slot- pole combination for a single cage induction 

machines. Slotting effect and tooth tips are considered for both stator and rotor domains. 

Computational speed and memory consumption are significantly less compared to the 3-D 

FEA analysis, which makes it more efficient for the optimization process in any industrial 

application. The proposed 3-D sub-domain model can be used in the optimization process 

in order to reduce spatial harmonics and decrease excessive losses and vibration due to 

axial asymmetry in induction machines. 
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CHAPTER 5 

SEMI-ANALYTICAL BASED MULTI-OBJECTIVE 
OPTIMIZATION OF ROTOR CONFIGURATION OF 

HIGH SPEED IM  

5.1. Introduction 

Induction machine is a promising candidate for electric vehicle (EV) application as 

compared with a permanent magnet synchronous machines (PMSMs) due to the absence 

of permanent magnets, mature control technology, and flux-weakening capability while 

keeping the required output performance characteristics for EVs [1-4]. Conventional 

design of IM focuses on the design at the rated frequency and operating condition. In 

addition, to calculate the rated electrical circuit parameters, the variation of the parameters 

needs to be evaluated from low to high speed to meet the propulsion system targets over a 

wide speed range. Starting performance requirement of IM for EV can be satisfied 

throughout wide speed range operation under variable load condition by adjusting 

necessary input current without the necessity for double cage bars [5] and [6]. Different 

rotor slot shape is investigated and optimized in the literature including short and wide 

shapes rotor and stator slots as well as narrow and long shapes depending on the trade-offs 

between efficiency, power factor, and maximum torque capability of IMs [7-9]. However, 

performance characterization did not take account of the variation of the IM parameters for 

various speed to study the full capability of the motor. 

For EV application, the torque and power-speed profile is an important design criterion 

which is usually ignored due to consideration of the wide range of operating points making 

the design and optimization procedure computationally expensive [10-14]. PMSMs are 

naturally capable of satisfying suitable torque-speed characteristics for wide speed range 

in constant power region by adopting a proper design of the motor. However, wide speed 

operation of IM in the design process is a major drawback and challenge for EV application 

due to magnetizing and leakage inductances parameters which cannot guaranty the 

maximum power delivery at high speed range. Therefore, the maximum speed is limited 

compared to the PMSMs. Reduction of leakage inductances will extend the speed range, 

however, it will generate additional PWM losses leading to efficiency drop [15] and [16]. 
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Therefore, structural optimization without sacrificing the maximum efficiency of the IM is 

a challenging task while extending the constant power speed ratio (CPSR) for EV 

applications. 

The comparison of power-speed characteristics of IM and PMSM for EV application 

explains the need for design improvement of IM to enhance the performance beyond the 

base speed [17]. The speed range of IM is divided to three modes according to polar 

diagram and d- and q-axis currents and voltage limits for the rated frequency: (1) constant 

torque; (2) constant power; and (3) high speed range. Along with maximum torque per 

ampere capability in the low-speed region, a wide constant power region of 2-4 times of 

base speed is required for EV application [18-20].  

The torque–speed characteristic of electrical machines depends on the control strategy 

and how the input current is being controlled, as well as motor design parameters. The 

desirable flux weakening region can be achieved using an optimal current control using 

vector control of IM [21], while the maximum torque control is usually implemented to 

obtain the maximum output torque of IM [22] and [23]. Besides improving the control 

methodology to obtain the maximum capability of the motor, speed range can be extended 

by increasing the air-gap length and slot opening as well as proper selection of stator-rotor 

slot combination [24-27]. However, selection of the optimal slot combination and structural 

parameters as a systematic procedure is still challenging due to non-linearity and 

complexity of relations between geometrical parameters and performance characteristics 

caused by equivalent circuit parameter variation under various frequencies from low to 

high. In [28] a six-phase pole-changing IM is proposed to extend the CPSR, and in [29] 

reconfigurable stator winding is proposed using decoupled controls for to obtained desired 

field weakening region. However, using a dual-inverter control strategy increases the 

system cost and complexity.  

This chapter aims to minimize the leakage to magnetizing inductance ratio of IM in an 

effort to increase the maximum torque–speed capability of the motor through a novel semi-

analytical and numerical procedure. The proposed novel design optimization procedure 

reduces the computational time for IM design development by: 1) Determining optimal 

pole and stator–/rotor–slot combination along with FEA considering local magnetic 
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saturation level; 2) Investigating IM torque-speed profile and circuit parameters 

determination considering saturation and supply frequency effect. Sensitivity analysis in 

conjunction with FEA is conducted to find the most effective variables affecting inductance 

ratio and capability of the motor. An objective function has been developed considering 

the inductance ratio to refine the IM rotor structure with genetic algorithm based 

optimization implemented in FEA. Finally, the experimentally determined inductance ratio 

and equivalent circuit parameters of the prototyped IM are compared and validated with 

the electromagnetic design from low to high speed. 

5.2. Dimensioning of Inverter-fed Induction Motor Considering 

Magnetic Flux Level Boundaries 

Design of IM for variable frequency applications is more complex than constant duty 

applications because of alternating load characteristics of the entire speed range. Also, the 

negative impact of the higher-order harmonics must be reflected at the design stage as it 

causes additional losses, overheating and increase of saturation level. A novel systematic 

design algorithm with a low computational cost is proposed including multi-physical steps: 

1) Investigation of the most dominant structural parameters affecting the equivalent circuit 

parameters to minimize the inductance ratio with the proposed mathematical model. 2) 

Coarse optimization through the closed-loop analytical solution to reduce torque pulsation, 

and obtain target efficiency, maximum torque and speed along with FEA based parametric 

and sensitivity based approach. 3) Fine optimization of the design using a genetic algorithm 

in conjunction with FEA and proposed subdomain model for further minimization of 

inductance ratio without reduction of efficiency within a constant volume. The summary 

of the proposed systematic approach with a lower computational cost is demonstrated in 

Figure 5.1.  

Design targets are scaled down because of the feasibility of the prototyping using 

continuous and overload rating of the laboratory traction motor, as presented in Table 5.1. 

Geometrical parameters of the baseline motor are calculated using the capability of the 

existing inverter and DC-link voltage in the lab, the optimal rms line-line voltage is found 

out to be 285 V. The rotor volume is calculated with the suitable tangential stress (σFtan) in 

the air-gap to produce the desired torque (T).  
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rF VT tan2      (5.1) 

where the Vr is the rotor volume. The derived local current and flux density for the specified 

rotor volume is used to calculated the machine constant using (5.2).  




 BAKC wsmec

ˆˆ

2

2

    (5.2) 

 
Figure. 5.1. Flowchart of the computationally efficient design procedure. 
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where Kw, A, and Bδ are the winding distribution factor, local current and flux densities. 

The power rating of the baseline IM calculated according to Cmec and presented in Table 

5.2. For an in-depth analysis of the rotor structure and its influence on the performance 

characteristics, stator core is kept constant and prototyped in Figure 5.2. M230-35A is used 

to build the stator lamination with 36 trapezoidal and non-parallel slot and the thickness of 

0.35 mm. Since base speed is chosen as 3,000 rpm, special attention is required while 

calculating the air-gap length to eliminate non-uniform magnetic pull [28].  

40007.0001.0 vDL orag       (5.3) 

where Lag is the air-gap length, Dor is outer rotor diameter and v is the peripheral speed of 

the rotor. Winding distribution factor is calculated for an integral winding. The number of 

turns per-phase is obtained with (5.4) using optimal phase voltage. To calculate the number 

of conductors per slot, the slot fill factor is limited to 70% to achieve higher power density. 

agipwphs BlkVZ       (5.4) 

where ω, kw, τp, αi, and Bag are rated frequency, winding factor, pole pitch, saturation factor, 

and the air-gap flux density. To calculate the rotor bar dimension, selection of the optimal 

number of stator and rotor slot combination is a crucial requirement to reduce parasitic 

TABLE 5. 1. 
POWER RATING AND GEOMETRICAL PARAMETERS OF THE BASELINE IM 

 

 

 

 

 

 

 

 

 

 

Peak Torque (N.m) >94 

Continuous Torque (N.m) 36 

Peak Power (kW) 35 

Continuous Power (kW) 11 

Base speed (rpm) 3,000 

Weight of transmission (kg) 37 

Motor weight (kg) <22 

DC Link Voltage (V) 400 
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  (a)     (b)             (c) 

Figure. 5.2. Stator of developed high speed  IM used for parametric based optimization. (a) 
Prototyped stator core with manufactured laminations. (b) Single lamination of the stator. 
(c) Schematic of the single slot. 

 

torque, excessive losses, and radial electromagnetic forces. For this purpose, a parametric 

based optimization approach is followed to find the best combination within a specified 

design space. Figure 5.3 is presenting the sample results from the parametric approach 

combined with FEA used to search the optimal number of poles and stator-rotor slot 

combinations. Based on the parametric approach investigation, the optimal number of the 

stator-rotor slot/pole combination within a specified active volume is 36-42/4p, satisfying 

the constant torque and power region requirements of design targets.  

TABLE 5. 2. 
MAIN DIMENSION AND POWER RATING OF THE BASELINE IM USED IN PARAMETRIC 

APPROACH BASED OPTIMIZATION 

osis DD  152/90.03 LLV  285 V 

orir DD  89.3/28.57 LLI  29 A 

coreL  131.5 mm rated  3,000 rpm 
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(a)      (b)    
 

 

(c)      (d)    
 

 

(e)      (f)    

Figure. 5.3. Comparison of steady state output and magnetic characteristics at different 
stator-rotor slot-pole combinations. (a) Maximum torque. (b) Maximum power. (c) 
Efficiency. (d) Rotor yoke flux density. (e) Stator yoke flux density. (f) Torque ripple at 
the rated operating condition for corresponding full pitch double layer winding layout for 
each stator slot-rotor slot-pole combination.  
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5.3. Novel Mathematical Model of Inductance Ratio Incorporating 
Frequency and Core Saturation 

The main reason for poor constant power region in IM is the absence of reluctance 

torque. Improving CPSR is possible if maximum torque capability increases which is 

directly affected by the circuit parameters of the motor. For this purpose, the inductance 

ratio is derived as a function of geometrical variables from the design perspective. 

Furthermore, maximum torque is derived as a function of the inductance ratio including 

frequency variations and the non-linearity of the parameters with voltage and current 

constraints. 

5.1.1. Inductance Ratio Expressing in Terms of Supply Frequency 
Variation and Core Saturation in Rotor Flux Oriented 
Control 

The flux distribution inside the machine varies by the supply frequency variation and 

iron saturation levels, which is reflected in the equivalent circuit parameters under different 

operating conditions. Determining the optimal inductance ratio within a current circle and 

voltage ellipse boundaries help to develop the optimal structural obtaining the wide 

operating range. The novel mathematical expression for inductance ratio is derived using 

field-oriented control assumptions to enhance the maximum capability of IM [25]. The 

steady state torque can be calculated using (5.5) considering iron saturation and current 

limit as (5.6). 
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where im is the maximum current. Rewriting (5.5) the general factor depending on the 

inductances of the machine is obtained to maximize the torque using (5.7).  
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Maximum torque occurs when Llr(ids)/Lm(ids) is minimum without considering stator 

leakage inductance which is usually considered in the previous studies and therefore the 

rotor configuration has not been selected precisely. For this purpose, a simplified 

methodology has been proposed for inverter-fed IM in the synchronous rotating frame, to 

obtain leakage and magnetizing inductances under variable flux with (5.8)-(5.13). 
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where σLs(ids)=Lls(ids)+Llr(ids) and Lls(ids)=kLlr(ids). Equation (5.9) is used to eliminate 

Lls(ids) in (5.7). 

     dslrdsls iLkiL 1     (5.9) 
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where k is the positive factor which can be determined based on the class of the developed 

IM (class A or B). Rewriting and arranging (5.8) and replacing (5.9) and (5.10), a quadratic 

equation is obtained to calculate rotor leakage inductance which is a function of direct axis 

current and supply frequency in (5.13).  

    032

2

1  dslrdslr iLiL      (5.11) 

where A1, A2, A3, and β=Llr/Lm are defined as follow: 
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  )1(122  kvi qsds
     (5.12b) 
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Figures 5.4 and 5.5 represents the behavior of IM parameter and their impact on the torque-

speed profile for five selected case studies. These investigation results are used to find the 

optimal rotor bar dimensions and shaft diameter in order to meet the optimal value of the 
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inductance ratio obtained in this section. The defined inductance ratio has a significant 

impact on the IM performance. The slot combination of 36-42 meets the design targets 

with a satisfactory continuous and peak output characteristics compare to the other 

combinations [22-24].  

 

 

 
(a) 

 

 
(b) 

V/f=Constant 

V=Rated Voltage 
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(c)  

 

 
(d) 

Figure. 5.4. Impact of IM parameters on the torque-speed profile considering saturation 
effect for a wide speed range. (a) Torque-speed profile. (b) air-gap flux density. (c) rotor 
leakage inductance. (d) magnetizing inductance variation for the various operating 
condition for the same voltage and frequency variations. 
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Figure. 5.5. Inductance ratio for different slot combination for a wide speed range 
considering saturation and supply frequency effect. 

5.1.2. Inductance Ratio Expressing in Terms Of Supply Frequency 
and Core Saturation Using Structural Design Variables 

The magnetizing inductance of IM for a three-phase winding can be determined using 

the peak value of the air-gap flux density over a one pole surface of the motor which leads 

to (5.14). 
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where αi is the saturation factor. Dag, δef, l', kwsfNs are air-gap diameter, length, stack length 

and the effective turns of winding. The magnetizing inductance depends on the voltage, 

torque, and iron saturation level. The stator and rotor leakage inductances are the sums of 

different components and they can be calculated from structural dimensions using (5.15a) 

and (5.15b). 
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where ksqν, kws, Qs, Qr, λs/r, λew, λor, and γ are stator and rotor skew factor, slot numbers and 

slot, end-winding, slot opening permeance factors and correction factor. Δ is the damping 

factor for the cage winding. Aforementioned equations take into account higher order of 

harmonics as well as the iron saturation. The lower inductance ratio represents the 

enhanced performance characteristics of IM for a wide operating range. Therefore, the 

inductance ratio is derived using (5.14), (5.15a) and (5.15b) depending on the structural 

design variables. 
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Inductance ratio depends on the considerable number of dependent and non-dependent 

parameters which makes the computational procedure significantly expensive. This chapter 

aims to reduce the number of design variables to improve the efficiency of development. 

Hence, two individual approaches are followed incorporated in FEA: a) parametric which 

is implemented in the previous section, b) sensitivity approaches to determine the most 

effective parameters on the inductance ratio.  
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5.4. Structural Variable Reduction through Proposed Sensitivity 
Approach Coupled with FE Analysis 

In this section, the tolerances of the rotor slot geometrical parameters as an inevitable 

factor in a mass production and optimization process are calculated and analyzed on 

maximum torque capability of the baseline IM proved by (5.5) and (5.17) using sensitivity 

approach. Furthermore, the effect of these parameters is presented on inductance ratio, 

maximum torque and efficiency on various sub-domain of IM as shown in Figure 5.7.  

5.4.1. Sensitivity Analysis Formulation 

The sensitivity of a variable Y with respect to β is the partial derivative of Y with respect 

to β as (5.18) 

Y

Y
Y
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     (5.18) 

where Y can be electrical, magnetic or mechanical parameters. β and δ are geometrical 

parameters and normalized sensitivity of variable Y. The sensitivity factor of circuit 

parameters of the motor is calculated with respect to the structural parameter tolerances 

using (5.18)-(5.25). The sensitivity factor of Tmax, with respect to different circuit 

parameters of the motor, is calculated using (5.5). The sensitivity factor of CPSR factor, 

with respect to different circuit parameters of the motor, is calculated using (5.8) and 

(5.13). 

 

Figure. 5.6. Description of the investigated induction machine structural design variables 
for sensitivity analysis based optimization. 

  

1→ Rotor bar opening 
2→ Wedge Height 
3→ Rotor bar width-2 
4→ Rotor bar height 
5→ Rotor bar width-1 
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5.4.2. Proposed Sensitivity Analysis Approach towards 
Investigation of Structural Parameter on the Operation of IM 

Rotor resistance is derived considering the nominal value of developed IM design and 

geometrical tolerances to investigate the effect on the maximum torque capability of 

machine, efficiency and inductance ratios. The final deviation of rotor resistance of a 

sample from the reference machine is an offset term as (5.25): 
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The dependency of leakage inductances for the rotor is derived for each sample design 

using calculated geometrical parameters through sensitivity analysis as (5.18). As 

mentioned in the previous section, the leakage ratio has a significant effect on the electrical 

machine performance beyond the rated speed. Therefore, finding critical parameters 

influencing leakage ratio will reduce the variables included in the optimization process. 

Deviation of the total leakage inductances is derived as (5.24). 
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The sensitivity of the rotor slot geometry is investigated through FE analysis to find out 

the effective slot geometrical parameters on the air-gap flux density, maximum torque, 

efficiency and inductance ratio. Comprehensive results are represented in Figure 5.6 for 

rotor slots corresponding to the geometries with a detail explanation of slot variables shown 

in Figures 5.5. Figure 5.7 represents the sensitivity approach incorporated in FE analysis 

for rotor bar geometrical parameters and their effect on the air-gap flux density, efficiency, 

inductance ratio, peak, and rated torque. Based on the investigation of rotor bar opening 

parameters and rotor bar height and width, the most complex parameters which are difficult 

to optimize are the rotor slot with and height compare to the rotor bar opening 

configuration. However, for most of the investigated parameters  

 
(a)  

 
(b)  
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(c)  

 
(d) 

 
(e) 
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(j) 
Figure. 5.7.  Comparison of rotor bar geometrical parameter tolerances on output 
characteristics. (a) Sensitivity analysis of rotor bar opening height and width. (b) 
Sensitivity study of rotor bar height and width on inductance ratio, maximum torque, and 
efficiency. 

5.5. Genetic Algorithm Based Structural Optimization Through 
FE and subdomain Analysis to Minimize Inductance Ratio to 
Enhance Capability of The IM  

In this section, the genetic algorithm is employed in FEA and the proposed sub-domain 

model to maximize the peak torque capability of the baseline IM using (5.7) which is 

through reduction of the inductance ratio. Design variables in the rotor are defined as 

presented in the previous section based on the weighty of their effect on the torque 

development in the field weakening region and same variables are used when inductance 

ratio is going to be minimized. 

5.5.1. Formulation of the Objective function to Optimize the Rotor 
Bar Geometry through Proposed Sub-Domain and FEA 

In order to maximize the peak torque and increase the operating range of IM, this work 

proposes multi-objective function to minimize the inductance ratio by finding the optimal 

rotor configuration as it defines the operating range. By this objective function, the 

minimized inductance ratio is achieved for higher maximum torque and peak torque within 

a constant D2L. The rotor bar is optimized for a fixed stator using (5.13). The proposed 

GA–based optimization approach is focused on the improvement of speed range with 
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minimized inductance ratio during steady state condition in both constant torque and power 

regions. The reason for using the proposed objective is that it can help to extend the 

constant power region without sacrificing overall efficiency of IM and constant torque 

region operation. The proposed objective function is defined by (5.27)–(5.29). 
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(b) Volume =Constant & Efficiency>92%   (5.29) 

It should be noted, in an ideal scenario, if the Obja is close to zero, infinite constant power 

region, unity power factor, and 100% efficiency can be achieved. However, this is without 

considering resistance variation for higher frequencies and zero leakage inductances. The 

variation of conductor resistances can reduce the base speed since the maximum and rated 

torque will not change significantly. However, the maximum speed will be affected due to 

a decrease in rated speed even if the constant speed ratio is kept constant. Moreover, 

decreasing stator resistance will result in loss reduction and efficiency enhancement of IM. 

In order to minimize the losses, this paper seeks to maximize peak torque considering rotor 

resistance variation to enhance efficiency. In summary, the optimal design of IM involves 

two objectives, namely, optimizing Obja and Objb to improve the IM torque-speed profile.  

The genetic algorithm is employed in FEA and the proposed sub-domain model to 

compare the convergence rate and number of iterations to obtain the optimal rotor bar 

structure. Since the developed IM is not skewed for simplifying the prototyping process, 

therefore 2-D sub-domain formulation is used in the optimization procedure. Figure 5. 8  
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Figure. 5.8. Comparison of convergence rate using proposed sub-domain model and FEA 
to obtain the minimum inductance ratio to maximize the speed range. 

presents the comparative analysis of the optimization procedure with the proposed sub-

domain model presented in chapter 4 and the finite element analysis. 

5.5.2. FEA Based Investigation and Comparison of the Baseline 
and Improved Designs Targets 

The proposed mathematical model incorporated in section 5.3, is used to formulate Obji 

in conjunction with FE analysis. The method of obtaining torque/power–speed profile in 

FEA is carried out by defining slip variation and current characteristics of the vector–

controlled IM for a wide frequency variation. In the field weakening region, the voltage 

limit is kept as the rated voltage by applying the specific frequency and slip ratios to satisfy 

the characteristics of the vector–controlled IM. Output torque is obtained for each step 

during steady state condition. Moreover, efficiency is calculated corresponding to each 

operating condition. Figure. 5.9 represents the convergence of the objective function 

derived for both constraints namely a and b. As shown in this figure, considering the most 

effective structural variables, rotor slot dimensions are optimized to improve and minimize 

the objective function for both constraints in (5.27) and (5.28). Therefore, the peak torque 

of the baseline is maximized with the efficiency as close as the target efficiency for the 

same volume. Figures 5.10 and 5.11 represent the 2D CAD drawing of the optimal IM and 

the magnetic flux density in the air–gap, respectively. Figures 5.12 and 5.13 presents 

improved maximum torque, inductance ratio for the optimal IM. Within a fixed volume 
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maximum torque capability is improved, however, there will be a small efficiency drop 

due to a decrease in the base speed which can be improved with increasing the outer 

diameter of the stator. Figure 5.14 presents the efficiency map of developed IM. table 5.3 

shows the power rating of optimal design at rated and overload conditions. Calculated 

baseline structures are in a good agreement with the target design specification addressing 

the issues in the conventional design approach. Furthermore, the proposed objective 

function to improve the capability of IM in flux weakening region is addressed through 

proposed sensitivity approach by introducing the most significant rotor structural 

parameters to the inductance ratio, peak torque and efficiency of IM. The proposed 

objective function considers resistance effect in addition to leakage and magnetizing 

inductances on the field weakening operation and efficiency of the IM. 

 

 

Figure. 5.9. Objective function evaluation for inductance ratio by optimizing rotor slot 
geometrical parameters using the main structural variables affecting the objective function 
a. 

 
Figure. 5.10. Unsaturated magnetic field distribution of the optimal IM at 2,940 rpm and 
rated torque at rotor and stator slot edge. 
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Figure. 5.11. Objective function convergence to maximize efficiency and peak torque by 
optimizing rotor slot geometrical parameters using the main structural variables affecting 
the objective function b.  

 
Figure. 5.12. Comparison of Inductance ratio of optimal IM and baseline design. 

 

Figure. 5.13. Comparison of Maximum torque at the rated condition of optimal IM and 
baseline design. 
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Figure. 5.14. Efficiency map of optimal IM. 

TABLE 5. 3. 
RATED AND PEAK PARAMETERS OF OPTIMAL IM 

 

 

 

 

 

 

 

5.6. Conclusion 

In this thesis, a novel rotor configuration has been proposed and prototyped using the 

developed design procedure. This optimizes the IM for EV application with higher 

maximum torque capability. First, using parametric study based optimization approach, the 

optimal number of stator-rotor slot and pole combination was found out to be a 4 pole and 

36–42 slot combination satisfying the initial requirements for the application. Minimum 

torque ripple, increased efficiency, and optimal inductance ratio were achieved for the 

baseline targets with a satisfactory constant power speed ratio close to the target value. 

Then the inductance ratio is minimized to enhance the peak torque capability of the 

developed IM design through optimal rotor slot dimension. Employing proposed design 

optimization procedure via reduced design space, the design and optimization process is 

Maximum Torque 107 N.m 

Maximum Power 34 kW 

Rated Efficiency 91.59 

Power Factor 0.83 

Rated Torque 36 N.m 

Rated Speed 2,940 rpm 



97 
 

found to be more efficient and converges faster and can be implemented to any traction 

motor design for further improvement to meet the requirement for EV applications. The 

trend of experimentally obtained parameters is validated over a wide speed range and it 

demonstrates the prototyped IM capability beyond the base speed. The same methodology 

can be applied for the stator to enhance the efficiency and torque-speed profile of the IM. 

5.7. References 

[1] M. Ehsani, Yimin Gao and S. Gay, "Characterization of electric motor drives for traction 
applications, in the proc of the" Industrial Electronics Society, 2003. IECON '03, vol.1, 2003. 

[2] G. Pellegrino, A. Vagati, B. Boazzo, and P. Guglielmi, "Comparison of Induction and PM 
Synchronous Motor Drives for EV Application Including Design Examples," in IEEE 
Transactions on Industry Applications, vol. 48, no. 6, 2012. 

[3] T. Finken, M. Felden, and K. Hameyer, "Comparison and design of different electrical 
machine types regarding their applicability in hybrid electrical vehicles, in the proc of the" 
2008 18th International Conference on Electrical Machines, 2008. 

[4] D. G. Dorrell, A. M. Knight, L. Evans and M. Popescu, "Analysis and Design Techniques 
Applied to Hybrid Vehicle Drive Machines—Assessment of Alternative IPM and Induction 
Motor Topologies," in IEEE Transactions on Industrial Electronics, vol. 59, no. 10, 2012. 

[5] Z. M. Zhao, S. Meng, C. C. Chan, and E. W. C. Lo, "A novel induction machine design 
suitable for inverter-driven variable speed systems," in IEEE Transactions on Energy 
Conversion, vol. 15, no. 4, 2000. 

[6] Z. Yang, F. Shang, I. P. Brown and M. Krishnamurthy, "Comparative Study of Interior 
Permanent Magnet, Induction, and Switched Reluctance Motor Drives for EV and HEV 
Applications," in IEEE Transactions on Transportation Electrification, vol. 1, no. 3, 2015. 

[7] C. Shumei, D. Ying and S. Liwei, "Rotor Slots Design of Induction Machine for Hybrid 
Electric Vehicle Drives, in the proc of the " 2006 IEEE Vehicle Power and Propulsion 
Conference, 2006. 

[8] T. Wang, P. Zheng, Q. Zhang, and S. Cheng, "Design characteristics of the induction motor 
used for hybrid electric vehicle," in IEEE Transactions on Magnetics, vol. 41, no. 1, 2005. 

[9] S. Seo, G. J. Park, Y. J. Kim and S. Y. Jung, "Design method on induction motor of electric 
vehicle for maintaining torque performance at field weakening region, in the proc of the " 
2017 20th International Conference on Electrical Machines and Systems (ICEMS), 2017. 

[10] A. Mollaeian, S. M. Sangdehi, A. Balamurali, G. Feng, J. Tjong, and N. C. Kar, "Reduction 
of space harmonics in induction machines incorporating rotor bar optimization through a 
coupled IPSO and 3-D FEA algorithm, in proc of the " 2016 XXII International Conference 
on Electrical Machines (ICEM), Lausanne, 2016. 

[11] F. Parasiliti, M. Villani, S. Lucidi, and F. Rinaldi, "Finite-Element-Based Multiobjective 
Design Optimization Procedure of Interior Permanent Magnet Synchronous Motors for Wide 
Constant-Power Region Operation," in IEEE Transactions on Industrial Electronics, vol. 59, 
no. 6, 2012. 



98 
 

[12] D. Butterweck, M. Hombitzer, and K. Hameyer, "Multiphysical design methodology of a 
high-speed induction motor for a kinematic-electric powertrain, in the proc of the" 2017 
IEEE International Electric Machines and Drives Conference (IEMDC), 2017. 

[13] G. Bramerdorfer, A. C. Zăvoianu, S. Silber, E. Lughofer and W. Amrhein, "Possibilities for 
Speeding Up the FE-Based Optimization of Electrical Machines—A Case Study, " in IEEE 
Transactions on Industry Applications, vol. 52, no. 6, 2016. 

[14] D. Zarko, S. Stipetic, M. Martinovic, M. Kovacic, T. Jercic and Z. Hanic, "Reduction of 
Computational Efforts in Finite Element-Based Permanent Magnet Traction Motor 
Optimization," in IEEE Transactions on Industrial Electronics, vol. 65, no. 2, 2018. 

[15] Y. Liu, J. Zhao, R. Wang and C. Huang, "Performance Improvement of Induction Motor 
Current Controllers in Field-Weakening Region for Electric Vehicles," in IEEE Transactions 
on Power Electronics, vol. 28, no. 5, 2013. 

[16] H. Grotstollen and J. Wiesing, "Torque capability and control of a saturated induction motor 
over a wide range of flux weakening," in IEEE Transactions on Industrial Electronics, vol. 
42, no. 4, 1995. 

[17] G. Pellegrino, A. Vagati, B. Boazzo, and P. Guglielmi, "Comparison of Induction and PM 
Synchronous Motor Drives for EV Application Including Design Examples," in IEEE 
Transactions on Industry Applications, vol. 48, no. 6, 2012. 

[18] M. S. Huang and C. M. Liaw, "Transient performance improvement control for IFO 
induction motor drive in field-weakening region, in proc of "IEEE Electric Power 
Applications, vol. 150, no. 5, 2003. 

[19] E. B. Agamloh, A. Cavagnino, and S. Vaschetto, "Impact of Number of Poles on the Steady-
State Performance of Induction Motors," in IEEE Transactions on Industry Applications, 
vol. 52, no. 2, 2016. 

[20] E. B. Agamloh, A. Boglietti, and A. Cavagnino, "The Incremental Design Efficiency 
Improvement of Commercially Manufactured Induction Motors," in IEEE Transactions on 
Industry Applications, 2013. 

[21] Jul-Ki Seok and Seung-Ki Sul, "Optimal flux selection of an induction machine for 
maximum torque operation in flux-weakening region," in IEEE Transactions on Power 
Electronics, vol. 14, no. 4, 1999. 

[22] K. Wang, K. Lee, W. Ya, and F. Chen, "Maximum torque output for volts/Hz controlled 
induction machines in flux-weakening region, in proc of the " 2016 IEEE Energy Conversion 
Congress and Exposition, 2016. 

[23] H. Cai, L. Xu, and A. J. Pina, "Maximum torque control of induction machine in deep flux 
weakening region, in proc of the" 2015 IEEE Energy Conversion Congress and Exposition 
(ECCE), 2015. 

[24]  B. Gu and J. S. Lai, "Control of induction machine with extended range of maximum torque 
capability for traction drives, in proc of the" 2011 IEEE Energy Conversion Congress and 
Exposition, 2011. 

[25] T. Gundogdu, Z. Q. Zhu and J. C. Mipo, "Influence of stator slot and pole number 
combination on rotor bar current waveform and performance of induction machines, in proc 
of the" 2017 20th International Conference on Electrical Machines and Systems (ICEMS), 
2017. 



99 
 

[26] I. P. Tsoumas, H. Tischmacher, and B. Eichinger, "Influence of the number of pole pairs on 
the audible noise of inverter-fed induction motors: Radial force waves and mechanical 
resonances, in proc of the " 2014 International Conference on Electrical Machines (ICEM), 
2014. 

[27] J. Le Besnerais, V. Lanfranchi, M. Hecquet and P. Brochet, "Optimal Slot Numbers for 
Magnetic Noise Reduction in Variable-Speed Induction Motors," in IEEE Transactions on 
Magnetics, vol. 45, 2009. 

[28] M. Mori, T. Mizuno, T. Ashikaga, and I. Matsuda, "A control method of an inverter-fed six-
phase pole change induction motor for electric vehicles, in proc of the " Power Conversion 
Conference, 1997. 

[29] E. F. Fuchs, J. Schraud and F. S. Fuchs, "Analysis of Critical-Speed Increase of Induction 
Machines via Winding Reconfiguration With Solid-State Switches," in IEEE Transactions 
on Energy Conversion, vol. 23, no. 3, pp. 774-780, 2008. 

[30] S. J. Chapman, " Electric Machinery Fundamentals", McGraw-Hill College, USA, 2005. 

[31] E. Ghosh, A. Mollaeian, S. Kim, J. Tjong, and N. C. Kar, "Intelligent flux predictive control 
through online stator inter-turn fault detection for fault-tolerant control of induction motor, 
in proc of the" 2017 IEEE International Conference on Industrial Technology (ICIT), 
Toronto, 2017. 

  



100 
 

CHAPTER 6 

EXPERIMENTAL VALIDATION OF THE PROPOSED 
OPTIMIZED HIGH SPEED INDUCTION MACHINE  

6.1. Introduction 

The high speed induction motor designed in the previous chapters has been 

manufactured in house for verification of the proposed semi-analytical-numerical 

procedure. The detailed IM prototype development of structural components and 

mechanical supports are explained in detail. The experimental results are provided to 

support the concept of developed IM with the high power density and higher overload 

capability within a compact volume and fixed inverter output. 

6.2. Prototyping High Speed Induction Motor 

The exploded view of the proposed 11kw IM with the detailed mechanical structure is 

shown in Figure 6.1. All individual components are designed and built in house. The 

prototype includes: laminated stator core, laminated rotor core, the main body of the 

housing including cooling channels, cooling channel sealing cap, stator core retainer, ball 

bearings, end and front cap of the housing and shaft. Individual component development 

is explained in the next section. To start prototyping the stator and rotor cores firstly 

electrical steel which is satisfying the magnetic and electrical characteristics is chosen. The  

 
Figure. 6.1. The exploded view of the developed high speed induction machine.  

End cooling channel sealing 

Cooling channels 
Front cooling channel sealing 
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TABLE 6. 1. 
 PROPERTIES OF THE STATOR AND ROTOR CORES 

Mass density 
Electrical 
Resistivity 

Kh Kc Bulk Conductivity

7650(kg/m3) 56 
(μohm/cm) 

173.312 0.343 1960000 
(Siemens/m) 

 
chosen electrical steel is M230-35A with the lamination thickness of 0.35 mm. The 

material properties are presented in Table 6.1. The measured specific power loss for 

different frequencies is demonstrated in Figure 6.1. These data have been used to calculated 

the core loss coefficients to calculate the stator and rotor core loss of the IM.  

6.2.1. Stator and Rotor Cores 

To built the stator and rotor cores, first, the electrical steel is selected based on 

availability in the market and the optimal flux requirement of the high power dense electric 

machine which was simulated previously in finite element environment and acceptable 

core losses under various frequencies. Since wire cutting has minimum thermal effect 

compare to laser cutting, the wire cutting machine is used to form the stator and rotor 

laminations [1-3]. However, it is a time consuming process compared to laser cutting and 

punching. The material properties and core loss characteristics have been modified in FE 

analysis based on the experimental measurement of M230-35A. The core loss coefficients 

have been calculated using the proposed Bertotti’s core loss equation [4]. Figure 6.2 is 

presenting the electric steel sheets and measured specific core loss characteristics of  

 
(a) 
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(b) 

Figure. 6.2. Electrical steel used in prototyping high speed IM. (a) Material sheets with C5 
coating. (b) The B-H characteristics of M230-35A under various frequencies.  

 
  (a)    (b)    (c) 

  (d)    (e)    (f) 

Figure. 6.3. Steps of forming stator and rotor cores. (a) Fixture used to cut the stator and 
rotor laminations. (b) Cutting process of laminations. (c) Stator lamination. (d) Rotor 
lamination. (e) Stator fixture. (f) Rotor fixture.  
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M230-35A. The stator and rotor laminations and the process of forming the laminations 

are presented in Figure 6.3. The stator and rotor fixture to assemble the laminations are 

designed and built which are presented in Figures 6.3(e) and 6.3(f). The final product of 

assembled stator and rotor cores is presented in Figure 6.4. The stator is hand-wound 

because of high slot fill factor and the stages of the forming the stator winding is presented 

in Figure 6.5. The rotor bars and end rings have been cut and formed using wire cutting 

machine as presented in Figure 6.6. Aluminum alloy 6061 has been used for rotor bars and 

end rings and they have been welded. Replacing aluminum bars with copper bars reduces 

rotor loss leading to enhancement of efficiency and rated torque, However increases the 

weight and cost of the prototype. Additionall peak torque of IM will not be affected with 

this replacement. 

 
(a)     (b) 

Figure. 6.4. High speed induction machine assembled cores. (a) 36 slot stator core. (b) 42 
slot rotor core.  

 
(a)    (b)   (c)   (d) 

Figure. 6.5. Steps of winding the stator. (a) insertion of insulation paper. (b). coil forming, 
(c) insertion of coils in slots. (d) connecting the coil groups. 
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  (a)          (b)    (c) 
Figure. 6.6. Steps of rotor assembly. (a) Manufactured rotor end ring with aluminum alloy 
6061. (b) wire cut rotor bar. (c) assembled and welded rotor. 

Utilizing superconducting materials in both the stator and the rotor to maximize the 

power and torque density increases the efficiency as a result of higher air-gap magnetic 

flux density and also being capable of undertaking larger current in coils and reduction of 

AC losses. The challenge is to keep the motor cool while the high torque from the shaft is 

being transferred. Since, superconducting coils instead of the resistive ones dramatically 

reduce the energy needed to generate a magnetic field. Therefore, adoption of 

superconductor material can offer advantages of high reliability, high power density, and 

high efficiency compared with conventional conductors. However, it will bring some 

problems such as cooling, maintenance, mechanical speed and manufacture cost, etc., 

because of complex production technology. 

6.2.2. Housing  

In an electric machine, part of the supplied energy is always converted into losses and 

heat. Using adequate cooling with a proper flow rate is crucial to meet the motor 

performance and avoid damaging the motor at continuous and peak operating condition. 

Therefore, the housing of the developed high speed induction motor is designed and 

developed using Computational Fluid Dynamics (CFD) software to investigate the thermal 

distribution of the motor. Cooling channels are formed as holes in the housing for liquid 

cooling the motor because the designed IM is high voltage and high power density. Figure 

6.7 is presenting the manufactured housing details. 
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(a)     (b)        (c)   (d) 
Figure. 6.7. Housing components of the developed high speed IM. (a) Main body of the 
housing and cooling channel sealing. (b) end cap. (c) front cap. (d) shaft.  

 
   (a)      (b) 

 
    (c)     (d) 

Figure. 6.8. Steady temperature rises of the high speed IM. (a) The 3D meshed model of 
cooling channels. (b) The 3D meshed model of the housing. (c) Thermal distribution of the 
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flowing liquid in cooling channels. (d) thermal distribution of the developed IM at the 
housing. 

The required flow rate is calculated using (6.1) 

 qCP ptot      (6.1) 

additionalmecIronClRClStot PPPPPP      (6.2) 

where PS-Cl, PR-Cl, Piron, Pmec, and Padditional are stator copper loss, rotor conductor loss, the 

sum of stator and rotor iron losses, mechanical (friction and windage) losses and excessive 

losses. ρ, Cp, q, and Θ are the density of the coolant, the capacity of the cooling fluid, 

volume of the flow rate of the coolant. To find the temperature rise, environment 

temperature is kept constant at room temperature and the flow rate is 8 liters per minute for 

10.21 mm2 cross section area for each cooling channel. 

6.3. Investigation of Electromagnetic Torque Capability 
Reduction of Electric Machine Due to Magnetic Property 
Deterioration of Laminations 

Electrical steel sheets of electric motors are formed as laminations by various 

mechanical procedure, such as punching, wire cutting, and laser cutting. Estimation of 

magnetic flux density is crucial for accurate determination of laminated core loss, torque 

and the maximum capability of an electric motor. Magnetic flux density tolerances are due 

to the air-gap length variation and the relative permeability of the stator and rotor cores. 

Magnetic flux distribution is adversely affected by the residual stress caused by the 

mechanical cutting procedure and reflected in relative permeability which is more 

influential close to the edges in a compact motor [5]. Hence, the deterioration of 

laminations needs to be quantified and modeled so that machine performance can be 

predicted accurately at the design stage. 

As a result of permeability variation, the large discrepancy of the inductances and 

electrical parameters of the motor occurs and the IM performance such as losses and torque 

production varies consequently. It is well established that lamination deterioration 

increases core loss [6]-[8]. Comprehensive performance analysis on this issue was not 
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conducted over a wide speed range by taking magnetic property discrepancy into account 

in previous studies. Therefore, this paper proposes a systematic approach to include 

material degradation through electromagnetic analysis to investigate the effect of 

permeability drop on the output characteristics such as continuous and peak power and 

torque over a wide speed range. For this purpose, first, specific power losses are measured 

using Epstein frame test for the various frequency to model the permeability of the 

specimens of the electrical steel before cutting. This extensive measurement enables 

adequate material data to be utilized in 2-D FEM simulations of motor performances. A 

qualitative comparison is conducted to establish the core loss variation for M230-35A 

before and after cutting. Then, proposed relative permeability is implemented as a non-

uniform characteristic to consider the degradation effect in the material. Extensive 2-D 

FEM analysis is conducted to compare the electrical parameters and performance 

characteristics of developed IM for both scenarios over a wide speed range. 

6.3.1. Methodology: Derivation of Analytical Expression for 
Permeability Drop 

In this section, the proposed procedure to include the permeability variation due to 

forming the laminations is presented. For this purpose, a parabolic permeability function 

is applied in the material properties through 2-D FEM to calculate the magnetic field 

distribution. Consequently, a qualitative comparative study has been done for M230-35A 

to evaluate the result of lamination manufacturing on the magnetic field through 

experiment and numerical solution. 

6.3.2. Effective Relative Permeability  

Stator and rotor teeth are the subject to the permeability variation in IM because of 

residual stress due to cutting. As a result, the magnetic saturation level increases in the 

teeth close to the cut edges with a lower cross section causing excessive harmonic losses 

which leads to a drastic change in hysteresis and excessive losses. Because of non-uniform 

distribution and rotation of the magnetic flux, the permeability of each tooth has time-

varying characteristics. Therefore, the magnetic reluctance of the core increases because 

of higher tooth saturation degree which is usually ignored at the design stage. Hence, to 
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determine the increase of magnetic losses, the dependency of relative permeability on the 

tooth saturation needs to be considered in 2-D FEM analysis. Since permeability is a local 

dependent function and depends on three parameters: 1) the permeability of the material 

before cutting, 2) the maximum permeability drops at the cut surface, and 3) hyperbolic 

profile to describe local deterioration shape function [9], therefore permeability drop can 

be modeled using (6.3) and (6.4): 

       xHHxH cutrr  0,,     (6.3) 
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where μr(H,0) is permeability of non-degraded material measured experimentally; a, δ and 

x are fitting parameter, the local boundary respect to cut edge and distance from the cutting 

edge to calculate the degraded material permeability at certain point respect to the cut edge. 

Based on the proposed solution in [9], the modified material curve is adopted into FEM as 

(6.3) using a hyperbolic function with dependency on the cut edge. This function for 

magnetic field intensity is adopted by defining a B-H profile for magnetic field intensity 

and relative permeability for M230-35A to consider the permeability drop. Considering the 

drop in magnetic permeability, non-homogenous characteristics of permeability is defined 

in the material property as shown in (6.5)  
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where Y is the relative drop. Using measured permeability characteristics of non-degraded 

material and along with the regression method, a generated look-up table has been 

implemented in material properties solving Maxwell’s equations to investigate continuous 

and maximum performance characteristics for the developed IM. Furthermore, based on 

magnetic noise measurement method which is presented in next section, the core loss 

coefficients are computed using energy density and implemented in electromagnetic 
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analysis to investigate the magnetic flux distribution and output torque characteristics of 

IM using (6.6). 

dtVEnergy
i

i 2
    (6.6) 

Due to permeability drop, saturation level and magnetic flux higher order of harmonics 

increases leading to higher core losses and lesser output torque. A comprehensive IM 

performance analysis for degraded and non-degraded laminations is adopted in the next 

sections by considering stator and rotor reactances. 

6.3.3. Experiment Based Investigation of Core Loss Variation Due 
to Manufacturing 

In this section, the standard strips of M230-35A are used to measure the Magnetic 

Barkhausen Noise (MBN). To compare the obtained data, a similar measurement has been 

done for the square specimen using the same mechanical cutting procedure used to form 

the laminations presented in figure 6.9. MBN measurement is implemented for the 

frequency range of 0.1-1,000 kHz and 20 MBN signal burst under the magnetizing 

frequency of 125 Hz and voltage 4 V for different local points. Magnetic Barkhausen Noise 

(MBN) test is conducted to measure the local magnetic noise on the different local points 

of the formed electrical steel to establish the core loss variation [10] and experimental 

results are presented in Table 6.2. Based on the aforementioned studies, there is a strong 

co-relationship between core loss and magnetic noise measurements [11]. The eddy current 

depends on the thickness of the lamination, therefore there will not be much of a variation 

in eddy current losses. However, hysteresis and excessive losses are influenced by the 

cutting process especially in the cut edge regions which are dominant in compact motors. 
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   (a)      (b) 
 

Figure. 6.9. The average MBN (Vrms) for the different spots at different magnetization 
directions before and after cutting compared with the texture factor arising from 
magnetocrystalline anisotropy. 

TABLE 6. 2. 
COMPARISON OF MBNM BEFORE AND AFTER CUTTING M230-35A 

Testing direction 
MBN (Vaverage-rms) 

Percentage Increase 
Before 
cutting 

after cutting 

0º 297 344 15.5% 

45º 240 319 32.6% 

90º 273 310 13.6% 

6.3.4. Implementation of the Material Curve in Fem  

A well-established degradation profile presented in Figure 6.10 is adopted into 2-D 

FEM as a non-uniform material distribution to calculate the magnetic flux variation in the 

stator and rotor cores to include the effect of the local residual stress in the IM [5]. The 

magnetic field distribution within the stator and rotor laminations are studied for a given 

air-gap flux level for different degradation profiles and intensities provided as a B-H profile 

presented as Figure 6.10. The discrepancy of the IM parameters such as reluctances and 

magnetomotive forces results in a different stator and rotor inductances as well as core loss 

density and output power and torque characterization. 
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Figure. 6.10. Degradation profile [5] permeability drops for M230-35A. 

6.4. Investigation of Cut Edge Degradation Effect on Torque 
Capability of IM 

In this section, a squirrel cage aluminum bar induction motor is designed and modeled 

using 2-D FEM and output characteristics are compared for different permeability drops 

under different operating condition. Table 5.2 shows the electrical and geometrical 

parameters of the developed IM. To show how lamination is influenced by residual stress 

due to the cutting procedure, a mechanical 2-D FEM analysis is performed to present the 

most affected regions because of stress and strain production during the manufacturing 

which is presented in Figure 6.11. As it is shown in the Figures 6.11a and 6.11b the 

concentration of residual stress when the force is applied perpendicular to the surface along 

x and y-axes. Therefore, material property variation needs to be taken into account using 

(6.3) and (6.4), while cutting the electrical steel causes the concentration of stress on the 

regions close to the cut edge as well as regions perpendicular to the applied force. Figure 

6.11c is demonstrating the interaction of both residual stresses which is the real case 

scenario and it is maximum on the cut edges which indicates non-uniformity of material 

property. Also, Figure 6.11d is presenting the maximum pressure applied to the laminations 
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(a)        (b) 

 
(c)       (d) 

 

Figure. 6.11. The mechanical effect of cutting procedure on stator lamination. (a) stress in 
the x-axis. (b) stress in the y-axis. (c) mices. (d) maximum strain.  

due to forming the lamination. Since it has been presented that edges are the crucial areas 

after cutting which are the teeth in the stator and rotor lamination. Hence, to predict the 

performance of IM in design stage precisely, stator and rotor teeth can be divided into 

different zones by splitting them in 2-D FEM in terms of stress and strain level produced 

by mechanical force due to cutting. The concept of having different material properties in 

teeth zone has been shown in the previous section through stress analysis. It is clear that 

the estimation of core losses by taking into account the aforementioned aspects lead to 

precise performance calculation. The dependency of iron loss to the magnetic flux density 
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and distance from the cut edge is presented using (6.6). Total iron loss density for the 

lamination is calculated by integrating over the lamination width (w) using (6.6) [12]: 

   dxxHBec
w

p
w

dx
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2

0

2
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2
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where B(H, x) which is local magnetic flux density. c is found from defined lookup B-H 

profile as proposed polynomial function and x is the distance from the cut edge. Since loss 

rises because of residual stress, therefore parameters of the motor vary and output power 

decreases which result in lower torque production of IM as presented in Figures 6.12 and 

6.13. Stator and rotor inductances represent the magnetic circuit property as stored 

magnetic energies which are generated as a result of variable magnetic flux because of the 

ac current excitation using (6.7): 
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 dBBL jirij
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1

0     (6.7) 

where i, j represents the conductors and Ω is the area that all current carrying conductor 

passes. Magnetic permeability varies by the saturation level in the tooth region. Since 

saturation degree is higher due to residual stress induced by a mechanical force applied 

close to the cut edge, therefore permeability drops. Lower permeability results in a higher 

reluctance which causes higher inductance for the same level of flux. Higher leakage 

inductance reduces the torque capability of IM using per unitized maximum torque 

formulation as (6.8).  
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where r1, x1, xm, ωp and Vp are the stator resistance, leakage reactance, magnetizing 

reactance, synchronous speed and voltage in per unit system. 
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(a) 

 

(b) 
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(c) 

 
Figure. 6.12. A sample comparison of IM characterization for non-degraded and degraded 
steel. (a) self-inductance. (b) mutual inductance. (c) the rated electromagnetic torque at 
2,915.74 rpm. 

 
(a) 
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(b) 

Figure. 6.13. A sample comparison of IM characterization for non-degraded and degraded 
steel: (a) Core loss, (b) Efficiency at 2,915.74 rpm. 
 

6.5. Determination of Equivalent Parameter for a Wide-Speed 

Range through Experimental Investigation 

Followed by the investigation of the electromagnetic analysis and proposed a semi-

analytical approach, the proposed 11 kW high speed IM is prototyped and presented in the 

Figure. 6.14. A double layer distributed winding with a full coil span and slot fill factor of 

70% is achieved. Formed M230-35A steel laminations with 36 slots. Resistance 

temperature detectors and flux sensors are embedded in all three phase windings to measure 

the temperature rise and flux density variation in the air-gap. 40/60 Water Glycol cooling 

is used for axial cooling to maintain the temperature during the experiment. 

6.5.1. Determination of Electrical Circuit Parameters at Rated 
Condition 

To validate the semi-analytical design optimization and modeling, different tests are 

performed such as DC-test, Locked-rotor test, No-load test, and load test to determine 

electrical circuit parameter at the rated operating condition and measured parameters are 
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compared with the one calculated through the proposed semi-analytical approach. Figure 

6.14 is presenting the linear characterization of the stator winding resistance through DC 

test measurement. It was found out that experimentally measured stator winding resistance 

is higher because of temperature variation during the test and thermal effect needs to be 

included in the previously proposed sub-domain model to obtain higher accuracy.  

 
Figure. 6.14. measurement of DC current for various DC voltage excitation. 

 

(a) 

DC Power Supply 

Inverter 

OPAL-RT 
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   (b)      (c) 
Figure. 6.15. Experimental set up with locked rotor fixture to determine leakage inductance 
and rotor resistance. (a) Drive unite set up to apply the voltage for locked rotor test. (b) 
Current measurement during the locked rotor test. (c) blocked rotor with the built fixture. 

Figure 6.15 is presenting the locked rotor test set up. No-load test at rated condition has 

been performed without a prime mover. Table 6.3 is presenting the measured and FEA 

results at the rated operating condition for the proposed and prototyped design.  

 

Figure. 6.16. Experimentally measured applied voltage and current waveforms at the no-
load test and rated operating condition. 

Ia Ib Ic 

Va Vb Vc 
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(a) 

 

 
(b) 

Figure. 6.17. Experimentally measured applied voltage and current waveforms at locked 
rotor test and rated operating condition, a) Applied PWM voltage signals, b) Fundamental 
voltage and current three-phase waveforms at 2,915.74 rpm. 

 

Fundamental Voltage Waveforms 

Fundamental Current Waveforms 
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TABLE 6. 3. 
IMPROVED IM PARAMETERS VALIDATION AT RATED CONDITION 

 

6.5.2. Determination Of the Electrical Circuit Parameters 
Variation Over Wide Speed Range 

The saturation of the main flux path in the induction machine highly depends on the 

supply frequency variation [13]. Therefore, the importance of the dependency of IM 

parameter discrepancy over a wide speed range needs to be investigated. Since, motor 

performance beyond the rated operating condition depends on the control methodology as 

much as motor design, hence, it is essential to investigate the reduction of the flux linkage 

experimentally in order to incorporate the circuit parameters accurately in control 

algorithm so that the optimal performance can be achieved. Thus, IM parameters are 

measured and calculated for various operating conditions with the voltage source excitation 

using FEA and conducting the experiment. Since field-oriented induction motor operation 

at low speeds is usually achieved with constant flux, therefore, magnetizing inductance can 

be considered as its rated value for the constant torque region [14] and [15]. The 

experimental sample of measured applied voltage and current waveforms at the no-load 

condition for speeds below and beyond the rated operating condition are presented in 

Figure 6.18. Table 6.4 summarises the measured and calculated magnetizing branch 

electrical parameters at a different speed. 

Optimal stator and rotor leakage inductances ensure operation up to the highest 

application speed with specified load demand using dynamometer, therefore 

experimentally measured stator and rotor leakage inductance variations are presented over 

a wide speed range. In Figures 6.19 and 6.20, some of the captured current and voltage 

Parameter Rs(Ω) Rr(Ω) Xs(Ω) Xlr(Ω) Xm(mΩ) 

FEA 0.2038 0.2414 0.725 0.689 0.0170 

Experiment 0.2305 0.2110 0.6554 0.6554 0.0147 

Error% 13% 12% 9% 5% 13% 
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waveforms are presented under variable supply frequencies. These waveforms have been 

used to calculate the leakage inductances and rotor resistance variations for specified 

supply frequencies. measured and calculate rotor resistance and leakage inductances are 

compared with the one calculated numerically and presented in Figures 6.21 and 6.22. 

Variation of measured the stator leakage inductance and rotor resistance for different stator 

currents and synchronous speeds are presented in Figures 6.23 and 6.24. Decrease of the 

stator and rotor leakage inductance is the proof of flux weakening beyond the base speed.  

Prototyped IM is tested at the no-load condition to measure the magnetizing inductance 

at various operating condition over a wide speed range to demonstrate the magnetizing 

inductance drop beyond the base speed. Measuring magnetizing inductances as a function 

of stator current estimates the nonlinearly of the magnetizing curve. Consequently, 

reduction of the magnetizing inductance is presented in Table 6.4 beyond the base speed 

which indicates the prototyped capability in FW region. The concept of magnetizing 

inductance reduction is presented in Figures 6.25 and table 6.4. In the constant power 

region, the rotor flux has to be reduced below the rated value to enable IM operation with 

constant power. Variation of the rotor flux reference in drive indicates variable saturation 

level, therefore magnetizing inductance of the machine varies accordingly.  

Experimentally measured circuit parameters are in a good agreement with the one 

calculated using FEA. However, the discrepancy of the measured and calculated data is 

due to the manufacturing tolerances which has been explained and presented in the 

previous section. 
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(a) 

 

 
(b) 

 
Figure. 6.18. Experimentally measured applied voltage and current waveforms at the no-
load test from low to high speed operating conditions. (a) Applied PWM voltage signals. 
(b) Fundamental voltage and current three-phase waveforms at 1,500 rpm. 

TABLE 6. 4. 
EXPERIMENTAL VALIDATION OF MAGNETIZING FLUX WEAKENING BEYOND RATED SPEED 

 

Speed (rpm) 1,000 2,000 3,000 4,000 

VLL(V) 31.1127 57.27565 85.4185 141.5911 

ILL(A) 3.959798 4.355778 4.548818 5.964446 

Im(A) 3.764725 4.080274 4.339296 5.517032 

Lm(H) 0.011391 0.009674 0.009044 0.008843 

Fundamental Current Waveforms 

Fundamental Voltage Waveforms 
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(a) 

 
(b) 

Figure. 6.19. Experimentally measured applied voltage and current waveforms at locked 
rotor test. (a) Applied PWM voltage signals. (b) Fundamental voltage and current three 
phase waveforms at 1,500 rpm. 

 
(a)       (b) 

 

Fundamental Current Waveforms 

Fundamental Voltage Waveforms 

Peak Current = 28 A 

Applied Peak Voltage = 85V 

Peak Current = 28 A 

Applied Peak Voltage = 75V
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   (c)      (d) 

Figure. 6.20. Experimentally measured applied voltage and current waveforms at locked 
rotor test from low to high speed operating conditions applied voltage and current 
waveforms at locked rotor test. (a) at 4,000 rpm. (b) at 5,000 rpm. (c) at 6,000 rpm. (d) at 
7,000 rpm. 

 
Figure. 6.21. Comparison of measured rotor resistances through experiment and finite 
element analysis with the similar operating condition for different supply frequencies. 
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Figure. 6.22. Experimentally measured applied voltage and current waveforms at locked 
rotor test from low to high speed operating conditions applied voltage and current  

 
 
 

 
 

Figure. 6.23. Experimentally measured applied voltage and current waveforms at locked 
rotor test from low to high speed operating conditions applied voltage and current.  
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Figure. 6.24. Experimentally measured applied voltage and current waveforms at locked 
rotor test from low to high speed operating conditions applied voltage and current.  

 

 
 

Figure. 6.25. Experimentally measured applied voltage and current waveforms at locked 
rotor test from low to high speed operating conditions applied voltage and current.  

6.6. Load Test 

The constant torque region is validated experimentally for the prototyped high speed 

IM for low speed. For this purpose, a dynamometer is coupled to the motor with the torque 

transducer to measure the output torque and the rotor speed is measured with the speed 
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sensor connected to the shaft of the motor. The demand for the torque is controlled through 

axially coupled dynamometer. Motor cooling is connected to the chiller and 40/60 water 

glycol cooling liquid has been used to maintain the temperature during the test. Figure 

6.26(a) is presenting the experimentally coupled prototyped IM with the torque control 

dynamometer. Figure 6.26(b) demonstrates the sample measurement of the torque through 

a torque transducer for 5, 10, 15 Nm for 1,000 rpm. Figure 6.27 is presenting the measured 

output torque of the motor in constant torque region from 200 rpm to 1,500 rpm with the 

load torque variation of 5, 10, 15, 20, 25 Nm. 

 

 
(a) 

 
(b) 

Figure. 6.26. Conducted load test for the prototyped high speed IM. (a) Load test 
experimental set up with cooling inlet and outlet connections. (b) Torque demand ramp at 
1,000 rpm.  

40/60 Water Glycol 
Cooling Torque 

Transducer
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Figure. 6.27. Conducted load test for the prototyped high speed IM. (a) Load test 
experimental set up with cooling inlet and outlet connections. (b) Torque demand ramp at 
1,000 rpm.  

 

6.7. Conclusion 

In this chapter, the proposed high speed IM is prototyped. The novel method is proposed 

to consider the degradation of steel during manufacturing due to cutting in the FEA model 

of IM. The degradation is characterized by the proposed B-H profile and has been applied 

to investigate the influence of this parameter on the magnetic characteristics of one 

example case IM.  According to the evaluation of the cutting effect in the stator and rotor 

core, the calculation results of the iron loss is in a good agreement with experimental data 

from MBN measurement. Due to higher leakage inductance in degraded laminations, 

maximum torque capability of IM is reduced. Lower output torque results in a lower 

efficiency for degraded laminations. Furthermore, in this chapter, the prototyped high 

speed IM parameter variation which affects the output performance of the motor is 

experimentally measured through DC, no-load, locked rotor tests for variable supply 

frequencies and calculated to verify the obtained result with the one in FEA under similar 

operating condition. The load test conducted for low speeds for the prototyped IM with 
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40/60 Water Glycol cooling to maintain the temperature, measured torque through torque 

transducer is in a good agreement with the demand torque. 
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1. CHAPTER 7 

2. CONCLUSION AND SUGGESTED FUTURE WORK 

 

7.1. Conclusion 

This chapter is the conclusions of the previous chapters which ultimately led to the 

development of a high speed induction motor using proposed semi-analytical approach and 

proposed design optimization procedure in an effort to reduce the computational cost which 

can be extended to design and optimize the other electric machine topologies. A brief 

conclusion is presented here.  

 Optimal stator/rotor slot-pole combination is selected within a constant volume with 

reduced space harmonic due to slotting effect maintaining rated torque and enhancing 

efficiency of induction motor. 

 Skewing rotor bars leads to reduction of the excessive permeance harmonics and 

increase of the constant power region. 

 3-D FEA is computationally expensive to optimize the structure of electric machines. 

 Proposed 3-D sub-domain method considers material non- linearity, stator and rotor 

slotting, and axial asymmetry which is more efficient in optimization process in order 

to reduce spatial harmonics. 

 The improved rotor configuration has wider constant power region without sacrificing 

constant torque region with low torque ripple, high power factor and high efficiency.  

 Lamination degradation significantly effects IM parameters, which increases core loss, 

reduces torque production which creates a significant gap between simulation and 

prototyped performance characterization. 

 

7.2. Future Work 

A. Extending 3-D sub-domain model to optimize permanent magnet synchronous 

machine. 
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B. Reduction of rotor conductor loss by introducing new lightweight and superconductive 

materials to enhance the efficiency. 

C. Improving the cooling system to enable motor operation safely in the peak operating 

condition. 
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