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ABSTRACT 

A rotating synchronous electric machine design can be described to its entirety 

by a combination of 17 to 24 discrete and continuous parameters pertaining the 

geometry, material selection, and electrical loading. Determining the performance 

attributes of a design often involves numerical solutions to thermal and magnetic 

equations. Stochastic optimization methods have proven effective for solving specific 

design problems in literature. A major challenge to design automation, however, is 

whether the design tool is versatile enough to solve design problems with different types 

of objectives and requirements. 

This work proposes a black-box approach in an attempt to encompass a wide 

variety of synchronous machine design problems. This approach attempts to enlist all 

possible attributes of interest (AoIs) to the end-user so that the design optimization 

problem can be framed by combination of such attributes only. The number of ways the 

end-user can input requirements is now defined and limited. Design problems are 

classified based on which of the AoI’s are constraints, objectives or design parameters. It 

is observed that regardless of the optimization problem definition, the evaluation of any 

design is based on a common set of physical and analytical models and empirical data.   

Problem definitions are derived based on black-box approach and efficient fitness 

evaluation algorithms are tailored to meet requirements of each problem definition.  

The proposed framework is implemented in Matlab/C++ environment 

encompassing different aspects of motor design. The framework is employed for 

designing synchronous machines for three applications where designs based on 
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conventional motor construction did not meet all design requirements. The first design 

problem is to develop a novel bar-conductor tooth-wound stator technology for 1.2 kW 

in-wheel direct drive motor for an electric/hybrid-electric two wheeler (including 

practical implementation). The second design problem deals with a novel outer-rotor 

buried ferrite magnet geometry for a 1.2 kW in-wheel geared motor drive used in an 

electric/hybrid-electric two wheeler (including practical implementation). The third 

application involves design of an ultra-cost-effective and ultra-light-weight 1 kW 

aluminum conductor motor. 

Thus, the efficacy of automated design is demonstrated by harnessing the 

framework and algorithms for exploring new technologies applicable for three distinct 

design problems originated from practical applications. 
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NOMENCLATURE 

Abbreviations 

ac Alternating current  

AoI Attribute of interest 

CPSR Constant power speed ratio (Ratio of maximum to minimum speeds at 

which a machine can deliver rated power for voltage limited operation) 

FEM/FEA Finite element method/analysis 

FW Field weakening 

GA Genetic algorithm 

HTC High throughput computing 

IPM / 

IPMSM 

Internal permanent-magnet machine / Internal permanent magnet 

Synchronous Machine 

MEC Magnetic equivalent circuit 

MTPA Maximum torque per ampere 

PM Permanent magnet 

SPM Surface-mounted permanent-magnet machine 

UCG Un-controlled generation 

Letter symbols 

Ac Conductor area in slot 

Az z-component of vector magnetic potential  

C
θ
x Thermal heat capacity of component ‘x’ of the electric machine 

hM Magnet height (along direction of magnetization) 

id, iq d- and q- axis currents 

Idemag The current magnitude at which demagnetization begins if applied on 
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the –d axis at most vulnerable temperature for the permanent magnets 

Imas Maximum current magnitude the machine is subjected to 

Jc Conductor current density 

Jz z- i.e. axial component of the conductor current density 

kdn Distribution factor for the n
th

 harmonic 

kpn Pitch factor for the n
th

 harmonic 

ksn Skew factor for the n
th

 harmonic 

kwn Winding factor for the n
th

 harmonic (including pitch, distribution and 

skew factors) 

lax Axial length of the stator including end-windings and end connections 

Ld, Lq d- and q- axis inductances 

Ld_2D, Lq_2D d- and q- axis inductances for 1-turn per coil for 1mm of symmetric 

slice of the machine (e.g. half machine for 10-pole 12-slot config) 

lstack Stack length 

npitch The pitch of each lap-wound coil in terms of number of slots 

Np Number of poles 

Ns Number of stator slots 

nt Number of turns per coil  

p
1

c Hysteresis loss coefficient for unit length of the machine under a 

particular current excitation 

p
1

h Eddy current loss coefficient for unit length of the machine under a 

particular current excitation 

Pcore Core loss in the machine  

PCu Joule conduction loss in the machine 

Ploss Sum of all losses inside the machine 
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R
θ
x,y Thermal resistance between components x and y of the machine 

rph Phase resistance of the motor 

Rri Rotor inner radius 

Rro Rotor outer radius 

Rsi Stator inner radius 

Rso Stator outer radius 

SO Slot opening 

spp Slots per pole per phase 

SW Slot width 

Tem Electromagnetic torque developed in the machine 

Tout Output torque seen at the shaft of the machine 

TW Tooth width 

VCu Volume of copper in the machine 

Vdc DC bus voltage of the inverter used to drive the machine 

Vfundamental Line voltage of the machine assuming one turn per coil and maximum 

possible parallel connections in stator 

Greek symbols 

αse Stator skew angle in electrical degrees 

αsm Stator skew angle in mechanical degrees 

βsm Geometrical angle between conductor of skewed stator with the 

transverse x-y plane 

γ Angle of current vector from q-axis 

κac AC loss coefficient (based on total losses) 

λM Peak permanent magnet flux linkage for one phase 
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ρair Mass density of air 

ρAl Mass density of aluminum 

ρCu Mass density of copper 

σ
0

Al, σAl Electrical conductivity of aluminum (the ‘0’ in superscript indicates 

temperature of 0 º C 

σ
0

Cu, σCu Electrical conductivity of copper (the ‘0’ in superscript indicates 

temperature of 0 º C 

ωe Electrical fundamental angular frequency of operation (rad/s) 

ωr Rotor mechanical speed of rotation (rad/s) 
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1. INTRODUCTION 

1.1. The need for design automation 

Synchronous electrical machine drives are a subsystem of a plethora of 

industrial, transport and appliance systems; to mention a few examples – electric/hybrid 

electric vehicles, wind generators, home appliances, airplanes, pumps, fans, etc. In 

several cases, the performance, size, cost, efficiency of this subsystem is central to the 

feasibility or competitiveness of the system. Often, the system designer needs to 

understand if the chosen subsystem is “optimal” for the application in question. The 

tradeoff between different performance metrics of the electrical machine subsystem is 

also of great interest to the system designer. Similarly, material scientists need to 

understand whether improvement of a certain material for application in electric 

machines would be of significant interest to certain applications. Critical materials need 

to be replaced with certain more available ones if threat of supply scarcity exists as was 

a big concern with the use of rare-earth based permanent magnets in the last few years. 

All these scenarios call for an automated design tool that can optimize the design based 

on the end-user’s requirements and help identify the correct combination of topology, 

materials, geometry and electrical loading for achieving multiple objectives. Desirable 

properties of such a tool can be listed as: 

1. Applicable to wide variety of design scenarios and design analysis problems 

2. Needs minimum intuition or judgment from the end-user
1
 

3. Accurate i.e. one that gives a true optimum and therefore based on accurate 

model of the machine 

4. Returns results in realistic time that the end user can afford to wait 

5. Utilizes reasonable computing resources 

6. Agile: one that can be easily extended beyond existing geometries, materials, 

analysis methods or problem definitions 

                                                 

1
The end-user of the electric machine design tool is the system designer/material/ scientist/ business 

decision maker who understands design requirements of the desired electric machine 
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The first challenge in design automation is to understand the end-user’s 

requirement and frame an optimization problem based on it. The end-user may choose to 

define the design problem in numerous different ways. To the best of my knowledge, no 

attempt has been made so far for classifying the problems or enumerating different 

possible ways it can be defined.  This dissertation makes a modest attempt in classifying 

and identifying classes of design problems. However, it is by no means an attempt to 

encompass all design problems. The second challenge lies in understanding how the 

common framework of models and methods can be harnessed for addressing different 

classes of problem definitions while ensuring accuracy of the models and fast 

convergence towards optimum designs. 

1.2. Description of the machine design and scope 

The stator of the synchronous machine consists of slotted silicon steel 

laminations. Depending on the application, the rotor could be inside the stator or it could 

encapsulate the stator, which is known as outer-rotor topology. The rotor may be a 

round-rotor or salient pole rotor and may or may not have magnets. The design of 

magnetically active components of a motor can be described in terms of 11 parameters 

or group of parameters as listed in Table 1. 

As an example, all the parameters required to describe the 2-dimensional 

geometry of an outer-rotor surface-mounted permanent magnet motor (SPM) is shown in 

Figure 1. The machine design for this type of SPM is described in its entirety by a 

minimum of 17 parameters [1] which include geometric, material selection and electrical 
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loading parameters. In all cases, it is assumed that the machine is driven by a converter 

that generates a sinusoidal voltage at the synchronous frequency of the machine.  

Most problem definitions considered in this text use the machine in its 

‘motoring’ mode i.e. when the machine delivers mechanical power to the load. With a 

modified set of analytical equations, the framework can be adapted for using the 

machine in the generating mode. Another possibility of using polyphase machines (more 

than 3 phases) is not covered directly, but may be easily incorporated into the proposed 

framework with some additional equations. 

 

 

 

Figure 1 A simple surface permanent magnet geometry description 
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Table 1 Parameters required for describing the electric machine 

# Parameter Description: 

1 Outer diameter The outermost diameter i.e. stator diameter (2·Rso) for inner rotor 

machine or rotor outer diameter (2·Rro) for outer-rotor machines 

2 Stack length Axial length of the machine. It is the total length of the machine 

including end-windings and winding interconnections 

3 Pole-spp 

combination 

Valid spp (slots per pole per phase) combinations with even-

numbered periodicity generated 

If(skew==0) and cogging/ripple is an objective along with at least 

one of cost/volume/efficiency/capability, then spp = all possible to be 

included 

4 Air-gap split 

ratio 

Rro/Rso for inner rotor motors and Rso/Rro for outer rotor motors 

5 Rotor type Each rotor structure is assigned a number, the value of this design 

parameter chooses from available rotor types.  

6 Rotor internal 

geometry 

This array of 3-8 parameters is interpreted based on choice of rotor 

type and rotor geometry is constructed based on it 

7 Stator slot 

geometry 

This set of 4 or 5 parameters defines the stator geometry per-unitized 

to radial length of the stator 

8 Material 

selections 

Selection of materials for stator and rotor is encoded in this parameter 

9 Windings Winding wire gauge and insulation type are encoded in this parameter 

10 Slot fill  Percentage of actual fill factor to the maximum possible fill factor for 

the chosen stator geometry and wire diameter 

11 Current density The ratio of actual current loading to the maximum permissible 

current loading based on thermal constraint 

Different rotor structures are used for achieving required parameter values, 

tradeoffs between rotor saliency, magnet flux, demagnetization characteristics, cost, etc. 

Figure 2 illustrates a few rotor structures for four-pole rotors proposed in prior literature. 

Each choice of rotor structure requires a different set of parameters to define its 

geometry. The minimum defining parameters for the machine could be anywhere 

between 17 and 24 depending on the choice of rotor geometry. It will be shown later that 

the choice of rotor type is not obvious and depends heavily on the design requirements 
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and parameters like pole count, permanent magnetic material, thermal limit on electric 

loading, etc 

. 

(a) 

q-axis

d-axis

  

(b) 

q-axis

d-axis

 
    

(c) 

q-axis

d-axis

 

(d) 

    
    

(e) 

         

(f) 

q-axis

d-axis

 
Figure 2 Different rotor shape proposed and studied in literature: (a) inset 

magnets, (b) spoke type magnets, (c) V-shaped magnets, (d) trough type magnets, 

(e) double layer rotor with magnets in first barrier, and (f) three layer SynRM 
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The electric machines discussed in this dissertation are limited to transversally 

laminated rotating machines that can be analyzed by means of 2-D Finite Element 

Analysis (FEA). Machines such as linear machines, axial flux machines, stepper motors, 

and transverse flux machines are considered out of scope of this dissertation.  

1.3. The black-box approach  

In an attempt to cover a wide variety of ways the end-user may define the design 

problem, a black-box approach is followed. As can be seen from the table, certain 

parameters of interest to the user that appear frequently are: attributes of the black-box 

(outer diameter, active length, volume, weight, cost, durability, and operating 

temperature), mechanical output/input metrics (torque, cogging torque, torque ripple, 

constant power speed ratio (CPSR)) and electrical input/output metrics (voltage, current, 

efficiency, power factor & frequency). These are termed as Attributes of Interest (AoI’s) 

in this text.  

Based on this, and a few more practical applications, eighteen AoI’s identified 

are listed in Table 2. The end-user may define the problem that can have a combination 

of these AoI’s as their objective or constraint. Objectives or constraints may contain an 

algebraic expression of two or more of these AoI’s. Certain AoI’s can achieve equality 

constraints by direct elimination as they are based on a direct closed equation. For 

instance, an equality constraint on volume/cost/weight can be met by choosing lax once 

Rso is set. Similarly, an inequality constraint on volume/weight/cost can be met by 

choosing the upper limit on lax based on Rso. It is known that certain AoI’s are required 

to be minimized while others are to be maximized when they appear as objectives. 
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Similarly, constraints on these can be greater than or less than depending on the physical 

sense of the AoI. For instance, a problem statement may never ask for minimizing 

efficiency or may never have a less than constraint on it. 

Table 2 Attributes of interest to the end user 
Attribute As objective As constraint 

(i) Outer radius Minimize Less than, 

Equal to 

(ii) Axial length Minimize Less than, 

Equal to 

(iii) Torque @ speed capability 

(thermally/magnetically limited – 

continuous/short time duty/ positive 

or braking) 

Maximize Greater than 

(iv) Power capability (thermally, 

mechanically or electrically limited),  

Maximize Greater than 

(v) Constant power speed ratio Maximize Greater than 

(vi) Weight / Moment of inertia Minimize Less than, 

Equal to 

(vii) Cost (& Materials availability, 

standards) 

Minimize Less than, 

Equal to  

(viii) Efficiency (at a fixed point/efficiency 

map for different operating points) 

Maximize Less than, 

Equal to 

(ix) Insulation life (mean time to failure 

of insulation) 

Maximize Greater than 

(x) Torque ripple and vibration Minimize Less than 

(xi) Cogging torque Minimize Less than 

(xii) No-load loss Minimize Less than 

(xiii) Uncontrolled generation current 

within operating speed range 

Minimize Less than 

(xiv) Power factor/ VA of the inverter Maximize Less than. Equal 

to 

(xv) Operating current Minimize Less than 

(xvi) Terminal voltage Minimize Less than  

(xvii) Temperature rise Minimize Less than 
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Thus it is assumed that the objective functions Om(X), inequality constraint 

functions hm(X) and equality constraints gj(X) are defined by the end-user based on the 

AoI’s of Table 2 when treating the machine as a black-box. Having defined the AoI’s, 

next the rules of creating a well-defined design problem need to be established. 

The black-box approach would thus cover most design problems from a designer 

would face and would allow for complete automation of the design process with some 

additional effort. However, there can be several practical design problems where the 

design algorithm needs to be tailored. For example, designing a motor around a given 

fixed slot geometry, or two designs that use the exact same block magnet dimensions, 

optimization of the rotor for a fixed stator [2], etc. It could also involve inclusion of 

certain aspects of the system/application into the design algorithm 

1.4. Nature of design problems 

Sizing of the machine (in terms of volume/cost/weight) and the capability of the 

machine (in terms of output torque or power) are strongly interrelated. The end-user may 

be interested in three kinds of problem definitions (classified based on constraint): (i) 

where required machine output or operating conditions (power or torque for motoring 

and output electrical power for generating) is known and at least one of volume, weight 

or cost is an objective for minimization, or (ii) where the volume/cost/weight is fixed 

and the capability of the machine needs to be maximized or (iii) where the 

volume/cost/weight and operating points – both are fixed. Furthermore, design problems 

can be classified based on whether the operating point is defined by specifying both the 
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speed and torque or whether the end-user is concerned about output power but not the 

speed which is left as a design parameter. 

1.4.1. Case 1: Problems with known output power/torque 

As graphically shown in Figure 3, the end user specifies different operating 

points in terms of output torque and shaft speed. By specifying the operating points, the 

user implicitly defines the thermal, mechanical and magnetic constraint on capability. 

Additionally, the user also specifies whether the output is continuous duty, drive cycle or 

short duty and time for which peak torque is required to be delivered if short duty. The 

efficiency constraint can be defined at each point separately as shown for the i
th

 point in 

the graph or it may be a weighted sum of efficiencies at different point. If the design 

problem does not involve field weakening operation, then the capability constraints are 

derived from the “dominating” operating points. If the problem defines that VA of the 

drive is limited, and permits field weakening operation, then the thermal limits are 

derived from the constant power curve and the constant torque line as shown in Figure 

3(b). This type of specification imposes a constraint on CPSR. Another possibility is that 

the user may specify an output power requirement but choose not to specify the speed. 

Operating speed becomes a design variable in this case. 

1.4.2. Case 2: Problems with fixed machine volume, weight or cost 

Only one of size, cost or weight can be specified to be constant with the others 

optionally appearing as objectives. If size is fixed and there is no constraint on cost or 

weight, then the slot fill is assumed to be maximum, otherwise slot fill is also considered 

as an input. With this type of problem definition, it is assumed that the continuous time 



 

10 

 

capability in terms of torque or power is an objective. The objective for short time duty 

can be maximizing the torque for a fixed short duration or it could be the maximizing the 

duration for a specified torque.   

 
  

(a) (b) 

Figure 3 User inputs for known operating points (a) with no limitation on drive size 

and (b) drive VA limited operation 

1.4.3. Case 3: Problems with fixed volume/weight/cost and fixed output 

As a third possibility, a user may define the problem by specifying one of 

volume, cost or weight as constant while also specifying operating points. In this case, 

certain individuals in the population may violate the thermal or magnetic constraint. If it 

is not known whether any feasible solution exists for a design problem definition, one of 

the constraints is converted to an objective to make the problem well-defined.  

The category of design problems from the above description will determine 

which of the design parameters of Table 1 are fixed or can be included as design 

parameters in the optimization or can be internally determined by the fitness function. 

Fitness function algorithms are tailored for each problem definition in order to ensure 
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that all or some of the constraints are met or, in some cases, the likelihood of 

convergence is increased.  

1.5. List of contributions 

This dissertation proposes a generic evaluation framework to implement a design 

optimization tool – a significant step toward complete design automation. Additionally, 

to ensure the validity of the tool, design studies are performed and evaluated on actual 

prototypes. Original contributions are listed here:  

1) An integrated structure that consolidates elements of machine design, that can be 

adapted easily to address different types of design problems based on the black-box 

approach is proposed 

2) Design study 1: A semi-closed slot single tooth wound bar-conductor topology is 

proposed for high peak torque rating applied to in-wheel traction application. 

Detailed design study is presented with prototype implementation. 

3) Design study 2: Buried PM structure is proposed for an outrunner rotor topology. 

Detailed design study is presented with prototype implementation. 

4) Design study 3: Machine geometry that replaces copper conductors in stator with 

aluminum conductors and achieves the same efficiency and weight objectives is 

proposed for general purpose application.  

1.6. Organization of the dissertation 

The dissertation is organized as follows: Section 1 states the motivation of this 

work and provides background information related to the scope of work of this 

dissertation. List of contributions is also described in this chapter.  
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Chapter 2 gives an overview of synchronous machines and provides a summary 

of prior work related to modeling techniques used for synchronous machine design 

optimization and presents a review of design problems studied in literature.  

Chapter 3 presents the high level organization of the proposed framework and 

describes the various components of the framework. Additionally, construction of fitness 

functions for solving some example design problems using the proposed framework is 

discussed. 

Chapter 4 presents the detailed design study of the in-wheel direct drive machine 

The thermal-electromagnetic model of the machine is calibrated based on a prototype 

machine. The developed model is used for optimizing SPM machine with multi-strand 

conductors and bar-conductors to show that superior short duty capability can be 

achieved using bar-conductors. 

Chapter 5 presents the detailed design study of the geared electric wheel 

machine. This topology is optimized to meet the design requirements for the same 

vehicle as section 5, but with a geared drive. The multi-objective optimization shows 

that the outer-rotor buried magnet topology can achieve good performance using ceramic 

PMs.  

Chapter 6 presents the design study for a 1kW general purpose machine. 

Different stator geometry and winding topologies are compared with specific focus on 

comparing use of aluminum and copper conductors. 

Chapter 7 discusses the learnings and analyzes aspects of machine design in 

reference of this dissertation work and concludes with recommendations for future work. 
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2. SYNCHRONOUS MACHINE DESIGN OPTIMIZATION:THEORY AND 

LITERATURE REVIEW 

2.1. Modeling the synchronous machine 

2.1.1. The electric lumped circuit model of the synchronous machine 

The three-phase synchronous alternating current (ac) brushless machine is 

electrically modeled by transforming the three phase currents and voltages to an 

equivalent two phase machine with decoupled direct (d-) axis and quadrature (q-) axis 

circuits [3]. The average electromagnetic torque Tem over an electrical cycle is derived 

from this linear material model in rotor frame of reference and expressed as: 

    
 

 

  

 
                   (1)  

where 

Np : number of poles on rotor 

λM: permanent magnet flux linkage 

Ld, Lq: d- and q axis inductances 

id, iq: d-and q- axis current components 

The convention followed throughout the dissertation is that the d-axis is the axis 

which links the PM flux and has a smaller inductance as compared to the q-axis (Ld<Lq) 

for salient pole rotors. This convention is depicted in Figure 4 for SPM and in Figure 2 

for various other rotor structures 
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q-axis

d-axis

 

Figure 4 Stator and rotor of a 4-pole 18 slot SPM motor 

The torque expression (1) has two components: the first term represents the 

reactance and the second term represents the reluctance torque. If an SPM rotor is 

chosen, the d-axis and q-axis inductances are equal and hence the second term in torque 

equation disappears. If a magnet-less synchronous reluctance rotor (SynRM) as in Figure 

2(f) is considered, it results is zero reactance torque. If other rotor structures with a 

salient rotor and embedded magnets like Figure 2(a-e) are used, then both terms in the 

torque equation would be non-zero. To minimize conduction loss in stator, a SPM is 

operated with id=0 and a SynRM with id=iq. In case of a salient pole PM motor, the 

maximum torque per ampere (MTPA) condition is achieved for the current angle  

 

            

 

 
       

          
 
   

          
 

  (2)  

where 

Is : magnitude of current, i.e.    
    

  

γMTPA: MTPA current angle; current angle γ:       
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The magnitude of current (Is) is limited by thermal and magnetic constraints. The 

peak temperature of stator winding is limited by the choice of thermal class of insulation 

material and the mean time to failure of insulation correlates strongly with its operating 

temperature. It is assumed throughout this dissertation that operating environment and 

cooling method of the machine is known and specified by the end-user. Permanent 

magnets lose magnetization if regions inside the magnets are subjected to magnetic 

fields beyond “knee point” of the material. This imposes a second constraint on the 

maximum stator current magnitude.  

Besides torque production and loss minimization, it is also important to operate 

the motor with a limit on voltage. The machine is driven by an inverter drive and the 

cost of the inverter increases with its VA (Volt-Ampere) rating. The equivalent 2-axes 

electrical circuit model of the machine is given by: 

                      (3)  

                 (4)  

where vd and vq are the stator phase voltages transformed to the synchronous 

rotating frame, rph is the phase resistance and ωe is the electrical frequency in rad/s. 

These equations are represented graphically as vectors as shown in Figure 5. 

For a motor that operates delivering rated torque (Trated) at a fixed rated speed 

(ωr), minimizing the inverter volt-ampere (VA) is the same as maximizing the power 

factor of the motor. However, if the application requires the motor to produce the rated 

power over a wide range of speeds, it is possible to achieve it without increasing the size 

of the inverter. This is done by simply advancing the current angle so that the last two 

terms in (3) oppose each other [4-6], thus limiting the magnitude of voltage. The 
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advancing of current angle keeping current magnitude within rated limits to achieve 

higher speeds so that the motor no longer operates at MTPA is called field weakening 

(FW) operation. The ratio of maximum speed at rated power to minimum speed with 

rated power under voltage constrained operation is called constant power speed ratio 

(CPSR). This linear model gives an idea of the basic working of the system and an 

approximate estimate of expected torque and ohmic losses. The equivalent circuit 

parameters need to be derived from the magnetic model. Apart from calculating the 

equivalent circuit parameters, the magnetics model of the machine would cover deeper 

effects such as saturation of lamination cores, torque ripple, core loss, etc. 

γ 

+ q-axis

- d-axis

EPM

ωidLd

ωiqLq

rsIs

Vs

Is

id

iq

vq

vd  

Figure 5 Vector representation of the voltages and currents of the 2-axis equivalent 

circuit 

2.1.2. Magnetics model of the synchronous machine 

Though the two-axis linear model is useful in understanding trends in torque and 

voltage, the actual machine may deviate from the linear model. Due to saturation of the 



 

17 

 

stator and/or rotor cores, the two inductances Ld and Lq are functions of stator current 

component aligned with the respective axis and in certain cases of the other axis. The 

lumped electrical circuit considered in this dissertation ignores the cross coupling 

between d- and q- axis inductances. Average machine performance can be predicted if 

the machine constants λM, Ld(id), Lq(iq) and rph are computed from the specified machine 

design. Three common techniques are used for approximating the field inside the 

machine: analytical field models, magnetic equivalent circuits (MEC’s) with non-linear 

elements and finite element method (FEM). Analytical methods have proven to give 

close to accurate results for calculation of magnetic fields in air-gaps and PMs for simple 

geometries like the surface mounted PM (SPM) machine [7, 8]. MECs have been 

developed for certain more complex geometries [9-11] that can incorporate soft 

magnetic material non-linearity as well as effects of moving parts [9]. While the 

analytical and MEC approaches are less computation intensive, they suffer from the 

following general drawbacks: 

1. The model is based on an approximation of the field and cannot be validated to 

be correct for wide range of input parameters, thus compromising fidelity of the results. 

2. The model does not extend to all types of geometries and tedious modeling 

exercise needs to be repeated for each choice of stator/rotor geometry. 

3. Several effects of interest such as cogging torque, torque ripple are not easily 

modeled by this type of analysis. 

4. The average model of the magnet does not predict demagnetization accurately as 

partial demagnetization requires the knowledge of field inside the magnet. 
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Despite these drawbacks, these methods can surely be used in situations where 

accuracy of the model is verified over wide range of feasible designs of the geometry. 

Analytical and MEC models are commonly used for initial sizing of the machine as well.  

Finite Element Method (FEM) formulation meshes any given geometry to 

numerically solve a special case of Maxwell’s equations. For a magneto-static analysis, 

the special case Maxwell’s equation that assumes the z component of magnetic field 

Bz=0 and 
  

  
   is solved for the magnetic potential for the anhysteretic isotropic 

equation at zero frequency [12]: 

  

  
 

 

      

   

  
  

 

  
 

 

      

   

  
          

(5) 

Here, Jz is the externally applied current density in the z direction and JPM is the 

effective current density that is required to horizontally shift the PM demagnetization 

curve so that it passes through the origin and the material can be represented by a linear 

material with the same permittivity as calculated from the slope of the demagnetization 

curve. This method works well for most PM materials like grades of NdFeB, SmCo and 

hard magnetic ferrites as long as the operating point on the demagnetization curve is 

above the ‘knee point,’ beyond which the material may experience a permanent change 

in magnetic property.  

A linear approximation of this method assumes that permeability of the material 

is constant. This method may give close to accurate results for SPM geometry because 

the lamination core material operates well below saturation point on its B-H 

characteristic. However, it may lead to large inaccuracies in case of buried magnet 



 

19 

 

topologies or any topology that is characterized by thin bridges in the rotor or stator 

geometries. A next level of approximation called the ‘frozen permeabilities’ approach 

[13] is used to speed up convergence for consecutive computations for different current 

excitation by linearizing permeability based on one non-linear solution found for the first 

step. A further study challenged the validity of this model as it is not based on direct 

physics while acknowledging the difficulty in verifying results experimentally[14]. This 

work borrows the idea of using permeabilities of elements from a previous computation 

from this method, but limits its use only as an initial guess, thus leading to faster 

convergence. This is explained further in section 3.5.  

With the aim of harnessing FEM for design purposes, Ionel and Popescu [15, 

16] proposed a further improvement in FEM specific for investigating the torque, flux 

and core loss in an electric machine. This model extracts the three phase flux data from a 

small number of magneto-static simulations for a 60° electrical angle rotation and 

assembles the 360° electrical angle waveform of the fluxes and magnetic fields by using 

a ‘space-time’ transform. The torque is computed from the flux after extracting the 

significant harmonics in the flux waveform. This means the user has control over how 

many significant harmonics to account for in the torque and core loss calculations. This 

method was further improved by separately accounting for cogging torque [17]. Further, 

the field data was used in conjunction with an approximate model of currents induced in 

PMs to calculate PM eddy current losses [18]. 

A model of the machine based on FEM overcomes the difficulties faced by 

other approximation methods. Prior to development of modern computers, this method 
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was deemed appropriate for a pre-manufacture analysis of a design or for final 

refinement of the design. An appropriate choice of magnetics model needs to be made 

for design optimization. An overview of possible choices of magnetics model of the 

machine is shown in Figure 6. Due to its generic nature (unlike MEC or analytical 

models), accuracy and use of computation resources, the multi-point magneto-static FEA 

model is adopted with certain modifications in this work. 
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Figure 6 Choices for magnetics model of the electric machine 

2.2. Stochastic optimization  

The electric machine model is nonlinear, complex and often involves numerical 

methods for evaluation. Furthermore, evaluating the derivative with respect to design 

parameters may become overbearing if the number of design variables is large or it is 

undefined for discrete inputs. In such cases, gradient based search or grid search 
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becomes infeasible due to the complexity of the problem. Hence certain random, but 

smart search algorithms such as Genetic Algorithms (GA) [19], Differential Evolution 

(DE) [20], Controlled Random Search (CRS) [21] and Particle Swarm Optimization 

(PSO) [22] are employed. In stochastic optimization, a fitness function is a subroutine 

that returns objectives i.e. performance attributes of interest of a machine design for a set 

of input parameters. This dissertation aims at creating a unifying framework of essential 

modeling tools that can be interfaced with a stochastic optimization engine to optimize 

machine designs for a wide variety of problem definitions. Such a generic fitness 

function will set the stage for complete design automation in future.  

The idea of employing stochastic optimization to electrical machines is not new 

[23, 24]. As in case of any design optimization problem, the problem statement should 

be defined by the designer that clearly states the input parameter vector X, objectives 

O(X), equality constraints h(X), inequality constraints g(X) and bounds of parameters Xl 

and Xh.  

 

Find   
  i = 1, 2...N; 

(6) 

minimize/maximize         m = 1, 2....M; 

subject to:   

 hk(X) = 0 k = 1,2…K; 

 gj(X) ≤ 0 j = 1, 2 … J; 

 xli ≤ xi ≤ xhi i = 1, 2...N; 
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In case number of objectives is one (M=1), the optimizer returns one vector of 

parameters that maximizes/minimizes the objective function. If problem has more than 

one objective to optimize (M>1), the optimizer returns a non-dominated i.e. a Pareto 

optimal set of solutions. Multi-objective optimization allows the designer to understand 

the tradeoffs between different objectives and make selection based on this set rather 

than assign a weighing function without knowing the tradeoffs. Note than parameter 

bound limits are treated separately from inequality constraints because satisfying these 

does not need any function evaluation as they are easily satisfied by a linear mapping. 

A very powerful feature of using population based search techniques is the 

flexibility to distribute computation [25]. Fitness evaluation of individuals in each 

population set is an independent computation and can be assigned to any computer on a 

network. This does not necessarily require a high throughput computing or grid 

computing environment. Also, the reliability of network and availability of nodes is not 

critical. This is demonstrated by the flowchart of Figure 7 that shows the implementation 

of a Genetic Algorithm based optimization server that is adopted for this work.  
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Figure 7 Flowchart of a Genetic Algorithm engine with distributed nodes 

evaluating individuals from a common shared location 

2.3. Synchronous machine design using stochastic optimization 

The idea of repeated computer runs for optimization of electrical machines dates 

back over 60 years [26]. In the context of modern computers and development of 

stochastic optimization methods, the use of GA’s for optimization of electromagnetic 

devices was proposed by Uler et al. in 1994 [27]. Since then, this method has been 
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applied to several different design scenarios and has evolved in terms of methods and 

models adopted [28] as well as in terms of complexity of objectives of design [29]. An 

extensive literature review has been performed and a partial list of types of problem 

definitions previously studied is presented in Table 3. The objectives, constraints, input 

parameters and evaluation method adopted for each problem is listed in the table. In each 

of these cases, authors have developed a fitness function that is specific for solving the 

defined problem.  

In one of the first applications of GA for optimization of an IPM [23], authors 

have coupled a MEC based model for maximizing efficiency for a fixed outer diameter 

4-pole IPM. The calculations of equivalent circuit parameters are compensated 

(corrected) based on FEM for better accuracy. A similar efficiency optimization was 

performed for a case of outer-rotor topology for blower application [30].  

An interesting study presenting different models and design problems formulated 

with different sets of objectives and constraints was published by Bianchi and Bolognani 

[24] (problems 2-4 in Table 3). Authors applied the technique to perform optimization 

for two different types of problems: in the first type of problem, the output was fixed and 

the objective was to minimize PM weight and in the second type of problem, the 

external dimensions of the machine were fixed and the output torque was maximized 

based on the thermal constraint. In the first problem, the authors employed MEC and 

FEM based models and exploited the linearity of electromagnetic torque with lstack to 

achieve the desired torque in each case. Penalty functions were used for handling 
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inequality constraints. Later, a rotor optimization study was presented [31] to maximize 

torque capability while minimizing torque ripple for a fixed stator excitation. 

Sudhoff et al. [1] expanded the scope of design optimization problem 

formulation (problem 8 of Table 3) by including almost all parameters that describe the 

machine geometry. This expanded the search space to span virtually all possibilities. 

This, coupled with a multi-objective GA ensured that a truly global pareto-optimal set 

was obtained. This also meant that convergence was far more difficult – the optimization 

needed a population of 5000 individuals over 500 generations to converge upon a dense 

and diverse two-objective pareto set. MEC based approach proved to be the correct 

choice for this scale of candidate designs as an FEA based approach would take 

prohibitively large computation effort.  

Wrobel and Mellor [32] further advanced the process by incorporating thermal 

model of the machine for maximizing the torque capability for a casing-rotating motor 

(problem 9 of Table 3). This formulation also considered different slot-pole 

combinations and was aimed at development of a new winding construction for use in 

this type of motor topology.  

For more complex geometric shapes of multi-barrier rotors, design studies were 

conducted by Pellegrino et al. [33-35] using FEA-based models. An important feature of 

these studies was the parametrization of three-layer rotor shape geometry that is most 

suited for achieving low torque ripple and high saliency ratio at the same time. A more 

complex design objective of achieving high CPSR was also studied in [33]. The different 

problem formulations (problems 10-13 of Table 3) were evaluated using more 



 

26 

 

computation resources e.g. the three objective optimization that employed multi-point 

FEA required 130 hours of computation time on a single Intel Centrino T7200 processor.  

To solve the problem of rotor selection, without expanding the number of 

parameters needed to describe the geometry, a geometry morphing method was proposed 

to combine parametrization of the inset PM, V-shaped PM and spoke-PM rotor 

topologies[36].  

A more computation intensive study was performed on a High Throughput 

Computation (HTC) environment [25] for weight optimization of SPM geometry to meet 

a fixed torque output. The fitness function used a transient FEA of each candidate design 

that required 25 hours to evaluate 4250 candidate designs that were generated by the 

optimization engine running on a population size of 85 over 50 generations against 29 

days to run the same number of evaluations on a single computer node. Clearly, the 

compute time is lower for HTC, however, the reduction in time is not inversely 

proportional to the number of cores or population size due to under-utilization of 

resources. An important conclusion the authors have pointed out is the potential of HTC 

resources for combining electromagnetic, thermal and structural multi-physics analysis 

for design optimization.  

Design optimization for field weakening operation presents a more complex 

optimization problem as the operating points may not be completely defined and may 

depend on the machine parameters itself. This type of design was studied by Parasiliti et 

al. in [29]. The base or rated speed of the machine is specified in the problem statement, 

whereas the top speed depends on the field weakening capability of the machine. The 
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three objectives of optimization are torque at rated speed, torque at maximum speed 

under field weakening and weight of the machine. For improved convergence, the 

authors combine the three objectives into one term to convert the problem to single 

objective and propose the use of modified version of CRS. This design problem 

formulation also uses virtually all design variables needed to describe the design 

(including current density indirectly by changing the number of conductors) and 

converges upon one design for a single objective optimization after evaluation of 13,000 

candidate designs with a stopping criterion based on improvement over previous 

optimum design. The computational resources and time required is not mentioned.  

A review of prior design optimization problems sheds light a rich variety of 

models, methods, approximations and problem formulations. Several design studies 

conducted in prior work demonstrates the ability of model based stochastic optimization 

to solve a variety of problems. As a next logical step toward design automation, we 

propose a framework that can weaves the web of common equations, methods and 

models underlying different types of synchronous machine design problems, an agile 

framework that can be expanded based on new models and methods and adapted to 

different design scenarios. 
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Table 3 Summary of selected machine design optimization problems studied in literature 
 Ref. Machine Type Magnetics 

Model used 

Np, & spp Design parameters Objective(s) Constraints & constraint handling 

1 [23] Inset block 

magnet inner 

rotor 

MEC Np :4 

spp: 1.5 

Ns, Rro, Lax, Wbi, 

Hs2,  MW, magnet 

fraction 

η @ (T,ωr) Rso, current density
†
,  fixed 

T@ ωr > Trated, 

Flux density < Bmax in teeth, back iron 
†

 

2 [24] SPM inner 

rotor 

MEC Np - 2-8 

spp: 2-24 

lstack/(2Rsi),  

SW*Ns/(2πRsi) 

Hs2/SW 

3 Flux densities 

Minimize PM 

weight 

efficiency > 90% 

winding temperature < 80C 

g< function of Rsi, lax 

constraint handling: penalty 

3 [24] SPM inner 

rotor 

Static FEM Np = 8 

spp = 2 

Rsi, Hs2, TW, MW, 

magnet fraction 

Minimize PM 

weight 

Trated > 200 Nm 

Winding temp < 105 C 

Minimum air-gap flux density > 0.4T
†
 

Rso 

lstack calculated to satisfy first 2 

constraints 

4 [24] SPM inner 

rotor 

Static FEM Np = 8 

spp = 2 

Rsi, Hs2, TW, MW, 

magnet fraction 

Maximize torque Rso, lax fixed  

Winding temp < 105 C 

Minimum air-gap flux density > 0.4T
†2

 

5 [30] SPM, outer 

rotor 

MEC Np :4 

spp: 1 

Rsi, TW, Sbi, SO, MW, 

nt 

η @ (T,ωr) Rso, lax fixed  

T@ ωr > Trated 

Flux density < Bmax in teeth, back iron 
†
 

6 [37] Inset block 

magnet inner 

rotor 

MEC Np :4 

spp: 1.5 

Rro, lax, Sbi, Hs2, MW, 

magnet fraction, nt 

Weight,  

η @ (T,ωr) 

Phase current=constant, J<Jmax
†
,  

Flux density < Bmax in teeth, back iron 
†
,  

T@ ωr > Trated, 

7 [31] IPM trough 

barrier 

Static FEM Np :4 

spp: 2 

5 rotor geometry 

parameters  

Torque 

capability, 

torque ripple 

Fixed stator geometry, 

Fixed current density 

 

 

                                                 

†constraints that may not be of actual interest to end-user, and in certain cases restrict the search space 
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Table 3 continued 

8 [1] SPM inner 

rotor 

MEC Np :4 

spp 1-4 

17 geometry direct, 

material selection 

parameters 

volume, 

copper loss for a 

fixed torque 

J<Jmax
†
,  

Flux density < Bmax in teeth, back iron
†
, 

T@ ωr > Trated,  

fixed conduction loss  
Handled by penalty functions  

9 [32] SPM outer 

rotor 

Static FEM (Np,spp) 

(10,2/5) 

(14,2/7) 

(20/2/5) 

(28,2/7) 

(30,2/5) 

(42,2/7) 

(16,1/2) 

MW, TW, Rbi, Hs2 Torque 

capability 

Fixed Rso, lstack,  

Current density fixed
†
,  

Limit: PM weight, slot area
†
 

 

10 [33] 3 layer IPM 

rotor 

FEA multi-

point 

Np :4 

spp: 2 

6 geometric 

parameters needed to 

specify rotor geometry 

 

Torque 

capability, 

torque ripple 

 

Fixed stator geometry, Vrms, Irms  

 

11 [33] 3 layer IPM 

rotor 

FEA multi-

point 

Np :4 

spp: 2 

6 geometric 

parameters needed to 

specify rotor geometry 

 

Torque 

capability, rotor 

loss 

 

Fixed stator geometry, Vrms, Irms  

 

12 [33] 3 layer IPM 

rotor 

FEA multi-

point 

Np :4 

spp: 2 

6 geometric 

parameters needed to 

specify rotor 

geometry, PM remnant 

flux density  

Torque 

capability, 

torque ripple, 

CPSR 

 

Fixed stator geometry, Vrms, Irms  

 

13 [33] 3 layer IPM 

rotor 

FEA multi-

point 

Np :4 

spp: 2 

6 geometric 

parameters needed to 

specify rotor geometry 

torque, ripple, 

rotorloss 

Fixed stator geometry, Vrms, Irms  

 

14 [38] Wound rotor  MEC Np :4 

spp: 2 

15 geometric 

paramaeters (some 

direct, some 

transformed) 

Weight, 

loss 

T@ ωr > Trated ,  

fixed current density
†
 

Vl-l < Vdc 
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Table 3 continued 

15 [36] Spoke, V-

magnets, flat-

inset 

CE-FEA Np :10 

spp: 2/5 

6 geometric 

parameters needed to 

specify rotor geometry 

inset and spoke type, 9 

for V-shaped 

Material cost, 

loss, torque 

ripple 

Stator fixed,  

T@ ωr fixed 

16 [25] SPM Transient 

FEA 

Np:10,  

spp:2/5 

Rsi/Rso,  

6 encoded parameters 

internal to stator and 

rotor  

Weight Rso fixed, 

Jz fixed
†
 

 

17 [39] V-magnets CE-FEA Np:10, 

spp:2/5 

Rsi/Rso,  

8 encoded parameters 

internal to stator and 

rotor 

Efficiency at 

rated, 

Material cost 

Rso fixed, 

Jz fixed
†
 

Torque ripple < 5% 

Back-emf THD < 3% 

 

18 [29] U-shaped 

single layer 

IPM 

Magneto-

static FEA 

Np:6 

spp:36 

18 geometric variables 

(stator and rotor) 

Torque at rated, 

torque under 

field weakening 

and weight 

combined into 

one objective 

Fixed Iph 

Flux density < Bmax in teeth, back iron 
† 

bemf < Vdc,  

ηrated>90% 

ωr,max> ω
*
r,max 

19 [29] U-shaped 

double layer 

IPM 

Magneto-

static FEA 

Np:4 

spp:2 

16 geometric variables 

(stator and rotor) 

Torque at rated, 

torque under 

field weakening 

and weight 

combined into 

one objective 

Fixed Iph 

Fixed Rso 

Flux density < Bmax in teeth, back iron 
† 

bemf < Vdc,  

ηrated>90% 

ωr,max> ω
*
r,max 
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3. THE PROPOSED FRAMEWORK 

3.1. Introduction 

The proposed framework is an object oriented fitness evaluation class that is 

equipped with necessary interfaced models and methods that can be employed to predict 

performance of an electrical machine. Specifically, the class is organized in an 

abstraction that can be adapted to solve for the fitness of an individual for a wide variety 

of electrical machine design problems defined within the scope of the black-box 

approach and can be interfaced with the optimization engine. The overview of the 

framework is shown in Figure 8. The different components of the framework are 

discussed in sections 3.4 to 3.6.  

At the optimization engine level, each design problem is characterized by its 

parameter space, parameter encoding scheme, constraints and objectives. For evaluating 

an individual design, we need the corresponding decoding scheme and evaluation 

algorithm specific to the problem. The decoding function is implemented at the fitness 

evaluation level and the solution algorithm is implemented at the machine class level as 

shown. Section 3.8 of this chapter is dedicated to evaluation algorithms for improvement 

of convergence characteristics of the optimizer by minimizing the number of 

independent design variables. Specifically, the variables current density, stack length 

and/or operating speed (wherever applicable) are exploited to eliminate equality 

constraints or meet design objectives. This is demonstrated by categorizing and listing 

design problems and developing solutions for some of them.
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Figure 8 The fitness evaluation class
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3.2. Categorization of design problems 

One of the important objectives of this research is to show how the proposed 

framework can be used to solve a wide variety of design optimization problems that the 

user may define. The black-box approach followed defined AoI’s that an end-user may 

be interested in. Some of these AoI’s are related to the geometry of the machine while 

other can be categorized as performance metrics of the machine. The description of a 

machine design is complete when all its geometric parameters, current (assuming 

optimal control), and speed are defined for all operating conditions. The final evaluation 

of objectives for an individual gene is possible only after the full definition of the 

machine is complete. Parameters that describe the machine (column 1 of Table 4) if not 

specified directly by the user may be derived in different ways categorized as:  

a)  “free design parameters”  that are calculated from the gene  

b) fixed as a design choice at the beginning of optimization 

c) calculated inside the fitness function to meet certain design criteria specified by 

user (this means they are indirectly specified by the user) 

Thus, on one hand the user may specify the requirement in numerous different 

ways based on AoI’s while on the other the definition of electric machine needs to be 

complete. A problem defined by the end user may fall in one of the three categories 

discussed in the next three subsections.  
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Table 4 Sources of parameters that describe the machine 

Category of 

parameters: 

Parameters 

fixed at the 

beginning of 

optimization 

May be 

specified by 

user 

Generated by 

optimizer 

Calculated to 

meet 

constraints/ 

optimize 

objectives 

Material 

selection 
√    

Rotor 

geometry type 
√ √   

Winding 

construction 
√ √   

Slot fill 
√ √ √  

Operating 

speed 
 √  √ 

Outer diameter 
 √ √  

Inner diameter 
 √ √ √ 

Stack length 
 √  √ 

Slot-pole 

combination 
  √  

Split ratio 

(Rro/Rso) 
  √  

Slot geometry 

parameters 
  √  

Rotor internal 

geometry 

parameters 
  √  

Conductor 

current density 
  √ √ 

Conductor 

insulation class 
√ √   

Cooling 

method 
√ √   

Skew (stator or 

rotor) 
  √  
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Before proceeding to classification on design problems, it should be emphasized 

that all problems implicitly impose a thermal limit on operating temperature of the 

windings. It is assumed that this condition is implied and not mentioned explicitly in 

problem definitions.  Additionally, black-box parameters of external dimensions, cost, 

weight, operating point, efficiency and CPSR are considered for categorization. Other 

AoI’s are calculated during the evaluation process and the pareto-set that meets 

constraints based on these or optimizes objectives based on these relies more on the 

optimization engine for convergence. 

3.2.1. Category 1: known operating points 

For a problem that belongs to this category, the user is interested in operation of 

the motor at certain operating conditions specified in terms of torque, speed and output 

power. In order to limit the size of the design for this category of problem, it is assumed 

that minimizing at least one attribute out of volume, weight or cost is an objective. In 

case the user has not specified any such objective, minimizing weight is considered as 

the default objective. A (non-exhaustive) list of such problems is presented here: 

1) Motor should be capable of producing torque Tout at speed ωr for continuous 

operation. Maximize η(Tout, ωr) 

2) Motor should be capable of producing torque Tout at speed ωr for continuous 

operation such that η(Tout, ωr)>η* 

3) Motor should be capable of producing torque Tout at speed ωr for continuous 

operation. η(Tout, ωr) is neither objective nor constraint.  
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4) Motor should be capable of producing torque Tout,i at speed ωri for times ti (ti=∞ 

means continuous operation) and i = 1,2,3…. 

5) Should be able to operate over a cycle with period tcyc and a Tout(t) and ωr(t)  

profile 

6) Cases 4 or 5 with inverter VA as an objective (i.e. employs field weakening) 

7) Maximize ωr such that efficiency η> η
*
 under continuous operation at (Tout, ωr) 

8) Should be capable of producing power Pi at speed xiωr for times ti where base 

speed ωr is unspecified and is a design variable and i = 1,2,3… 

9) Should be capable of producing power Pi at xiωr with ηi>ηi
*
 for time ti where 

base speed ωr is unspecified and i = 1,2,3… 

10) Maximize CPSR for output power P
*
 

11) Maximize CPSR for output power P
*
 such that η> η

*
 at maximum speed of 

operation 

3.2.2. Category 2: fixed volume/weight/cost 

In this category, the user specifies only one of volume, weight or cost of the 

machine. The aim of optimization is to maximize the capability of the machine under 

such a constraint. Optionally, the user may specify the outer radius, in which case the 

volume, weight or cost constraint is met by adjusting the stack length. In the other case, 

the outer radius is a design parameter and the model adjusts the stack length in the same 

way to meet the volume, weight or cost constraint. There may be further six 

subcategories in terms of the objective 

1) Maximize Torque capability (continuous or short duty) at fixed speed 
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2) Maximize Torque (continuous or short duty) at fixed speed with efficiency 

constraint 

3) Maximize power (speed is unspecified) 

4) Maximize power (speed unspecified) with efficiency constraint 

5) Maximize power (speed unspecified) with CPSR constraint 

6) Maximize power (speed unspecified) with efficiency and CPSR constraint 

3.2.3. Category 3: fixed volume/weight/cost and known operating point 

This category includes all the problems of category 1 with additional constraint on 

volume, weight or cost. If the operating condition (torque and speed for motor or speed 

and output power for generator) is specified, then the only free variable to achieve the 

operating condition is current density. 

3.3. Design choices and assumptions 

The optimization problem formulation process begins with making certain design 

choices. Some of the design choices can be made either by the user or may be relegated 

as a design parameter to the GA. In the current form of implementation, it is assumed 

that the user makes these choices. In order to create a meaningful optimization problem 

and ensure that only valid and feasible designs are created by the optimizer, the 

following design choices and inputs need to be specified: 

1) Material selection: The three materials used in the active part of the machine: 

lamination steel, conductor material, and PM material (for PMSM) need to be 

decided  
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2) Winding construction (random-wound, form-wound or bar conductor): This is a very 

important consideration that has direct influence on the slot-fill and hence efficiency, 

weight, volume, and cost of the machine. More importantly, it affects the labor cost 

and is also dependent on the type of automation available for manufacturing. In 

addition to this, the insulation class of winding should also be decided.  

3) Rotor geometry type: Different example rotor geometries for four-pole rotors were 

presented in Figure 2. Depending on the pole-count, PM material and whether field-

weakening is used, an appropriate choice of rotor geometry needs to be made at the 

beginning of the design process. Since the GA performs a geometric optimization, 

the set of minimum parameters “internal” to each rotor geometry (refer Table 4 for 

definition) is different. Hence, only one geometry is considered for each run of 

optimization. An attempt to “morph” different rotor geometries was made by Zhang 

et al. in [36]. However, this approach is not universal and may not be readily 

extended to multiple layers and bridge configurations and is not considered for this 

study. 

4) Slot-pole combinations: Slot-pole combination and winding slot pitch are important 

design parameters that influence winding pattern, and winding labor cost. The slot 

per pole per phase (spp) of a three phase machine is given by, 

 
    

  

     
   

 

 
 

(7) 

where a is the integral part and b/c is the fractional part (b and c have no common 

factor). It can be deduced that if a=0, the winding pitch will be one or two slots. The 
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one slot-pitch combination  
 

 
      would result in a non-overlapping winding. 

For a ≠ 0, and b = 0, it is an integral slot distributed winding (ISDW) and for a >1 

and b ≠ 0, it is called a fractional slot concentrated winding (FSDW). ISDW 

combinations are characterized by high winding factor, however, suffer from high 

cogging torque and torque ripple. For these windings, a wave winding construction 

can be adopted that minimizes the number of end-connections. FSCW and FSDW 

windings show lesser cogging torque and torque ripple but lower winding factor as 

compared to ISDW and usually need larger number of coil-interconnects. If the 

design requirement specifies constraints on cogging torque or torque pulsations, 

ISDW designs can be used in conjunction with rotor or stator skew to mitigate these 

effects. Pole-slot combinations are encoded as a discrete input parameter of the GA. 

The choice of what type of combinations to include needs to be made in order to 

define the optimization problem. By default, all combinations are chosen. 

5) Skew type: If cogging torque or torque ripple is a constraint or design objective, 

ripple can be minimized for certain slot-pole combinations  
 

 
           by 

introducing stator or rotor skew. This may have implications on the manufacturing 

process and cost. The type of skew needs to be specified in the beginning of design 

process. 

6) Voltage rating and coil connections: Each slot-pole configuration has a fundamental 

periodicity associated with it, which is given by the greatest common divisor (gcd) of 

Np and Ns for double layer windings and needs to be calculated for single layer 

windings from its winding function. For instance, 10-slot 12-pole (gcd=2) single 
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layer winding is twice periodic with one half opposite in polarity to the other 

whereas the winding pattern 20-pole 18 slot (also gcd=2) single layer configuration 

does not repeat its pattern. Lap-wound coils in stator can be connected in series or 

parallel. A double layer lap-wound stator can have p parallel connections where p is 

a factor of gcd (Np, Ns). For instance, a 10-pole 60-slot configuration may have all 

coils in series (p=1), or 2, 5, or 10 parallel paths. Let us define a new term called 

“fundamental voltage”             which is the line voltage at the terminals of the 

motor if all coils were connected in parallel with only 1 turn per coil. This voltage is 

characteristic of the choice of design. By having more turns or different number of 

parallel paths, the line voltage of the motor can be adjusted to: 

 
       

           

 
              

(8) 

where nt is the number of turns per coil. Thus, a voltage rating that is any integer 

multiple of Vfundamental can be achieved by proper choice of turns and parallel paths. 

For instances where it can be realized by different choice of connections, the best 

choice is one that minimizes the number of winding operations or one that minimizes 

the phase resistance. The choice of end connections is not given consideration for 

evaluation of fitness function and is left as a “post-design” decision. 

7) Implied thermal constraint: It is assumed that any design produced by the optimizer 

should not violate the condition that winding temperature under worst case scenario 

does not exceed its insulation class temperature.  
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8) Manufacturability: If the user narrows down on any design in the optimal set, she 

should be able to practically build the machine to that specification. This imposes 

constraints on these aspects: 

a) Air-gap width should not be too small for the expected geometric tolerance 

stack-up 

b) The lamination geometry should not have any sharp angles that are difficult to 

punch or cut. The minimum fillet radius should be at least 0.5 mm. 

c) The width of bridges and center posts should greater than the chosen lamination 

thickness  

d) Barriers designed for buried magnets should be wider than the maximum 

expected tolerance for PM thickness 

e) PM thickness should not be less than what can be manufactured. Special 

consideration needs to be given for thinner PMs as the best magnetic properties 

of the material are not guaranteed [40] for smaller dimensions e.g. less than 3 

mm thickness for hard ferrites.  

9) Cooling method and ambient conditions: Depending on the rating and operating 

environment, the type of cooling needs to be decided. Standard cooling methods are: 

naturally cooled, shaft coupled fan cooled, external forced cooled, liquid cooling 

jacket, etc. For each condition the coolant temperature (ambient temperature for air-

cooled), flow rate and control type (for external active controlled) should be 

specified. For air-cooled, construction of fin profile is needed for calculating heat 

exchange coefficients.  
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10) Casing and frame construction: The frame selection of the desired machine depends 

on the working environment. Common types of frames are open, closed, sealed, etc. 

In certain cases, the machine is a part of another system e.g. a hybrid vehicle drive-

train. In such cases, a separate frame is not required. Frame information is required 

to calculate the overall weight and cost of the machine. This aspect is considered out 

of scope of the context of this research, but may be desirable for practical motor 

design.  

3.4. Thermal framework and model 

Thermal design and electromagnetic design of the electric machine are highly 

inter-dependent. Losses in the machine are dependent on temperature distribution inside 

the machine and vice versa. Material properties that are altered with temperature are: 

1) Demagnetization curve of the permanent magnets 

2) Resistivity of conducting material 

3) Viscosity of medium inside the motor 

4) Heat exchange coefficients of the coolant itself  

Hence temperature distribution of the machine has an influence on all AoI’s of 

the machine. Another consideration that is even more important is that winding 

insulation of the machine should not exceed its rating during the worst case operating 

condition of the machine. Depending on the excess temperature rise above rated winding 

insulation temperature, the machine may either experience a catastrophic failure due to 

short circuited stator windings or reduced insulation life. Hence thermal design should 

be integrated into the design process for accurately predicting machine performance. 



 

43 

 

While this aspect is important, it should be kept in mind that performance is not “highly 

sensitive” to temperature. For example, the resistivity of copper increases 0.39%/°C rise 

in temperature and the coercivity of a typical NdFeB grade decreases 0.12%°C rise in 

temperature. For the purpose of design, a temperature estimate within 2-5°C accuracy is 

considered acceptable.  

The temperature distribution inside the machine is modeled using two basic 

approaches: the lumped parameter approach and numerical methods involving 

computational fluid dynamics and 3-dimensional thermal FEA. Heat exchange inside the 

machine and from machine to environment occurs due to conduction, convection, and 

radiation. Heat transfer due to conduction can be studied accurately with 3D thermal 

FEA. Radiation heat transfer calculations depend on the emissivity of the surface and the 

angle of view. These physical quantities are readily available and can be included easily 

into the model. Convective heat transfer requires fluid flow analysis and needs 

prohibitively large computation time. It may still involve the use of empirical relations 

for estimating heat exchange coefficients and exhibit some level of inaccuracy when 

extending it for different designs.  

3.4.1. Lumped parameter thermal model of the machine  

The lumped parameter model assumes constant temperature distribution within 

each component with high thermal conductivity. Such a component is represented as 

thermal capacitance, conduction paths between components with relatively larger 

temperature drops are represented as thermal resistances and losses in the machine are 
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represented as current sources in the thermal equivalent circuit. A typical thermal circuit 

for an outer-rotor machine (studied later in chapter 4) is shown in Figure 9.  
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Figure 9 Lumped parameter thermal equivalent circuit of an outer-rotor SPM  
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In Figure 9, each lumped node is denoted by a capacitor C
θ
, each loss source is 

denoted by a current source with letter P and lumped thermal resistance is denoted by R
θ
. 

Subscripts of each symbol are as follows: Cu – copper, ir – lamination, sy – stator yoke, 

st – stator teeth, gap – air-gap, br – bearing, sh – shaft, ca – casing, sc – side cover, PM – 

permanent magnet, am – ambient, ry – rotor yoke. This lumped thermal circuit may be 

based on thermal impedances derived from physical construction of the machine or an 

approximation of the “minimum” number of nodes in order to calculate key component 

temperatures with sufficient accuracy. 

The accuracy of this method depends on precise calculation of thermal 

resistances of key heat transfer paths. The approach followed for calculating different 

types of thermal resistances is described here: 

1) Contact resistances: Thermal contact resistance between two metal 

components is modeled as an interface airgap. The interface gap depends on 

factors such as surface roughness and type of fit between the components. 

Typical values of such gaps between metals are given in [41]. However, the 

surface roughness of laminated steel stack needs special consideration. The 

effective interface gap is assumed based on experimental data reported in 

literature [42].  

2) Convective heat transfer: Heat transfer from casing/housing to external 

cooling medium and from windings to casing takes place due to convection. 

The external flow rate will depend on the type of cooling method used: 

natural convection, force convection coupled to the shaft or externally 
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controlled flow rate. In each case, the velocity profile of the flow along the 

periphery of the casing needs to be estimated in order to calculate the 

effective heat transfer coefficient. Empirical dimensionless convective heat 

transfer correlations are used for estimation of this thermal resistance. 

Coefficient of convective heat transfer between end-winding to side casing is 

experimentally found to be (8) [43]: 

                  (9) 

3) Air-gap heat transfer: Heat transfer in air-gap depends on the relative surface 

speeds between the rotor and stator surfaces, air-gap width and the 

smoothness of the rotor and stator. This is studied extensively in [44]. It is 

concluded based on dimensionless analysis that air-gap heat transfer is due to 

conduction only at low surface speeds when flow in air-gap is laminar. For a 

medium speed range, when the flow assumes a vortex form, heat transfer is 

enhanced. The heat transfer rate is maximum for turbulent flow. Heat transfer 

coefficients are calculated from empirical formulas derived based on 

dimensionless convection correlations. 

4) Conductor to stator core thermal resistance: Conductors are separated from 

stator core with wire insulation, slot impregnation, and slot liner as depicted 

in Figure 10. The slot is filled with thermally conducting resin to establish 

good thermal contact. However, in practical motors, the resin does not 

completely penetrate the slot and leaves air-bubbles and voids reducing the 

impregnation fill. Typically, an impregnation fill of 0.4 to 0.5 is observed for 
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dip impregnation process. The thermal resistance for one slot is computed by 

means of a thermal FEA as shown in Figure 10. 

 

Figure 10 Thermal FEA model to compute effective thermal resistance between 

copper and stator core 

3.4.2. Practical considerations in modeling thermal resistances 

The modeling technique used to determine elements of the lumped parameter 

model depends on experimental data gathered over the years [45]. It is observed that the 

data in different experiments is not consistent. This is expected because the contact 

resistances are sensitive to manufacturing process and the flow distribution is sensitive 

to the size of the machine and flow field around the machine during testing. Therefore, 

any modeling technique is not guaranteed to achieve an accurate thermal model without 

calibration. The model needs to be calibrated using a test machine of a very close to 
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expected geometry of the final optimum. From a thermal analysis perspective, the 

operating duty of the machine can be specified for three types of operation, discussed 

next. 

3.4.3. Thermal steady-state operating condition 

A machine rated for steady state operation is said to reach its steady state when it 

reaches a stable thermal operating condition. Some machines require operating in 

continuously repeating drive cycle with no cool down where the machine reaches a 

thermal steady state. This definition of steady state operation allows for small 

temperature fluctuations in each component during each drive cycle in thermal steady 

state such that loss calculation of the electromagnetic model is not significantly altered. 

Constant torque operation at a constant speed is a special case of this type of operation 

which will not see this fluctuation. For determining the steady state performance of a 

machine under this condition, the capacitances of the thermal equivalent circuit can be 

neglected. The losses and temperature distribution are inter-dependent and need to be 

calculated iteratively to find the thermal equilibrium state. This is achieved by adopting 

an algorithm as shown in Figure 11. 

3.4.4. Short duty rating transient thermal model 

A machine rated for short duty high torque is subjected to relatively very high 

current densities in stator (2-6 times as that of a similarly sized steady state operation 

machine, and hence 4 to 36 times the loss). This leads to rapid temperature rise in 

windings. In short-time duty operation the machine operates over a torque and speed 

profile and is allowed to cool down to ambient temperature before the next cycle. This 



 

49 

 

case is analyzed by means of a transient thermal-electromagnetic time domain response 

of the lumped parameter thermal circuit similar to one shown in Figure 9. Unlike the 

steady state operation, this process is an actual time stepped response of thermal circuit 

to the power loss under overload. It should be noted that the loss during this transient is 

not constant and should be updated based on conductor temperature at each time step.   

Initial temperature guess

Update temperature  dependent 

material properties

Solve electromagnetic model

Estimate loss

Solve thermal equivalent 

model

Temperature 

converged?

Calculate objectives

Yes

No

 

Figure 11 Thermal outer loop that iteratively estimates the steady state 

operating temperature distribution of the machine 

3.4.5. Continuously repeating drive cycle with intermittent cool down period 

This mode of operation is characterized by low power operation or cool-down 

and intermittent overload. During the low power or cool-down period, the machine tends 
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to reach a stable thermal state. However, the short-duty overload occurs before reaching 

a steady temperature and rapidly heats up the machine. A machine that operates in such 

a fashion may have an active cooling system that controls the coolant flow depending on 

the temperature. For such a case, the transient model needs to be solved for a longer 

duration till the repeating thermal cycle of the machine is established.  

3.5. Components of the 2D-FEA based electromagnetic model 

The multi-point static FEA approach is adopted in this work. The finite element 

magnetic model uses the FEMM [46] package along with a library of additional 

functions to customize for analysis of electrical machines. The elements of the FEA 

based model are described here.  

3.5.1. Geometry creation, mesh generation and mesh transformation  

Geometry creation is the first step for harnessing FEA for modeling magnetic 

aspects of the machine. The geometry creation module consists of a library of rotor and 

stator geometry creation scripts. The input geometric parameters are converted into FE 

entities of nodes, lines, curves, regions that define the solution domain. The axis 

periodicity of the domain is found from the winding function of the selected pole-slot 

combination and winding layers. The domain is sliced to the minimum possible “pie” 

based on its periodicity. Appropriate periodic or anti-periodic boundary conditions are 

chosen.  

The domain is meshed using the ‘Triangle’ package [47]. The mesh generator 

uses a random triangulation for meshing. If the rotor is rotated to its next position for a 

position stepped analysis, the air-gap needs to be re-meshed. If the entire geometry is re-



 

51 

 

meshed, the new mesh will be different from the original. This creates a difficulty for 

accurate computation of core losses. The air-gap is split into three layers. For position 

stepped FEA, only the middle layer of the air-gap is re-meshed while retaining the mesh 

of the stator and rotor. This new mesh is then “stitched” with the existing stator and the 

rotated rotor mesh.  

3.5.2. 2D Fast nonlinear magneto-static FE solver 

The basic theory and methods used in solution of non-linear magneto-static FEA 

were discussed in section 2.1. In the context of the fitness function framework, the 

description of this method is presented here.  

The direct implementation starts from a guess of zero magnetic potential Az at all 

nodes in the mesh. However, it was observed that if an initial guess of Az is made from a 

previous solved step, it significantly reduces the time for convergence of the non-linear 

magnetic field solver. Thus the initial guess of permeabilities of elements from a 

previous step leads to faster convergence.  

As an example, this is implemented in a fitness function of a machine with 2D 

geometry with 11352 mesh elements as show in Figure 12. The solution time per step is 

5.97 s with initialization at zero. Now the closeness of the solution increases if 

initialization is done from a previous step and is even closer if the previous step is not 

very different in terms of rotation or excitation. It was observed that the computation 

time was reduced to 2.72 s for a step size of 6° electrical and to 2.03 s for a rotation of 

1.875° electrical. Thus the computational cost does not increase in proportion to the 

number of steps computed. This is shown in Figure 13 for the example case.  
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As described in the previous subsection, performance evaluation needs to be 

repeated for a design if material properties are updated due to change in temperature. In 

this case, the previous position stepped series of magnetostatic solutions are even 

“closer” because of the small change in properties. It was observed that the computation 

time was reduced to 1.16 s from 2.72 s for the 6° rotation per step case.  

 

Figure 12 A finite element mesh with 11352 elements 

This strategy has a significant impact on the time taken for fitness evaluation 

because the nonlinear magnetostatic solution is the most time consuming step in the 
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process. For the example considered here, fitness evaluation involved 72 magnetostatic 

solutions. The overall time was reduced to less than half as shown in Figure 14. 

 

Figure 13 Computation time per step reduces if the previous step is closer to the 

current step (for different number of steps of a 180° electrical angle rotation) 

 

Figure 14 Reduction in overall fitness evaluation time involving 72 magnetostatic 

solutions (18 position steps repeated 4 times by changing current 

excitation/material properties based on temperature) 
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3.5.3. Position stepped FEA 

This subroutine constitutes a building block for several different subroutines 

explained further in this text. The inputs to this block are: 

Inputs: 

a) Reference rotor position 

b) Initial rotor position 

c) Current density to be applied 

d) Angle of rotation 

e) Step size of rotation 

Outputs: 

a) Torque as a function of rotor position 

b) Phase flux linkages as a function of rotor position 

c) x- and y components of magnetic field intensity for each element of the 

mesh 

 The rotor position is stepped from initial to final and magneto-static FEA is 

performed at each step. The subroutine assumes that the stator and rotor geometry is 

already meshed, and only meshes the air-gap at each step and integrates it with the rest 

of the mesh. The Az data of the solution at each time step is used to compute the outputs 

of this function: 

The Az data at each step is not discarded as it can be used as an initial guess for the 

next position step for faster convergence. This has a huge impact on the convergence 

time. Though computation at different rotor positions is parallelizable, due to the 
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different convergence time of each step, and to use only one core of the processor for 

each fitness function, only one instance of the solver is used. Note that this step 

resembles the conventional time-stepped FEA, except that current distribution in 

conductors is not updated based on rate of change of magnetic field. This eliminates the 

need of a small time step for accuracy and hence time step size is chosen based on the 

resolution or harmonics needed in computation of torque, flux and core loss.  

3.6. Electromagnetic framework: analytical relations and algorithms 

This section briefly describes the analytical models and algorithms adopted to 

calculate physical parameters in intermediate steps of the fitness function evaluation. 

The inputs for the fitness function (which are design parameters for the optimization) are 

defined in such a manner that decisions related to stack length, current density, series 

and parallel connections of coils can be taken at a later stage of the design phase in order 

to meet certain design requirements. To allow the design process to scale stack length, 

most results are derived for unit length of the geometry. Also, to allow maximum 

granularity on the terminal voltage, analysis is done assuming all coils in parallel with 

single turn per coil. The parameters derived under this definition are termed as motor’s 

“fundamental” parameters. It will be shown in 3.5.8 that none of the MTPA or field 

weakening calculations is affected by this model.  

3.6.1. Computing key lumped circuit parameters 

Inputs: 

a) Maximum expected current density 

b) Stator skew 
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c) Rotor skew steps and step angles 

d) Reference rotor position 

Outputs: 

a) Fundamental phase flux linkage      per unit length of stack 

b) Fundamental d- and q- axis inductances for unit length of stack as a 

function of current density:                         

The two-axes lumped equivalent electrical circuit of the synchronous machine 

(without a cage) can be described by a set of four parameters: rph, λM, Ld(id), Lq(iq). These 

parameters are useful in calculating the MTPA, field weakening mode operation, power 

factor, etc. In certain cases, preliminary designs can be evaluated using only lumped 

parameters instead of performing a full analysis for all designs. These parameters can 

also be used for discarding designs that lead to poor performance and full analysis of 

such “bad” designs is avoided and only an approximate value of the objectives is 

returned.  

This subsection presents the method adopted for computing λM, Ld, Lq by means 

of magneto-static FEA solutions. It is observed that harmonic effects in integer spp 

machines lead to inaccuracies if a single static FEA is used for evaluating and different 

methods with certain analytical calculations need to be adopted for the cases of integer 

spp, non-integer (fractional) spp, skewed stator and stepped rotor skewed motors.  

Equivalent circuit parameters for non-skewed motors 

FEA solution is found by applying zero excitation in the windings for a known 

electrical rotor position. The fluxes associated with the three phases are used to compute 
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λM. This operation may be performed at a stage in the algorithm when the number of 

turns or stack length is not known. Hence flux linkage for unit length of machine for the 

symmetric slice is calculated assuming that each coil is wound using a single turn. The 

effect of increasing the number of turns will be incorporated in the design process 

separately. This flux linkage is denoted by the symbol λM_2D 
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   (13) 

For the transforms given in equations (9)-(13) above, a pure sine winding and a 

sinusoidal air-gap flux density or one with a very low winding factor for harmonics 

would yield a λ
1

M that is invariant with position at which the FEA was performed to find 

the phase linkages of PM flux. For motors rich in harmonics, spp=1,2, 3,       would 

show a dependence on rotor position with sixth and multiples of sixth harmonics. To 

extract the fundamental component of the flux, the FEA computation is repeated over 

60°/spp electrical angle and the average is taken. Effect of skew incorporated 

analytically and is discussed in a further subsection.  

For the expected range of operation of current density, similarly, Ld_2D(id) and 

Lq_2D(iq) is found by applying current density in steps on the –d and q axes. 
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Stators of synchronous machines are skewed (especially for spp=1, 1.5, 2, 3) for 

reducing or eliminating cogging torque or torque harmonics. The effects of skewing are 

incorporated a-posteriori into the equivalent circuit calculations. For eliminating cogging 

torque, the skew angle is given by  

    
  

          
 (16) 

    
  

 
    (17) 

Stator skew results in a reduced fundamental of magnetic flux linkage and is very 

accurately modeled using the skew factor as given in (18). Similar to this effect, the 

saliency ratio of the machine will also get reduced by another factor. Due to the double 

periodicity of inductance saliency, the skew factors in (19) and (20) as for twice the 

skew angle as that affecting the fundamental flux. 
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where λM_2D is the PM flux linkage of the non-skewed stator computed by FEA and 

λM_skew is the PM flux linkage after skewing, Ld_2D and Lq_2D represent the d- and q- axis 
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inductances computed by FEA while Ld_skew and Lq_skew represent the d- and q- axis 

inductances due to effect of skewing 

Unlike stator skew, rotor skew is difficult and impractical if a continuous skew is 

used. Instead, a stepped skew is easily manufactured. For electrically conducting PM’s, 

splitting the rotor also offers an advantage of reduced PM eddy current losses. Cogging 

torque may not be completely eliminated as in the case of stator skew, but the 

fundamental component of cogging torque may be eliminated by a shift of half stator 

slot pitch between two equal rotor stepped parts.  

 Thus if the rotor has ‘nrs’ slices, each of stack length lrsk, that are shifted by an 

electrical angle from a reference angle of θr=0 by θrsk, then the rotor skew factor for n
th

 

harmonic is given in equation (21) and the effect on unit length of d- and q- axis 

inductances can be calculated as in equations (22) and (23): 

 
     

     
    

          
 

     
    

   

 (21) 

 
         

             

 
 

             

 

  
   
          

 

     
    

   

 (22) 

 
         

             

 
 

             

 

     
          

 

     
    

   

 (23) 

 It is worthwhile to note here that the effect and formulation is analogous to that 

of winding distribution factor due to phase differences between coils. For a PM motor, a 

rotor with half step that is displaced by 180°/5 electrical from the other half can 

eliminate 5
th

 harmonic from its back emf. If two such sections are displaced from each 

other by 180°/7 electrical, that would eliminate 7
th

 harmonic torque from its back-emf. 



 

60 

 

This would, however, not eliminate 6
th

 harmonic torque as the effects on harmonics in 

inductances will be different and components causing 6
th

 harmonic torque would still be 

present, but to a lesser degree as compared to the un-skewed case. 

Including end-winding inductances into equivalent circuit 

The effective d- and q- axis inductances for the equivalent circuit of the machine 

are then given by (for double layer): 
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  (26) 

It can be similarly calculated for single layer as well, depending on periodicity of 

the winding function.  

End-winding leakage 

The leakage inductance of the end winding is calculated by assuming that end 

winding current produces only circular flux in the plane normal to direction of the 

current[48]. Figure 15 shows the end winding region portion for a form wound coil 

consisting of a straight portion and a slanted portion. To determine the end-winding 

leakage inductance, the current flowing through the slant portion of the winding is 

divided into two components i.e. the axial component (Iax) and the circumferential 

component (Icir). The total end winding inductance is calculated by taking following flux 

in to account: 
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1) flux produced by the winding current over the straight portion of the conductor 

2) flux produced by the axial component of winding current over the slant portion 

of conductor 

3) flux produced by the circumferential component of winding current over the slant 

portion of conductor 

4) flux linkage within the conductor 

 

Figure 15 End-winding inductance modeling 

This model leads to the effective calculation as presented in ()-() for form-wound 

coils. The full derivation is presented in [48]. The formulae are adapted to the notation 

presented in this text.  

 
   
   

   
    

 

  
 
  

  
 

 

                      

where kd1 and kp1 are the pitch and distribution factors for fundamental flux 

component, other terms are calculated as shown below: 
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  The end-winding inductance calculation of random-wound coils is a special case 

with      and can be derived from the same set of equations presented above.  

3.6.2. Demagnetization limits 

This function first checks if the PMs in a machine would face the risk of 

demagnetization at the maximum expected operating current. If the machine does face 

this risk, then the maximum limit of safe operation is determined. 

Inputs: 

a) reference rotor position 

b) expected maximum current Imax in the single-turn coil  
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c) demagnetization curve of the PMs at most vulnerable temperature 

Output: 

a) min(Imax, Idemag) where Idemag is the current at which demagnetization begins 

For each design, a quick check whether the design faces risk of demagnetization 

should be made. In order to find the safe limit, the fully magnetized B-H characteristic of 

the PM material is changed to its most vulnerable temperature for demagnetization. For 

instance, the knee point of ceramic 8 grade ferrite happens at low temperature. Also, for 

accurate estimation, a relatively finer mesh of at least 1/5
th

 the smallest edge of the 

magnet is used. 

At first, the maximum expected winding current is applied on the negative d-axis 

and percentage demagnetization is found. If the PM shows no sign of demagnetization, 

then the maximum current Imax for the design is left unaltered and the function returns 

Imax as the limit without checking for higher currents. Otherwise, a binary search is 

performed to find the demagnetization current as shown by algorithm of figure. The 

process is further sped up by using initial field at each node from a previously computed 

field solution.  For models with multiple PMs within the slice of the machine, which 

happens for non-integral spp machines, each PM is subjected to different demagnetizing 

field. In this case, the percentage demagnetization of each PM should be checked. 

3.6.3. Electromagnetic torque and terminal voltage for an operating condition 

Torque and coil flux linkage for a known current excitation in the windings can 

be found by a series of magnetostatic solutions assuming that the current excitation is 

pure sine 120° electrical shifted between the three phases. For an un-skewed geometry, 
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this is done by simply calling the position stepped FEA function and specifying the 

current excitation angle based on the operating point. For operating points within the 

voltage ellipse, the current angle is chosen from the MTPA condition. For field 

weakening operation the optimum point of operation is calculated from the voltage 

limited ellipse at the required speed.  

While the skew factors in (18), (19), and (20) account for the effect of adding 

rotated ‘slices’ of the machine [49], torque is produced in each slice only due to the axial 

component of current. To include this effect, the winding current is multiplied by a 

factor cos(βsm) as given in (34), where βsm is the weighted average of the conductor angle 

β (shown in Figure 16) over the slot as in (33), where 〈R〉 is the average conductor 

location radius from motor axis. The subscript ‘m’ in βsm indicates that this is a purely 

mechanical i.e. geometry based quantity. Note that this angle is dependent on the axial 

length of the stack. A shorter stack will result in a larger angle causing a more 

detrimental impact on the resistance as compared to a longer stack with a smaller βsm. 

 

          
   〈 〉

      
  

(33) 

 
_ cosph skew ph smi i   (34) 

Torque computation is performed for the three cases using the procedures shows 

in Table 5.  
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Figure 16 Torque producing component of the coil current is reduced due to skew 

Table 5 Algorithm for computing torque for different cases of skew 
Algorithm: compute_torque() 

Inputs: initial rotor position, final rotor position, current magnitude, current excitation 

angle, rotation step size, skew steps 

Outputs: Torque vs. rotor position, flux linkage of three phases vs. rotor position for unit 

stack length  

switch: skew type 

case: no skew 

[Tem, lambda] = position_stepped(initial rotor position, final rotor position, current 

magnitude, current angle, rotation step size, 0)*lstack 

 

case: rotor skew 

For each rotor step 

[Tem_step, lambda] += position_stepped(initial rotor position, final rotor position, 

current magnitude, current excitation angle, rotation step size, theta_step) *lstep 

EndFor 

 

case: stator skew 

For each slice  
[Tem_step, lambda] += position_stepped(initial rotor position, final rotor position, 

current magnitude, current excitation angle, rotation step size, theta_slice) *lslice 

EndFor 

3.6.4. Cogging torque 

Certain applications impose a requirement on the machine that the shaft should 

be able to rotate freely without cogging when the machine windings are unexcited. 
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Cogging torque has a periodicity of lcm(Ns,Np) for one mechanical rotation of the shaft. 

Hence it can be almost completely eliminated by a stator skew of 
    

          
 mechanical 

angle. In general, machines with larger lcm(Ns,Np) exhibit lower magnitude of cogging 

torque. Cogging torque is computed by calling the position stepped FEA function for a 

total rotation of 
    

          
 and zero current excitation. 

For stepped rotor skew, the same procedure is followed by shifting position for 

each stepped skew unit of the rotor.  

Magnetic fields in stator show single slot pitch symmetry at no-load. This means 

that the field solution of cogging torque for 
    

          
 mechanical angle can be utilized 

for calculating no-load (zero current) core losses.  

3.6.5. Ohmic losses 

For the general formula for ohmic loss in the machine is given by: 

 
    

   

   
 
  
 

 
    

(35) 

                      (36) 

where VCu is the total volume of copper in the machine, lew is the length of the end 

turn and    is the ac resistance coefficient arising from eddy currents due to skin and proximity 

effects in stator conductors. The ac loss coefficient κac is defined as the ratio of ac loss to dc loss. 

For multi-strand windings,      .  
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Inclusion of skin and proximity effects  

For thicker conductors in high frequency operation of machines, especially 

conductors with dimensions comparable or greater than skin depth may show increased 

ac resistance due to eddy effects. Ac resistance coefficient needs to be included in ohmic 

loss calculation. The steady state one dimensional diffusion equation applies to each 

conductor with the constraint that the total current over the cross section of each 

conductor is known. The ac loss coefficient is difficult to model for round conductors 

and is based on certain approximations or is calculated by time harmonic FEA [50]. For 

rectangular conductors, an exact solution can be found for the diffusion equation:  

          

   
 

     

  

 

  
        (37) 

where bc is the width of the conductor which is the slot width (SW) less the 

insulation, interface gap and slot paper, Jz is the current density in axial direction, σ is 

conductivity of conductor, and μ0 is permittivity of free space. On solving, simplifying, 

and integrating for conduction loss, for i
th 

conductor, we get the power loss: 

 
      

      

      

          
                     (38) 

where       
      

    
, 

      
                

                
   and      

               

              
 (39) 

Note: The above equations represent an exact model of eddy effects in conductors that 

has been tested on a prototype motor for accuracy in a separate study involving bar 

conductors. 



 

68 

 

Effect of stator skew on ohmic loss calculations 

Stator skew has a two-fold effect on the phase resistance and hence ohmic losses: 

one due to increased length of conductors and second due to decreased cross section due 

to skew. This is accounted for by including a factor in the resistance as in (40) where rph 

is calculated resistance based on slot area, slot fill factor and a model for accounting 

end-turn length; rph_skew is the modified resistance due to skew. 

 

_ 2cos ( )

ph

ph skew

sm

r
r


  (40) 

From the definition of    , it can be deduced that this factor affects designs with shorter 

stack lengths more.  

3.6.6. Core loss estimation 

Input: 

a) Magnetic field intensity Bx and By for each element of the mesh for 60° 

electrical rotation 

Output: 

a) Hysteresis loss coefficient    
 ) per unit stack length 

b) Eddy current loss coefficient (  
 ) per unit stack length 

The total machine core loss for the given current density excitation applied at the 

given current angle can be found by: 

          
       

    
          (41) 

Core losses may account for a significant loss component for an electric machine. 

For any operating condition of the electrical machine, the core loss can be predicted by 
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an a-posteriori computation based on the magnetic field data at each element of the 

finite element mesh [51]. Core loss computation in rotating machines requires special 

consideration due to presence of non-sinusoidal and rotating fields. Conventional models 

use the Steinmetz formula with separation of hysteresis and eddy current losses given 

by: 

 
            

 

 
    

   

  
   

 

 

    
   

  
 

 

 (42) 

The coefficients a, kh and ke are constants for this formulation. However, this 

model may not accurately predict losses over the entire range of operating frequency and 

magnetic field [52]. A variable coefficient model that relies on curve-fitting these 

coefficients to available Epstien test loss data for a large range of frequencies and 

magnetic fields was proposed in [53]. The improved model proposed in [53] assumes the 

loss coefficients to be functions of magnetic field and frequency. A variation of this 

model uses a frequency domain approach. The improved formula is thus: 

                              
  

    

   

                
   

 

    

   

 (43) 

where n represents the order of harmonic considered and f1 represents the 

frequency of fundamental harmonic. The maximum number of harmonics that would be 

included in this computation depends on the step size used for position-stepped FEA. 

The frequency components are calculated by assembling the magnetic field variation 

over 60° electrical computation to construct the full 360° cycle of variation of vector 

magnetic field for each element of the mesh [16].  
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3.6.7. Rotor solid loss estimation 

Eddy currents are induced in electrically conducting PMs from exposure to time-

varying magnetic fields induced by stator currents. Sintered NdFeB and SmCo magnets 

are susceptible to this loss due to their high electrical conductivity. Hard ferrite PMs are 

non-conducting and do not experience this additional loss component. In practical 

motors, these losses are mitigated by segmenting the PM into several axial and 

circumferential pieces [54].  

At any point, the field variation over an electrical cycle is known from the 

position-stepped FEA and can be used to predict the induced current density from: 

  
         

   

  
 (44) 

However, this does not account for end effects due to the shape of current loops 

inside the PMs. This formula is expected to predict losses for magnets that have a large 

axial dimension as compared to the circumferential direction. Methods to compute solid 

PM loss are typically based on 3D transient FEA [55]. Recently Zhang et al. proposed a 

method that combines 2D magnetic field data [56] with an approximate analytical model 

of the current loops to estimate PM loss. These methods need to be included in the 

framework for fast computation of PM losses.  In case of SPM motors, a ‘retaining can’ 

may be used to prevent PMs from flying off due to centrifugal force. This may lead to an 

additional loss component due to eddy currents in the retaining can. This loss component 

needs to be included in loss calculations as well [57].  
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3.6.8. Current angle: MTPA operation and field weakening 

This module has several functions that use the electrical lumped circuit model to 

calculate optimum current angle with or without field weakening and CPSR. The torque 

and loss obtained using the electrical lumped equivalent circuit should match the results 

obtained using position-stepped FEA. This would imply that the lumped parameters used 

for MTPA and FW calculations are accurate. However, if there is an error, the 

approximate values returned from this module are corrected by a search for the optimum 

current angle based on position-stepped FEA in the proximity of the values calculated 

from this lumped electrical circuit.  

MTPA current angle 

Inputs: 

a) λM_2D ,  

b) Lq_2D(Jz_q), 

c) Ld_2D(Jz_d),  

d) Jz,  

e) Ac 

Output:  

a) γMTPA 

The MTPA calculation step determines the optimum current angle to apply in 

order to achieve the best torque for a given current excitation. Since this step is 

performed before the torque computation, for certain design problems for which the lstack 

is not fixed from the design specification or is not determined when this function is 
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called, the lumped circuit parameters are unknown. Therefore we consider current 

density Jz as the input instead of the phase current.  The phase current is now a 

dependent parameter that is given by (for double layer winding):  

 
     

    

   
 (45) 

The optimum current angle for MTPA condition, can be expressed in terms of 

Ld_2D and Lq_2D, λM_2D and Jz: 

 

            
       

          
 
   
 

           

 
             

                
 
 
    

  
 

                
    

  
 

(46) 

This happens because the end-winding leakage inductance terms contribute 

equally to d- and q- axis inductances and are cancelled out in (Lq-Ld) terms in numerator 

and denominator and all the terms related to lstack, nt and p disappear. The calculations 

for optimum current angle are based on equivalent circuit parameters derived from 2D 

FEA. Thus saturation effects are taken into consideration. Since Lq_2D  and possibly Ld_2D 

are dependent on Jz_q and Jz_d, the calculation is carried out iteratively until γMTPA, 

Lq_2D(Jz*cos(γMTPA)) and Ld_2D(Jz*sin(γMTPA)) are converged.   

FW Mode current angle 

Inputs 

a) λM_2D ,  
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b) Lq_2D(Jz_q) 

c) Ld_2D(Jz_d) 

d) rph 

e) lstack 

f) Lew 

g) Vs 

h) Is 

i) T
*
em 

j) ω*e 

Outputs:  

a) Optimum current angle γopt 

b) If VA is not sufficient to operate at (T
*

em, ω
*

e) then the minimum required 

VAmin 

This module is invoked only when VA limited operation is a given constraint or 

if minimization of VA is an objective in the problem definition. If a design problem 

requires the machine to operate at more than one operating point (defined by Tout and 

ωr), such that Tout1 > Tout2, ωr1 < ωr2 and Tout1ωr1 > Tout2ωr2 as shown in Figure 17, then 

the VA of the drive is decided based on MTPA operating point 1, and operation at point 

2 is achieved by means of field weakening operation. In order to compute the minimum 

VA requirement at point 2 and to perform a position stepped FEA for this point, we need 

to specify the current magnitude and current angle. In the FW region, the current 

components id and iq can be found by traversing the voltage limited operation ellipse 
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while ensuring that the magnitude of current is less than rated current as shown in Figure 

17(b). If the operating point (Tout2, ωr2) lies outside the FW region of the machine, then 

the VA of the drive is determined by expanding the voltage ellipse such that current 

excitation required to achieve (Tout2, ωr2) lies exactly on the ellipse.  

VA limited operation in the field weakening regime of the machine is dependent 

on the stack length unlike the MTPA calculation. This is because the voltage equations 

(3) and (4) depend on the d- and q- axis inductances which include the end-winding 

leakage inductance. Hence, this function requires two additional inputs: stack length lstack 

and end-winding inductance Lew, in addition to inputs provided to MTPA function.  
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Figure 17 Field weakening operation of synchronous machine 

Constant power speed range (CPSR) and Efficiency-constrained constant 

power speed range (EC-CPSR) 

Inputs: 

a) Pout 

b) λM_2D  
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c) Lq_2D(Jz_q) 

d) Ld_2D(Jz_d) 

e) rs 

f) lstack 

g) Lew 

h) Jz 

i) Rgap 

j) Np 

k)   
  

l)     
  

m) η* (for EC-CPSR) 

Outputs: 

a) CPSR / EC-CPSR 

b) γ at ωr,max 

This function returns an initial guess to estimate the constant power speed range 

(CPSR) or the efficiency constrained CPSR. CPSR of a motor is defined as the ratio of 

the maximum achievable speed at rated power to its base speed. Base speed is defined as 

the maximum speed up to which it is possible to operate the motor by applying rated 

current excitation at the optimum current angle. From the loss-free model of machine, it 

is deduced that if normalized PM flux linkage to normalized d- axis inductance, 

λMn/Ldn=1, the CPSR of the machine can be extended to infinity [5]. However, the actual 

mechanical output of the machine reduces at high speeds due to windage and core losses. 
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In this context, CPSR is defined based on the actual mechanical output power at the 

shaft rather than the electromagnetic output torque. The effects of saturation and stator 

resistance were briefly studied in [6] and are included here analytically by subtracting 

from the lossless power vs. speed curve.  

Additionally, since the machine may operate continuously delivering rated power 

at     , the problem definition may impose a constraint on minimum efficiency at 

    . Thus, CPSR is defined based on power curve obtained after accounting for all 

machine losses. Additionally, in order to meet the constraint of efficiency at maximum 

speed, the top speed of the machine      is chosen as the speed at which efficiency of 

the motor at rated power is 90%.  This definition of EC-CPSR is depicted for an example 

motor characteristic in Figure 18. This definition is possible, since it is known that 

efficiency at rated power will drop at higher speeds due to increase in windage losses. 

EC-CPSR is the first objective of the optimization problem of this paper. 

Two additional considerations may impose a constraint on the maximum speed 

of operation:  

1) Uncontrolled generation (UCG) mode: This applies for designs that operate 

in FW mode [58]. Maximum normalized speed is limited to 1/λMn. 

Alternatively, the αmin which is the lower limit of the bistable UCG zone is 

chosen to be the maximum speed.  

2) Mechanical limit on maximum speed: If the maximum mechanically 

allowable speed is less than maximum speed calculated based on CPSR or 

EC-CPSR conditions, the maximum speed is limited based on this constraint.  
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Figure 18 Modified definition of CPSR and definition of EC-CPSR 

3.7. Mechanical loadability and losses 

3.7.1. Maximum operating speed 

The mechanical loadability of the rotor is the maximum speed at which the rotor 

can operate safely without causing excess vibrations or stresses in the shaft and rotor 

structure. In principle the operating speed range is limited by three factors: 

1) Centrifugal forces in the rotor 

2) Torsional vibrations of the coupled shaft-load system 

3) Natural resonant frequencies of vibration of the rotor 
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For higher speed motors, usually the PMs are buried and the maximum stress due 

to centrifugal forces occurs in the center-posts and bridges. Due to the fairly complicated 

geometry of the rotor, the maximum safe speed of operation is typically, computed by a 

3D FEA (small displacement). The high stress in center-posts of the 2007 Toyota Camry 

drive motor is computed using 3D mechanical FEA shown in Figure 19. The second and 

third mechanical limitation can be overcome by using stiff coupling mechanisms and 

thicker shafts for increasing the natural frequency. However the phenomenon of 

centrifugal forces is the most important limiting factor for power density of a machine. 

In this research, centrifugal force limitation is used to determine the maximum operating 

speed constraint for the machine.  

3.7.2. Mechanical losses: friction and windage 

The windage loss Pw for a rotating cylinder is calculated from mechanical speed 

ωm as [59] 

 
               

   
      

(47) 

where lstack is the stack length, Rri is rotor inner radius, g is air gap, ρair is air density, ν is 

kinematic viscosity of medium, and Cd is the drag coefficient which is calculated 

differently for laminar and turbulent flow field in the air-gap. For laminar flow, it is 

given by (49), and the empirical relation for turbulent field is given by the implicit 

relation (48).   

  

   

                
      

 
     (48) 
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(49) 

The two windage loss relation needs to be solved iteratively for turbulent flow. 

 
Figure 19 Von Mises stress developed in rotor center-posts of the 2007 Toyota 

Camry hybrid drive motor [60] due to centrifugal forces at 15000 rpm 

3.8. Paradigms of fitness evaluation algorithms using proposed framework 

The fitness evaluation process may involve numerical methods and may be 

iterative. Therefore, the number of evaluations needs to be minimized. One approach to 

achieve better convergence is to ensure that the optimizer generates only feasible 

designs. This can be done in several ways: firstly, if the inequality constraints are given 

in the form of direct equations, input parameters can be encoded so that chosen bounds 

will automatically satisfy the inequality constraints. The transforms should be designed 

in a way that does not restrict the search space. A second approach that is suitable for 
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complex relation between input parameters and inequality constraint is using penalty 

functions. This approach is indirect because it only decreases the probability of new 

individuals in the infeasible regions of the parameter space.  

A design problem may have equality constraints, some satisfied easily than 

others. For example, an equality constraint on volume is easily satisfied by making stack 

length lstack a dependent parameter on outer diameter. On the other hand, a machine that 

is required to output a desired torque at a given speed is defined by an equality constraint 

that is not easily met. Another example is a design problem where volume of a machine 

is to be minimized for a given torque output with no mention of efficiency in the 

problem definition. This means that unless the current density limit is reached due to 

demagnetization, all optimum designs will lie on the thermal constraint boundary i.e. the 

winding temperature will reach the insulation limit. This will impose a soft equality 

condition that maximum winding temperature should be close to rated insulation 

temperature. 

Equality constraints highly reduce the probability of convergence as can be 

visualized from Figure 20. The equality constraint could be a hard equality constraint i.e. 

the point should lie exactly on ‘h(X) = 0’ or a soft equality constraint i.e. it could lie in 

close vicinity of ‘h(X) = 0’. The best method for handling equality constraints is 

elimination of one input for each equality constraint. This ensures that candidates are 

generated in the feasible region directly. A naïve approach of discarding infeasible 

designs may fail to find a single solution on the actual pareto-set [19]. However, in case 

the constraint is not an explicit function of input variables, elimination cannot be used 



 

82 

 

and closeness to equality constraint should be made an objective for minimization. To 

reduce computation time and cost, it is essential to tailor the problem formulation in 

order to limit the number of evaluations and generate designs only in the feasible 

parameter space.  

 

Figure 20 Constraining the search space of a two parameter space with an 

inequality and an equality constraint 

3.8.1. Known size and known operating point(s) 

Consider a ‘category 3’ design problem that defines the overall dimensions of the 

machine by imposing condition on volume, weight or cost. The GA parameters and this 

condition completely determine all geometric dimensions of the machine. If the machine 

is expected to deliver a certain output, let’s say a continuous torque     
  at a fixed shaft 

speed ωr, this condition imposes an equality constraint on the current density since that 

is the only parameter that can be altered to meet the torque condition. However, solving 

for Jc to achieve a desired torque involves numerically solving the non-linear equation 

(50). 
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 (50) 

 Since the relation between Tout and Jc is monotonic, and the derivative is also 

monotonic, the solution for Jc is very easily obtained by secant method. 

This method can be extended by following the same procedure if the input specifies ‘n’ 

operating points, each for continuous operation.  

3.8.2. Known operating point (continuous duty), minimize volume/weight/cost 

Conversely, if a category 1 problem definition does not impose a condition on 

volume, weight or cost, then lstack is an additional free parameter other than Jc. In this 

case, we have one equality constraint from torque equation and two free parameters. We 

choose Jc as a design parameter, and the output torque requirement imposes an equality 

condition on lstack. The advantage of doing this is that the dependent parameter of stack 

length lstack is easily determined as the output torque Tout varies linearly with lstack as 

given in equation (51). 

 
       

    
 

    
  

     
           

     
  

 

 
(51) 

where    
 ,      

 ,      
  are the electromagnetic torque, core loss and mechanical 

loss for unit stack length of the machine.  

In both the above cases, it should be noted that due to direct coupling of the thermal 

and electromagnetic models, an iterative process should be adopted till the design 

parameter (Jc or lstack) and operating temperature, both are converged.  
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To simultaneously determine the design parameter (Jc or lstack) and operating 

temperature, two approaches can be adopted. In a first approach, the design variable is 

determined first and then used in the thermal model to determine the temperature 

distribution of thermal steady state. Once the temperatures are converged, the design 

parameter is recalculated for this operating temperature. The two processes are 

iteratively performed until convergence is reached for both the parameters 

simultaneously. This is shown graphically in Figure 21(a). 

A second approach in which the calculation of design parameter (Jc or lstack) is 

integrated into the iterative step of the thermal model as shown in Figure 21(b). This 

second approach is observed to converge faster by virtue of lesser evaluations of the 

FEA based EM model.  
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(b) 

Figure 21 Two approaches to simultaneous EM-thermal solution of a free design 

parameter 

3.8.3. Example : fixed size with combination of continuous drive cycle and short 

duty operation 

Consider a category 2 problem that fixes the outer diameter and the axial length 

of the motor. The aim is to maximize the short duty capability. At the same time, another 
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requirement is that the motor should be able to deliver this short duty torque while 

operating through a repeated drive cycle operation. The drive cycle is short as compared 

to the thermal time constant of the system and the short duty overload re-occurs only 

after a long enough time that the effect of the previous overload has disappeared.  

Thus, the worst case initial state for short duty overload is when the thermal state 

of the motor has reached steady state. To determine the steady state for repeated drive 

cycle operation, it is cumbersome to perform a full analysis for each operating point. 

Instead, the loss coefficients are extracted for 4-5 current excitation levels and the torque 

and core loss coefficients are calculated for different operating using a cubic spline 

interpolation. The full algorithm for fitness evaluation for such an application is given in 

Figure 22. 

3.8.4. Fixed size, maximize CPSR/EC-CPSR 

Let us look at a harder problem to solve: a category 3 problem, where the size of 

the machine is fixed, the output power is specified and CPSR needs to be maximized. 

However, the speed of operation is unspecified and hence is a design parameter. The 

machine is required to operate continuously delivering peak power rated speed (with 

MTPA) and at maximum speed under FW operation.  
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Figure 22 Fitness evaluation for a combined drive cycle and short duty operation 

It is well known that a wide CPSR (theoretically infinite for lossless motor) can 

be achieved if the rated current of the motor is equal to its characteristic current. In a 

practical motor, the widest CPSR (as defined in sub-section 3.6.8 as based on the actual 

power output at the shaft) may not be achieved for rated current equal to characteristic 

current, but possibly within close vicinity of characteristic current. To increase the 

probability of getting only wide CPSR designs (as random designs may lie anywhere on 
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the “saliency-flux linkage plan” defined by Soong and Miller [6]), the fundamental 

current is encoded as a ratio with the fundamental characteristic current specific to the 

geometry associated with the rest of the gene. Once the current is fixed, the 

electromagnetic torque and loss coefficients can be computed by position-stepped FEA. 

The rated speed can be computed by solving the quadratic equation resulting from the 

relation: 

 
   

    

    
 

    

       
   

     
 
  

   

            

 
(52) 

Subsequently, the FW operation is computed and the maximum mechanically 

limited speed at which rated power is obtainable is computed. The full algorithm is 

shown in Figure 23. 
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Figure 23 Algorithm for maximizing CPSR for a fixed output power and outer 

dimensions, but unspecified rated speed 

3.9. Conclusion 

The architecture of the framework and its components are presented. It is evident 

from the examples discussed that the framework can be adapted for wide applicability 

and is agile. The modeling and analysis methods adapted in the current implementation 

makes use of FEA based modeling that is accurate and widely applicable. To further 

expand the scope of ‘agility’, it can be noticed that component methods may have 

alternative forms aimed at either simplifying the analysis or improving accuracy. Thus, 

if an analysis method is deemed more suited for a particular design problem or topology, 

it can be easily amalgamated with the rest of the framework. In certain situations, e.g. 

the design problem discussed in subsection 3.8.4, certain steps that repeatedly use FEM 
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may be replaced by analytical formulae if computational resources restrict the evaluation 

time for an individual.  

 Having presented the realization of the framework, let us now see what steps are 

involved in deploying it to solve practical machine design problems. Let us assume that 

the user has defined the problem based on the black-box approach and it falls within the 

definition of one of the categories. Let us also assume that the evaluation algorithm is 

formulated on the lines of examples discussed earlier. The parts of process that are yet 

not yet defined are: 

a) Design choices such as materials, rotor topology, winding construction, cooling 

method, etc 

b) Encoding scheme and parameter bounds 

c) Calibrated thermal circuit parameters 

A generic method to determine the above design inputs is ruled out due to the 

high number of possible combinations of choices as well as sensitivity of thermal circuit 

parameters to scale of the geometry, cooling arrangement, and manufacturing method. 

This still presents a roadblock to complete automation. Different approaches can be used 

for determining these factors – simplified models can be used for initial decision 

making, or data from a previous machine version can be used to decide cooling method 

and calibrate thermal model. In certain scenarios the design process can be repeated for 

different choices to compare the effect of such choices.  

These aspects of design choices become more salient especially for development of 

new technology rather than optimization of existing designs. To better understand these 
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aspects as well as to prove the usefulness of the proposed tool, this dissertation study 

involved design and implementation of three challenging design problems that are 

presented in detail in next three chapters of this dissertation.  
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4. DESIGN STUDY 1: COMPARISON OF RANDOM-WOUND AND BAR-

WOUND TOPOLOGIES FOR DIRECT DRIVE SPM
*
 

4.1. Introduction 

The torque density of an electrical motor used in automobile application should 

be as high as possible in order to achieve better vehicle performance while meeting the 

stringent space and reliability constraints. The design of extremely high torque density 

(say 12 Nm/kg) motor becomes more challenging as the insulation and magnets are 

pushed to their thermal limits under peak torque requirement, which can lead to failure 

under extreme conditions. The wheel mounted vehicle application imposes a constraint 

that only air cooling can be used and complete sealing of the casing is required to 

prevent any water entry failures. This further worsens the temperature rise. So a good 

thermal design is essential for this type of motors. The usage of one rectangular strip 

conductor instead of many standard conductors in parallel helps in improving thermal 

stability as the heat capacity and effective thermal conductance of the former case are 

superior.  

This study proposes the use of tooth-wound single slot pitch bar-conductors for 

improved torque density. Though almost all medium voltage and large (>500kW) 

                                                 

*
Reprinted with permission from “High Torque Density Single Tooth-Wound Bar-Conductor Permanent 

Magnet Motor For Electric Two Wheeler Application,”  Yateendra Deshpande, Hamid A Toliyat, Sreeju S 

Nair, Jabez Dhinagar, Santhi Immadisetty and Shamsuddeen Nalakath, © 2014 IEEE accepted for 

publication in the Transactions of Industry Applications. In reference to IEEE copyrighted material which 

is used with permission in this thesis, the IEEE does not endorse any of Texas A&M University's products 

or services. Internal or personal use of this material is permitted. If interested in reprinting/republishing 

IEEE copyrighted material for advertising or promotional purposes or for creating new collective works 

for resale or redistribution, please go to 

http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn how to obtain a 

license from RightsLink. 
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machines employ bar conductors and achieve high conductor fill, such a topology is less 

studied for smaller machines. Comparison of thermal and manufacturing aspects of 

multi-stranded and solid conductor stators for low voltage generators is studied in [61].  

Several recent studies are dedicated to development of high conductor fill windings 

suited for small (0.5-10kW) and medium (10-500kW) size machines [62-67]. In [62], 

authors have proposed a novel method to integrate segmented stators suitable for 

fractional slot concentrated windings (FSCW) with tooth-wound conductors. The 

advantage of this method is from the use of round conductors, a large range of turns in 

each coil is possible. However, the decrease in performance due to segmentation and the 

added manufacturing complexity may not be justified in all cases, especially for large 

slot numbers. To avoid segmented stator, authors have proposed the use of open slots 

and form-wound coils in [65]. This achieves close to 60% copper fill and is suited for 

multi-strand conductors only. The use of open slots with solid conductors may lead to 

eddy losses in conductors [68]. Other methods proposed are plug-in tooth method [67] or 

using pre-pressed windings in conjunction with soft magnetic composites (SMC’s) [66] 

for single tooth-wound configurations. 

To avoid either the complication of segmentation of stator, assembly of plug-in 

teeth, use of SMC’s or increased eddy losses in conductors due to open slots, a new 

manufacturing method for semi-closed slots for distributed windings is gaining ground 

for EV/HEV applications [63, 64]. Bar wound copper conductor windings are fabricated 

by bending the individual conductors, axially inserting them into the slots, bending them 



 

94 

 

on the other side, and welding the ends together. The prototype tooth-wound stator with 

bar conductors is shown in Figure 24.  

 

 

Figure 24 Photograph of the prototype single layer FSCW stator with 54 slots and 4 

conductors per slot 

Bar-wound FSCW stators can achieve higher conductor fill compared to stator 

wound with multi-stranded bundle [63]. The actual conductor fill depends on the slot 

size and the conductor size. For smaller slots, fraction of area occupied by slot liners is 

more and results in smaller conductor fill. Similarly, multi-strand conductors result in 

higher fraction of the available area occupied by wire enamel. Additionally, the inter-

strand distance cannot be easily maintained small if the windings are not formed.  For 

the same slot area, a relatively higher conductor fill can be achieved if bar conductors 
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are used. Formed conductors can overcome the disadvantage of inter-strand distance, 

however, at an added cost of segmented stator or open slots.  

A stator with higher conductor fill means either more copper or shorter tooth 

height or both. The inherent advantages of bar-wound conductors are:  

a) Reduced conduction losses due to high conductor fill for the same slot area or, in 

case of constant conductor area, reduced core losses due to shorter tooth height.  

b) The effective thermal resistance between copper and laminations is reduced due 

to better contact. Hence lower possibility of localized hot-spots [61] 

c) Reduced cost due to easier assembly, lesser insulation cost of copper wire 

d) Shorter tooth height for the same conductor area, resulting in increased air-gap 

radius and hence torque for shaft rotating machines. 

e) Ease of increasing separation between turns, thus reducing voltage surges and 

partial discharge due to PWM switching 

f) Smaller unbalance in phase inductance that arises from slot leakage as the 

relative positions of conductors are fixed for bar-wound configuration. This 

improves sensorless control and initial position detection [69] 

Tooth-wound FSCW machines have proven superior performance in several 

applications due to smaller and non-overlapping end-windings as well as higher pole 

counts [32, 70]. In this research usage of bar conductors for single slot pitch winding 

configuration is investigated. Different conductor arrangements for use of bar conductors 

with tooth-wound configuration have been proposed and discussion on fabrication is 
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presented. Thermal model of the stator for studying short duty torque capability is 

presented.  

4.2. Requirements of the in-wheel direct drive motor  

The design of direct drive in-wheel motor for two-wheeler presents a challenging 

design problem due to the stringent space constraint that it should be mountable in the 

wheel of a given vehicle. The motor should have a high efficiency at rated power to 

cruise efficiently at top vehicle speed and a high peak torque capability at low speeds to 

improve the uphill climbing capability and efficiency for the typical city driving cycle 

(CDC) of Figure 25. Conventionally, high pole-count outer-rotor machines with high 

energy-product NdFeB magnets are used for this application [32, 70, 71]. Despite the 

high torque density of such motors, the short duty torque capability is not matched for 

the continuously variable transmission (CVT) internal combustion engine drive. Though 

alternative topologies like transverse flux machines [72] present an attractive option for 

high torque density, the construction of such topologies presents a problem and 

mandates the use of powdered core since high frequency operation is required in this 

application. 

4.2.1. Specifications for the in-wheel hub motor for electric two wheelers 

The specification of the motor is derived from the vehicle requirement data [71]. 

The fundamental requirement is to improve the stall torque and speed range of the 

electric vehicle by replacing the existing benchmark motor with an improved one while 

reducing its size. A peak torque of 85 Nm is capable of starting the vehicle on a 10° 

gradient with rated payload and an additional braking torque of 10 Nm. In a worst case 
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scenario, the motor should be capable of delivering this torque for 60 sec continuously at 

start. Details of the requirement as compared to a conventional multi-stranded 40-pole 

36-slot benchmark motor are given in Table 6. The weight of the motor should be 

minimized in order to avoid excess wear and tear of suspension.  

With solid conductors, the voltage level specification cannot be necessarily met 

due to the low number of turns in each slot. Based on the choice of winding and 

geometry, the limit on back emf constant (phase-peak), if all coils are series connected, 

can be expressed as: 

 
        

         

   
 

    
     

  
 (52) 

where kw is winding factor, kC is Carter’s coefficient, Nph is number of phases, Bg 

is air-gap flux density, nt is number of conductors in each slot, Rg is air-gap radius, lstack 

is stack length, SW is slot width.  

Table 6 Design specification of the desired motor 

Description Benchmark motor data 
Requirement for new 

motor 

Rated Power 

Rated Speed 

DC bus voltage 

Casing outer diameter 

Casing axial length 

Weight 

Peak Torque
a
 

Peak Torque density
a
 

Power  density
 

800W 

500 rpm 

48 V nominal 

180 mm 

110 mm 

8 kg 

54 Nm 

6.75 Nm/kg 

100 W/kg 

1200W 

600 rpm 

48 V maximum 

155 mm 

110 mm 

7 kg 

85 Nm 

12.14 Nm/kg 

171W/kg 
a Peak torque density for 60 sec

 

 

 



 

98 

 

4.2.2. Design methodology 

It is not known a-priori whether the short-duty torque specification can be 

achieved. Based on the vehicle geometry, the dimensional constraint is considered as a 

hard constraint. Hence the design problem is framed as a category 2 i.e. fixed volume 

problem. Since weight minimization is another objective for reducing the wear and tear 

of suspension, weight is set as the second objective. Since a major component of the cost 

is from relatively expensive NdFeB magnets, cost minimization is set as the third 

objective for optimization. Test data of the prototype machine is used for validating 

assumptions and calibrating the thermal model. 

 

Figure 25 City drive cycle profile considered for the design study 

4.3. Construction of the bar-conductor tooth-wound stator 

4.3.1. Justification for using semi-closed slots 

For machines that operate at low frequencies, bar conductors can be formed into 

coils and inserted radially through the wide slot openings. However, increase in slot 

opening of the motor induces eddy currents in stator conductors [68, 73]. It is substantial 
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if the conductor is not stranded. Some portion of main magnetic flux from the permanent 

magnet enters the conductor which is at top of the slot. 

(a) 

 

 

(b) 

 

 

Figure 26 Loss density distribution due to magnet-induced eddy currents in 

conductors (a) open slot construction and (b) semi-closed slot. Note that the scales 

are different for the two shaded plots 

Figure 26 shows the eddy current density in the rectangular conductors for fully 

open slot condition while motor is running at rated speed of 600 rpm and a frequency of 
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300 Hz. Despite a deeper than required slot, the eddy loss is found by transient FEM to 

be to be significant at 262 W for a motor rated for 1.2 kW and is mainly concentrated in 

the top conductor. With semi-closed slots, this loss is reduced to 16 W. In addition to 

reduction of these eddy losses, semi-closed slots will have better Carter coefficient. 

Fabrication method and construction are described in next two sub-sections. 

4.3.2. Fabrication method 

The fabrication of such a type of winding has two stages: insertion of conductors, 

and winding interconnects. These are described here. 

Insertion of conductors 

As discussed earlier, the idea of this type of winding is to have a semi-closed slot 

with tooth-wound bar conductors. Since the dimensions of conductors are larger than the 

slot opening, each individual turn has to be inserted axially through slot ends. Individual 

conductors are bent to U-shape or hairpin as shown in Figure 27(a) and (b) respectively. 

The bent conductors are then inserted into the slot from one side of the stack. This side 

does not have any interconnects as seen in Figure 24. On the other side of the slot, 

conductors are bent to bring together the ends that should be welded. The biggest 

challenge in achieving the calculated conductor fill is the geometric tolerance of bending 

operation. If the bent conductor has kinks or if the bend is elastic and the bar tries to 

restore its shape after bending, insertion becomes difficult and excess force used or 

insertion may result in scratching of insulation. Due to such factors, precision bending 

and insertion are critical.  
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Winding interconnects 

There are two types of connections: inter-turn connects and jumpers for 

connecting phase belts. A phase belt is a set of adjoining set of slots that contain 

conductors belonging to a particular phase as shown in Figure 28. The total number of 

welds (Nwelds) is equal to the number of conductors. If the next coil in series lies in the 

same phase-belt, then a jumper is not required. Thus longer phase belts mean smaller 

number of jumpers (Njumper), but also lower periodicity. For example a double layer (DL) 

10-pole 9 slot motor would have single phase belt and hence no jumpers, but an 

unbalanced force on the rotor, whereas DL 10-pole 12 slot motor would have a 

periodicity of 2 and hence 2 jumpers for each phase. 

        
    

 
,                                (53) 

The natural choice is to select this topology for a design that requires a smaller ke 

because increasing ke comes at the penalty of increased number of welds and 

connections by increasing nt or SW. At the same time, smaller ke would mean greater 

losses in lead wires due to larger supply current. The choice of number of slots is also 

restricted based on conductor size for ease of bending. Though manual welding process 

is time consuming, it can be easily automated as weld positions are fixed due to 

precision shapes of conductors. 
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(a) 

 

(b) 

 

Figure 27 Individual stator conductors formed for axial insertion (a) bend for SL 

FSCW and (b) hairpin for DL FSCW or distributed arrangement 

 

 

Figure 28 Phase belts for tooth wound windings (a) Single phase belt for 10 pole 9 

slot winding, and (b) two phase belts for 10 pole 12 slot double layer winding 

4.3.3. Conductor arrangements and geometries 

The fabrication process described above allows for several different types of 

winding constructions and geometries for FSCW arrangements. The advantages and 

manufacturing details arising out of different choices are discussed here.  
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Single layer vs. double layer arrangements 

Single layer and double layer windings present different types of tradeoffs in 

terms of space harmonics, leakage and winding factors [74]. The construction aspects of 

these configurations relevant to bar-wound arrangements are discussed here. For 

rectangular conductors, stator teeth will be non-parallel and the angle between the two 

edges of each tooth will be 360°/Ns.  

 

Figure 29 Conductor arrangements, slot shapes and connections for (a) SL parallel 

slot non-parallel tooth, (b) DL parallel slot non-parallel tooth, (c) SL  parallel slot, 

alternate parallel tooth and (d) SL parallel tooth non-parallel slot  
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In case of SL windings, all bends in a coil pass through the same two 

neighboring slots as seen in Figure 29 (a). The end-turn of the bend is shown in black 

and the weld is indicated in green color. The two ends of each coil are indicated by blue 

and red, which are connected to the next coil by using jumpers. In this case, each bend is 

in the shape of a U (Figure 27 (a)) and occupies the same relative position in both slots. 

Note that it is possible to have odd number of conductors in each slot for a single layer 

(SL) winding. In DL windings, each bend goes from a bottom position to one position 

above as shown in Figure 29 (b). This is necessary to avoid overlapping of welds on the 

other side. The bend appears like a hairpin in this case as can been seen in Figure 27 (b).  

Single layer with identical conductor bends 

The examples shown in Figure 29 (a) and (b) show the use of same rectangular 

conductor size for each turn. However, each bend has different dimensions and needs 

additional effort with separate bending and welding fixtures. Since all the bends belong 

to the same neighboring slots in SL arrangement, all bends can be made equal by having 

alternate rectangular teeth. This is the least complex arrangements described in this 

paper. The prototype motor uses this arrangement of slots and conductors. In this case, 

however, the edges of non-parallel teeth have a larger angle of 720°/Ns and a larger 

concentration of flux at the bottom of these teeth. This requires careful magnetic design 

of the stator geometry.  

Single layer with different conductor sizes  

Since each bend is separate from the next turn during assembly, SL configuration 

presents an interesting possibility of unequal conductors, i.e. unequal conductor heights 
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for construction of Figure 29 (a) and (c) or trapezoidal conductors as in Figure 29 (d). It 

is important to note that manufacturing of such constructions require custom extrusion of 

bar-conductors for each bend and may be used in applications that justify the additional 

manufacturing costs. 

4.4. Thermal design considerations 

The motor requirement in the design specification is based on a typical drive 

cycle. The motor operates repeatedly through the drive cycle, and under such a scenario, 

when the motor is already heated up to a certain operating temperature, the vehicle 

should still be capable of delivering the peak torque for 60 sec. Thus the peak torque 

capability calculation involves two steps: first to estimate the motor thermal state under 

repeated drive cycle operation. Under this condition, the PM remnant flux density is 

weakened due to elevated temperature, copper resistivity is increased and the margin 

between continuous operating temperature and hotspot temperature is reduced. The 

second step is to estimate the peak capability such that hot spot temperature in windings 

does not exceed rated insulation class temperature. These effects are modeled with the 

help of a simplified equivalent circuit of the motor. 

4.4.1. Simplified thermal circuit of the motor 

The thermal behavior of the motor is modeled with the help of a detailed lumped 

parameter thermal circuit as shown in [42, 75]. This detailed circuit can be simplified 

based on certain assumptions and observations on a prototype motor (details of tests are 

presented in section 4.8. It is observed that the temperature difference between the 

annular casing, the side covers and the PMs is less than 1 °F during steady state and 
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transient thermal conditions. So the entire rotor is considered as a single element in the 

lumped circuit. The temperature measured at the two ends of the shaft is equal. 

Therefore, the shaft is treated as one element and an additional symmetry condition is 

imposed. The elements C
θ
Cu, C

θ
ir, C

θ
ca and C

θ
sh denote copper, stator core, casing and 

shaft capacitances.  

This simplifies the thermal equivalent circuit to that of Figure 30. Estimation of 

thermal resistances in Figure 30 relies partially on empirical relations developed in prior 

publications and on static tests carried out on a prototype motor. These are described in 

Table 7. The current sources Pcore and PPM in the circuit are fixed during repeated drive 

cycle analysis while PCu is dependent on copper and casing temperatures to account for 

effect of increased copper resistivity and decreased PM strength. 

Since the outer diameter and axial length are fixed for the design problem, the 

thermal resistances R
θ
ca_am, R

θ
bearing, R

θ
ir_sh, and R

θ
sh_am will be exactly same across all 

designs. The thermal resistance of R
θ
gap will vary depending on stator outer diameter and 

stack length. This variation is expected to be within a range of 10% of its mean value. 

The only thermal resistance sensitive to design is R
θ
cu_ir. The calculated and estimated 

values of these thermal resistances (presented in section 4.8) based on prototype motor 

are used in fitness function thermal model. 
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Figure 30 Simplified thermal circuit considered for study of thermal profile 

 

Table 7 Thermal resistances and heat capacities in the simplified thermal circuit of 

the motor 
Symbol Description Method of calculation 

R
θ

cu_ir Conduction thermal resistance 

between copper and stator core 

Thermal FEA considering ‘goodness 

factor’ of impregnation 

R
θ

gap Heat transfer resistance between 

stator and rotor through air 

Air-gap heat transfer assumed due to 

conduction only with temperature 

dependant air conductivity. End-windings 

to side cover heat transfer through 

convection. 

<R
θ

ca_am> Casing to ambient heat transfer 

resistance (averaged for heat 

transfer over a cycle) 

Combination of natural and forced 

convection based on dimensionless 

laminar flow equations [76], based on (3) 

R
θ

ir_sh Thermal resistance between stator 

core and shaft 

Calculation sensitive to interface gap 

between stator and shaft as well as heat 

transfer between laminations. Determined 

by curve fit of experimental test data. 

R
θ

sh_am Thermal contact resistance 

between shaft and mounting 

chassis 

This parameter is sensitive to interface 

gap of mounting and hence determined by 

curve fit of experimental test data. 

The maximum speed of the machine is 600 rpm and the dimensionless Taylor 

number in air-gap is well below 40. Therefore it is assumed that air-gap heat transfer is 
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due to conduction only (radiation heat transfer is found to be negligible). The heat 

transfer between the rotating casing and ambient is calculated using forced convection 

correlations [75]. 

The temperature rise with time for a specimen design is based on a typical CDC 

for 1.2kW vehicle. The speed profile of CDC and required acceleration is shown in 

Figure 25. The equations arising from the repeating drive cycle heat transfer at the 

casing is given in (3). Tca and Tam are casing and ambient temperatures, Ploss is total loss, 

tcycle is drive cycle period. 

 
 c =    

   oss     
 c c  

 

 1

      
 (  

  
 c c  

 

 
(54) 

  

4.4.2. Thermal conduction resistance between copper and stator core: bar-

wound vs. multi-stranded stators  

Numerical computation of thermal conduction resistance between copper 

and stator core 

For a known geometry and well defined material properties, the thermal 

resistance between winding and stator can be found by a linear thermal FEM [77]. 

However, the main issue is determining the conductivity of impregnation due to 

presence of air pockets and incomplete fill of impregnation. Authors have attempted to 

quantify the thermal contact quality by introducing “goodness factor” of impregnation in 

[45]. ‘Goodness factor’ is ‘1’ if the slot area (other than winding and slot paper) is filled 

completely with impregnation and it is ‘0’ if it is filled completely with air. It is found in 

[45] that the goodness factor of impregnation lies between 0.4 and 0.5 for dip 
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impregnated multi-strand stators and it improves with conductor fill. In mass production, 

the mean impregnation goodness factor and its standard deviation will depend on the 

process adopted for impregnation. To find the thermal resistance between conductors 

and stator for one slot, the slot geometry is created as shown in Figure 31. Constant 

temperature boundary is applied to the sides of the slot, thus considering the stator to be 

a lumped system at uniform temperature. Two definitions of thermal resistance are 

adopted (55), (56): 

 
              

  
    

         
 (55) 

 
           

  
      

         
 (56) 

 Here Tmax and TCmean is the maximum and mean copper temperature in the 

slot found by thermal FEM.  

 R
θ
cu_ir_mean is used in the lumped parameter thermal circuit to compute the 

increased phase resistance due to heating in loss calculations. R
θ
Cu_ir_hotspot is used for 

computing thermal limit on torque capability. 

4.4.3. Comparison of bar and multi-strand windings 

 This analysis for comparable geometries of bar-wound and multi-strand slots is 

presented here. The total copper area and the loss are kept same for the two cases and a 

current density of 12 A/mm2 is applied to the conductors in both cases. The varnish 

conductivity of 0.13 W/m/°C is used in both cases. Slot liner thickness is assumed to be 

0.25mm with a thermal conductivity of 0.1 W/m/°C and wire insulation is assumed to be 

NEMA single build of 40µm with a thermal conductivity of 0.26 W/m/°C.  
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In this analysis, the goodness factor is swept between 0 and 1 for the cases of 

bar-wound and multi-stranded conductors. The variation of contact resistance with 

goodness factor is studied by thermal FEM for the two cases and as can be seen in 

Figure 32. Though statistical evidence of impregnation goodness factor for the two cases 

is not available, clearly bar-wound arrangement has lower contact resistance.  

Additionally, multi-stranded conductor stators have more impregnation area in 

the slot owing to low conductor fill. The impacts of high conductor fill and better 

impregnation goodness can be seen by significant reduction in hot-spot temperature of 

windings in the slot. This is illustrated by a thermal FEA temperature shaded plot of 

Figure 31. The ratio R
θ
Cu_ir_hotspot and R

θ
Cu_ir_mean is higher for multi-strand case at 1.39 as 

compared to bar-wound which is1.14. For the application of interest in this paper, short 

duty torque overload happens at low speeds. However, if overload at high speed (high 

frequency) operation is of interest, then ac loss in case of bar-wound geometry should be 

applied in this analysis for fair comparison between the two conductor types. 

This method of computing R
θ
Cu_ir is sensitive to conductor placement in slot. 

Conductors are placed equidistant from both slot edges in Figure 31(b), which is the 

worst case scenario for computing R
θ
Cu_ir. For any other horizontal position of 

conductors, R
θ
Cu_ir would be smaller. For multi-strand case of Figure 31(a), the worst 

case conductor placement is when all conductors are crowded in the center of the slot. 

4.4.4. Impact of R
θ
Cu_ir_hotspot on short duty overload capability 

During the short duty 60 sec peak overload, windings of the motor experience 

10-20 times the nominal (average of drive cycle) copper loss. The time interval of 60 sec 
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is such that it is comparable to the time constant R
θ
Cu_irC

θ
ir, but much smaller than the 

time constant of R
θ
gapC

θ
ca or R

θ
ir_shC

θ
sh. For a typical design, out of the additional 150 kJ 

of heat generated during overload, 70 kJ is transferred to stator and only 5 kJ is 

transferred to shaft and casing. Thus the overload capability strongly depends on 

R
θ
cu_ir_hotspot, C

θ
Cu, C

θ
ir.  

The contact resistance R
θ
Cu_ir_hotspot (hence hot-spot temperature) can increase 

drastically in case of a bad sample with low goodness factor multi-strand winding and 

will be still under acceptable limits for the high conductor fill bar wound stator as seen 

in Figure 33. The torque constant (phase-peak) is assumed to be 0.24 Nm/A for both 

cases, and the motor is delivering 70 Nm torque. The conductor area is same for the two 

cases while the weight of stator core is increased in case of multi-stranded winding due 

to requirement of deeper slots. 
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Figure 31 Thermal FEA to determine the hot-spot temperature rise in slot for (a) 

multi-strand bundle wound slot and (b) bar-wound slot. The copper area and 

current density are same in both cases 
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Figure 32 Variation of hotspot thermal contact resistance for the two slots with 

impregnation goodness for the same copper area 

It can be argued that for normal operating condition, if the same copper area is 

achieved using multi-strand conductors by increasing the slot dimensions, the resultant 

temperature rise may not be significantly higher than bar windings for continuous 

operating case. However, the gains in terms of short duty peak capability are significant. 

Due to the more tightly packed slot, higher copper area in slot can be achieved, 

compounded by increased copper thermal capacity would result in much higher short 

duty torque capability for bar-wound conductor designs. This is studied in next section 
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Figure 33 Comparison of winding hotspot temperature response to an overload 

torque under identical copper area and torque constant and different winding 

contact resistance 

4.5. Multi-objective optimization 

4.5.1. Design problem formulation & geometry description 

Based on the specification presented in section 4.2, the design optimization 

problem is formulated. The objectives, constraints and design parameters of the 

optimization are given in Table 8. Identical problem formulations and materials are used 

for bar-wound case and multi-stranded case. The set of parameters for description of slot 
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geometry is the only difference for the two cases. Some of the geometric parameters are 

depicted in Figure 34. 

A wide range of pole-slot combinations are included in the search space. All 

valid combinations with slot numbers between 24 and 84 that are multiples of 6 and pole 

count that yield winding factor greater than 0.9 are included. Choice of slot-pole 

combination is encoded as a discrete design parameter. Other geometric parameters are 

encoded so that no invalid designs are generated while ensuring that the search space 

spans most feasible designs. Materials chosen for the design are: M19 grade silicon steel 

and N35SH grade NdFeB PM’s with a remnant flux density of 1.15T and relative 

permeability of 1.06 at 20°C. 

 

Figure 34 Description of some of the geometric design parameters of the motor 
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Table 8 Formulation of the Design Optimization Problem 

Objectives 

Cost of active materials (minimize)  

Mass of active materials  (minimize)  

Short duty torque capability (maximize)  

Constraints 

Symbol Description Limits 

Rro Rotor outer radius Rro=75 mm 

lax Total stator length (including end-windings) lax=85mm 

Tins Maximum Insulation temperature Tins<220°C 

Wsb Stator back-iron width Wsb≥4 mm 

Design parameters 

(Ns, Np) Slot-pole combination 30≤Np≤76 

24≤Ns≤84,  

Ns is a multiple of 6 

hM Magnet thickness 2mm≤hM≤4mm 

Wrb Rotor back-iron thickness 3mm≤Wrb≤8mm 

SW/TW Slot width (for parallel slot), tooth width 

(for parallel tooth configuration) 
3mm≤TW≤

              

  
 

SO Slot opening SO=3mm for multi-stranded 

1mm≤SO≤SW/2 

Hs0 Tooth tip height 0.5mm≤Hs0≤2mm 

Hs1 Tooth wedge height 0.5mm≤Hs1≤1.5mm 

Hs2 Slot Depth 5mm≤Hs2≤Hs2_max 

layers Winding layers Single, Double 

4.5.2. Design optimization 

The optimization is performed by multi-objective Genetic Algorithm (GA). The GA is 

programmed to optimize using a population size of 200 over a fixed number of 20 

generations 

4.5.3. Fitness function 

The problem formulation is a combined category 2 and category 3 problem 

discussed in section 3.8.3 and the evaluation algorithm of Figure 22 is followed for both 

the cases of multi-stranded and bar-wound configurations. The short duty and 
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continuous operation thermal phenomena are modeled as described in previous section 

along with calibrated prototype data of section 4.6. 

For calculating the active material cost, the following formula is used: 

                             
                  (57) 

where mwire is the mass of copper in kg, kstk is the stacking factor, ρFe is the 

density of silicon steel, and mPM is the mass of chosen grade of NdFeB magnets in kg. 

The conductor fill for the multi-stranded stator is found to be 42% from an in-

production sample. The inter-strand distance is computed for a hexagonal packing of 

strands from the dimensions of the sample and the conductor fill for each candidate 

design is computed by populating the slot with the same strand size and strand spacing.  

4.5.4. Optimization results 

The pareto-optimal sets for the 3-objective optimization for each case of bar-

wound FSCW and multi-stranded stators are plotted in Figure 35. Bar-wound designs 

show a significant improvement in torque capability for the same weight or same cost as 

compared to the designs with multi-strand windings. Lower weight designs are possible 

due to less core material owing to shallow slots for the same copper. The biggest cost 

component in this design is the permanent magnets, which is not a part of the stator. 

Despite this fact, lower cost of bar-wound construction is possible due to higher loading 

or better utilization of the magnets. It is observed that the PM’s are well within safe 

limits of demagnetization in spite of the high overload current. The maximum magnet 

thickness hM is less than 2.64 mm for bar-wound and 2.43 mm for multi-stranded 

designs, though the upper bound on the hM search space is 4 mm. Several designs with 
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hM = 2mm are in the pareto-sets. This means despite the high short duty capability of the 

designs, the PMs are still far from demagnetization limit and under-utilized.  

The slot number of each design in the Pareto-sets is shown by a greyscale shade. 

It can be observed that the distribution of slot-number in the two sets is different. Higher 

torque designs can be achieved using higher slot numbers (54-60) in bar-wound designs 

whereas slot number of 48 is favored most for multi-stranded designs. It can also be 

observed that low slot-number designs (30-36) offer a small cost advantage over higher 

slot-number designs, but at a huge weight penalty for both constructions. Thus the 

conflicting nature of objectives is verified.  

 

Figure 35 Comparison of the Pareto-optimal sets derived for the two cases of bar-

wound FSCW and stranded FSCW stators 
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4.6. Prototype construction and tests 

A prototype motor is built for understanding the fabrication aspects and for 

validation of the proposed construction. The details of the 54 slot 60 pole motor are 

given in Table 9. The prototype motor is experimentally evaluated for no load losses, dc- 

and ac- resistance, thermal contact resistance test, and efficiency under different load 

conditions. 

4.6.1. Design details of the prototype motor 

In addition to the fixed parameters, constants and constraints described in Table 

8, the details of the prototype motor can be derived from the parameters of Table 9.  

Table 9 Prototype design data 
Prototype design parameters 

(Ns, Np) Slot-pole 

combination 

Np=60 

Ns=54 

hM Magnet 

thickness 

hM=3mm 

Wrb Rotor back-iron 

thickness 

Wrb=4mm 

SW Slot width  SW=3.6mm 

SO Slot opening SO=2.3mm 

Hs0 Tooth tip height Hs0=1mm 

Hs1 Tooth wedge 

height 

Hs2=0mm 

Hs2 Slot Depth Hs2=8.6mm 

layers Winding layers Single layer with alternate non-parallel tooth and 

parallel slots 

4.6.2. Preliminary tests 

Back-emf constant, dc resistance and no-load loss 

The phase-peak back-emf constant is found to be 0.24 Vs/rad, which is very 

close to value of 0.25 Vs/rad computed by FEM. The calculated phase dc resistance is 
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25.4 mΩ and the measured resistance is 27.2 mΩ. Therefore it is concluded that 36 

welds and 18 bends in each phase do not affect phase resistance significantly. The no-

load test gave a resistance torque (bearing friction + hysteresis) of 0.7 Nm at low speed 

and an eddy current loss of 15 W at rated speed. Thus the total no load loss was 59 W at 

600 rpm. This measurement was performed without the gear assembly of Figure 39.  

Measurement of ac resistance 

The ac-resistance of windings is caused purely by slot leakage fluxes due to 

winding currents. Hence, the rotor is removed while performing this test to accurately 

measure ac loss without the need to estimate other loss components such as mechanical 

losses or eddy losses in magnets. A smooth sine current is applied to a pair of windings 

for different frequencies and ac-resistance is calculated based on the total loss in 

windings. The input power for the windings is measured using a power analyzer and ac-

resistance is calculated based on the power dissipated for each frequency. The measured 

and calculated ac-resistance coefficients are plotted in Figure 36. Since the analytical 

formula for this calculation is an exact solution, the experimentally found and calculated 

values match closely except for measurement errors. 
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Figure 36 Experimental verification of eddy effect model for the prototype motor 

4.6.3. Thermal tests 

Short time static test for measurement of R
θ

Cu_ir_mean 

To determine the goodness factor of impregnation for bar-wound machines, a 

static experiment is performed on the prototype motor to measure the thermal contact 

resistance. By injecting a constant current for 60 sec in two of the phases, temperature 

rise in copper is measured indirectly by measuring the terminal voltage. The thermal 

capacity of copper and stator core is known from the measured weights of these 

components and the thermal resistance value that best fits the temperature rise is 

calculated as shown in Figure 37. from recorded data for the prototype motor. 

The measured thermal resistance is 0.075 °C/W which corresponds to a hotspot 

thermal resistance of 0.085 °C/W. The goodness factor for this R
θ
Cu_ir_hotspot is 

approximately 0.6. The high goodness factor of impregnation in bar-wound was 

achieved by conventional dip impregnation process. Additionally, since bar windings are 
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precision formed, achieving better R
θ
Cu_ir consistently is possible thereby increasing the 

reliability of such windings 

Low speed constant current test 

It is important to understand if the rest of the equivalent circuit has any impact on 

the short duty torque. Also, for determining the efficiency of the machine, thermal 

equilibrium condition needs to be computed. A constant sine current of 25 Arms is 

injected at a frequency of 2 Hz in the three phases of the machine. The rotor rotates at a 

low speed of 4 rpm. Casing temperature is recorded using an IR temperature sensor. The 

IR temperature sensor is calibrated against a K-type thermocouple to ensure accuracy. 

The stator windings are disconnected for 5 sec in every 10 mins to measure phase 

resistance to measure TCumean through phase resistance. Shaft temperature is measured 

using a K-type thermocouple. 

The cooling of the casing is only due to natural convection at this low speed. The 

calculated convection coefficient is 10.2 W/m2/°C that yields an R
θ
ca_am of 1.12 °C/W. 

The convection coefficient for winding to side-cover convection is found to be in the 

range of 20-40 W/m2/°C in several studies [76]. Assuming a convection coefficient of 

30 W/m2/°C, and accounting for the air-gap heat exchange due to conduction yield an 

effective stator to casing thermal resistance R
θ
gap of 0.424 °C/W is obtained. R

θ
bearing is 

calculated to be 2.72 °C/W. R
θ
ir_sh and R

θ
sh_am are determined by curve fitting the 

temperature response recorded experimentally (as shown in Figure 38) to be 3.1 °C/W 

and 0.32 °C/W respectively. The shaft is relatively cooler and reaches a temperature of 

only 32.8 °C. The estimated values of interface gap between stator core and shaft is close 
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to 50 µm and between shaft and chassis mounting is close to 5 µm based on curve-fitted 

values of R
θ
ir_sh and R

θ
sh_am. The equivalent circuit thermal resistances thus estimated 

were used for analysis in the fitness function. 

 

Figure 37 Short duration static test with 1 sec sampling time used to curve fit for 

R
θ

cu_ir_mean 

 

Figure 38 Measured and curve-fitted TCu and TCa for low speed constant current 

test 
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4.6.4. Load test 

The test setup used for performing the load test is shown in Figure 39. The motor 

is coupled to the hysteresis brake by means of a helical gear. Load test is performed for 

the motor for a speed range of 100-420 rpm and torque range of 4-16 Nm. The modeled 

and measured efficiency plot is presented in Figure 40. Eddy current losses in PMs were 

modeled as proportional to Is
2
ωr

2
. PM eddy losses computed by 2D FEA were 120 W 

against the separation of losses estimate of 30 W. Clearly, 3D FEA or advanced 

modeling techniques [56] are required to accurately account for end effects. The test set 

up uses 10:3 ratio helical gear arrangement to couple the test motor to load. The bearing 

and gear friction at no load measured 0.08 Nm on the high speed shaft, which was 

accounted for in efficiency measurement. However, helical gears are characterized by an 

axial thrust on bearings that is proportional to transmitted torque. This leads to additional 

losses at high torque regions of efficiency plot. Note that the load test is not performed 

under thermal equilibrium condition of the motor. Actual motor performance on a 

vehicle will be sensitive to its thermal state and environmental temperature. 
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Figure 39 The test setup used to perform load test on the motor  

 

Figure 40 Calculated and measured percentage efficiency plots of the prototype 

bar-wound FSCW Motor 
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4.7. Conclusion 

The use of solid conductor bar windings with application to single tooth-wound 

construction is studied for the first time to the best of authors’ knowledge. Different 

types of winding constructions are presented for tooth-wound bar conductors with 

discussion on fabrication details. Analysis method is presented to determine the short 

duty torque capability of a machine and it is observed that this is highly dependent on 

thermal resistance between copper and stator and heat capacity of windings and stator. It 

is demonstrated from the analysis that bar-wound conductors are able to achieve a better 

thermal resistance between copper and stator iron as compared to multi-strand windings. 

Also this thermal resistance is less sensitive to quality of slot impregnation fill. This 

particularly helps in improving the short duty capability of the machine. 

A detailed design optimization study is performed that assesses each design for 

temperature rise due to intended drive-cycle operation as well as short duty peak 

overload. It is observed that significant cost and weight benefits can be achieved by use 

of bar-wound FSCW stators as compared to conventional low conductor-fill multi-strand 

windings. Also, much higher torque capabilities can be achieved for the same volume. 
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5. DESIGN STUDY 2: OPTIMIZATION OF A NOVEL OUTER-SALIENT-ROTOR 

TOPOLOGY FOR GEARED DRIVE
*
 

Electric motors are vital components of powertrains of electric and hybrid 

electric two-wheelers. The design of motor for this application is extremely challenging 

due to tight space and cost constraints. Three popularly used configurations of electric 

machines in mild hybrid two wheelers are shown in Figure 41. The IC engine crankshaft 

mounted configuration [78] is shown in Figure 41(a). The motor is designed for 

operation matched to the engine speeds (1-6 krpm) due to direct mounting. In another 

popular configuration of the in-wheel direct drive Surface-mounted Permanent Magnet 

(SPM) motor [32, 71] shown in Figure 41(b), the motor characteristic is matched to 

torque and speed requirements at the wheel (typically 300-1000 rpm). A third possibility 

is to use the mechanical arrangement of a geared in-wheel outer-rotor machine as shown 

in Figure 41(c), where the motor is designed to rotate at medium speeds (1-10 krpm) and 

a gear ratio is chosen to match the speed requirement at the wheel. In all these 

applications, the outer-rotor topology is preferred for cost reduction or ease of assembly, 

or for meeting a stringent space constraint. Other examples of applications where outer-

rotor may be preferred topology are compressors, fans, etc. 

                                                 

*
Reprinted with permission from “Design of an Outer Rotor Ferrite Assisted Synchronous Reluctance 

Machine (Fa-SynRM) for Electric Two Wheeler Application” Yateendra Deshpande, Hamid A Toliyat, 

©2014 IEEE to appear in Proceedings of Energy Conversion Congress and Exposition 2014. In reference 

to IEEE copyrighted material which is used with permission in this thesis, the IEEE does not endorse any 

of Texas A&M University's products or services. Internal or personal use of this material is permitted. If 

interested in reprinting/republishing IEEE copyrighted material for advertising or promotional purposes or 

for creating new collective works for resale or redistribution, please go to 

http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn how to obtain a 

license from RightsLink. 

http://www.ieee.org/publications_standards/publications/rights/rights_link.html
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For mechanical configuration of Figure 41(b), high pole count (28-60) outer rotor 

motors with high energy density surface permanent magnets [70, 71] are widely used for 

small (0.25 kW to 1.5kW) electric two wheelers. Rare-earth magnets are central to 

achieving such high torque densities. However, due to the uncertainty in prices of rare 

earth metals used in high energy density magnets, ferrite magnet based machines are 

preferred [79] for high volume cost-sensitive applications. This paper explores the 

design of Fa-SynRM medium speed motor for the same power capability as discussed in 

previous chapter that can be easily packaged along with a planetary gearbox (Figure 

41(c)) in the same space as the in-wheel motor specification given in previous chapter. 

This paper proposes an inside-out two layer buried magnet rotor topology and presents a 

preliminary design study of the proposed outer-rotor Fa-SynRM for a practical 

application along with experiments on a prototype machine. 

Study of rotor structures for buried magnet rotors has been of immense interest 

recently [34, 80, 81] with focus on improving torque and power densities as well as 

torque ripple reduction. In [79, 82], authors have studied IPM structures that are more 

suited for ferrite PMs to mitigate demagnetization under high current. It is evident that 

ferrite PM machines rely on achieving high saliency ratio for improvement in torque 

density. For low (<1krpm) and medium (1-10krpm) speed machines, torque density is 

further improved by using high pole count. For inner rotor structures, the notion of 

increased saliency ratio and higher pole count are conflicting and hence pole numbers 

only up to 8 are found in literature for buried ferrite machines.  The aim of this paper is 

to show that by using two barrier outer rotor buried magnet structure, not only can 
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higher saliency ratios be achieved for higher pole numbers, but also that a good 

normalized magnet flux linkage to normalized d-axis inductance ratio (λMn/Ldn) [5] (in 

the vicinity of 1) can be achieved despite using low power density ferrite magnets.  

 

(a) 

 

 

 

(b) 

  

(c) 

Figure 41 The mechanical arrangement for motors used in two-wheeler 

applications: (a) ICE crankshaft mounted, (b) in-wheel direct drive, and (c) in-

wheel geared drive 
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Another advantage of outer-rotor IPMs is less PM flux leakage due to thinner 

bridges. In case of outer-rotor structures, the centrifugal forces generated by PMs are not 

transmitted by the bridges, but are exerted directly on the thicker core sections between 

barriers. Thus the bridge thickness can be minimum allowable based on manufacturing 

constraints. Additionally, higher efficiencies can be achieved due to absence of eddy 

current losses in ferrite PMs.  

Specifications of the design problem and design objectives are described in 5.2. 

Structure of the outer-rotor buried magnet topology is presented in section 5.3. Section 

5.4 presents the problem formulation and evaluation algorithm. Section 5.5 presents 

optimization results and details of four candidate designs. Section 5.6 presents details of 

the prototype motor and preliminary test results followed by conclusion 

5.1. Definition  of  design problem based on vehicle requirement 

In this paper, an outer rotating Fa-SynRM is designed for a 1.2 kW geared in-

wheel drive as shown in Figure 41(c). The specifications for the target Fa-SynRM with 

planetary gear system are derived from key performance parameters of the vehicle and 

are given in Table 10 along with actual ratings of the benchmark direct drive motor. The 

Fa-SynRM is designed to achieve the rated power over the entire speed range, without 

specifying the actual speed of the rotor. The gear ratio is chosen so that the maximum 

speed of motor at rated power under field weakening ωmax_motor translates to maximum 

vehicle cruising speed. Thus the gear ratio is given by: 

   
           

           
      (58) 
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The maximum gear ratio is constrained to 10 based on physical dimensions of the 

shaft and casing size. The continuous inverter capability of the benchmark SPM is 

decided based on rated power of 1.2kW at 600 rpm. This means that the continuous 

torque at all speeds is fixed to rated torque of 19.1Nm. A wide CPSR of the geared drive 

can, however achieve a larger continuous torque for the same inverter continuous rating. 

Thus, the maximum continuous torque at low speed is: 

 
            

      

           
  

      

           
      (59) 

Since the quantity in the parenthesis is constant, the continuous torque capability 

at low speed is proportional to CPSR and hence CPSR is one of the design objectives. 

The multi-objective design optimization problem is defined to: 

 Maximize Efficiency-Constrained CPSR (EC-CPSR) such that efficiency = 90% 

at ωmax_motor 

 Maximize the average of motor efficiencies between ωmin_motor and ωmax_motor at 

rated power 

 Maximize 60 sec peak torque capability at wheel (motor torque capability times 

gear ratio) 

The external dimensions of the rotor stack are fixed and are given in Table 10. 

There is an additional constraint that the cogging torque < 0.2 Nm at the wheel. This is 

achieved by introducing an appropriate skew in stator. The dc-bus voltage is fixed at 48 

V.  The continuous peak output current rating of each phase is 32.7 A so that the inverter 

volt-ampere is rated at 1.5 kVA assuming a power factor of 0.8, but can be increased to 

achieve rated power. The switches have to be rated for the short-time peak current to 

match the motor’s peak capability. The motor should produce required power at all 
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speeds within the CPSR without demagnetization of the magnets under peak torque 

operation for temperatures between -20°C to 100ºC. 

Table 10 Design specifications for design studies 1 & 2 
 Benchmark NdFeB 

SPM direct drive 

Target: NdFeB SPM 

direct drive  

Target Fa-SynRM 

geared drive 

Outer Diameter  180 mm 150 mm 145 mm (Fixed) 

Stack Length  50 mm 55 mm 30 mm (Fixed) 

Rated Power 800 W at 500 rpm 1.2 kW at 600 rpm 1.2 kW at peak 

speed  

Efficiency at max 

speed 

80% at 800 W, 500 

rpm 

80% at 1.2 kW, 600 

rpm 

90% at max speed, 

rated power 

(constraint) 

Conductor fill factor 

(bare conductor/bare 

slot area) 

38%  >70% with 

rectangular 

conductors 

45% with 

conventional 

winding 

Continuous climbing 

capability 

15.3 Nm 19.1 Nm (No Field 

Weakening) 

19.1 Nm*CPSR 

(Objective 1) 

Peak Torque (for 1 

min) 

54 Nm Up to 100 Nm  120 Nm (Objective 

2) 

Average efficiency at 

rated power for speed 

range 

67% < 70%, not capable of 

producing rated 

power continuously 

below rated speed  

>90% (Objective 3) 

5.2. Outer rotor Fa-SynRM  structure 

Half pole of the proposed outer rotor structure with two-barrier geometry is 

shown in Figure 42. The outer rotor design proposed in this paper can be described as 

inverted (inside-out) version of the one presented in [80] but with barrier edges as arcs 

instead of straight lines. The outer layer can have magnet in the center arc as well as the 

fillet arc whereas the inner arc has magnet only in the center arc. The factors that affect 

the choice of number of barriers in the rotor structure are: size of the machine and 

limitation on the minimum thicknesses of PMs and core sections that can be 

manufactured. In this paper, two layer topology is chosen based on conclusion in [83] 
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that increasing the number of layers beyond two does not improve saturated saliency of 

the rotor.  

 

Figure 42 Half pole geometry of the rotor showing dimensions that completely 

define the half pole geometry 

The geometry of the proposed rotor structure shown in Figure 42 is described by 

the parameters defined in Table 11. The design parameters used to define the geometry 

are chosen in a way that only valid designs are created for each combination of inputs. 

The construction of the geometry is based on certain relations and assumptions. The first 

assumption is that the gap between two adjacent poles is equal to 2S1 so that q-axis flux 

saturates evenly in the two bottlenecks. The second assumption is that the barrier width 

is constant i.e. B1=M1 and B2=M2. This is based on the observation in [84] that uniform 
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barrier width provides better protection against demagnetization of ferrite magnets. This 

also reduces the number of parameters and complexity for the optimization algorithm. 

The rotor inner to outer radius split ratio (SR) is chosen between limits: 

 

      
 

   
  

, 

        
            

   
 (60) 

where Mmin and Smin are the minimum barrier and core section widths. 

For the purpose of optimization, the geometric dimensions shown in Figure 42 are 

derived by transforming parameter space based on relations of Table 11. The bridge 

thicknesses M1 & M2, and core section thicknesses S1, S2, and S3 are greater than 2.5 

mm for manufacturability and mechanical strength. Figure 45 shows the rotor stack of 

the prototype motor. The nine parameters used for defining the geometry are given in 

Table 11. The fillet radii are chosen such that kfil = 1 gives the maximum possible fillet 

radius for the chosen geometry for the outer edge of the outermost barrier and 

consequently Rf3=Rf4-M1, Rf2 = Rf3-S2, and Rf1=Rf2-M2. The bridge thickness (t1) is 

chosen equal to the lamination thickness (0.35 mm) for manufacturability. The 

maximum speed of the Fa-SynRM is limited to 6 krpm, and hence the centerposts are 

not required due to relatively small centrifugal force. 

5.3. Multi-objective optimization  

Multi-objective Genetic Algorithm is used to optimize the FaRynRM to achieve 

the objectives defined in Section 5.2. This is again a combined category 2 and category 3 

problem, however, differs from design study 1 because the operating speed of the 

machine is unspecified in the problem definition. An evaluation function that is very 

similar to Figure 23 is used with a slight modification in order to ensure that the 
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efficiency at maximum operating speed is met. In order to run it on a modest 

computation facility, the second iterative loop of the algorithm uses analytical 

calculations for estimating the maximum operating speed under field weakening. An 

additional step is included at the end to determine the maximum short duty torque for 

each design. It is observed that for this construction, the maximum current is limited by 

demagnetization constraint rather than thermal limit.  

Optimization is carried out separately for different pole numbers using a 

population size of 80 over 20 generations for each case. Pole numbers from 10 to 16 are 

considered. Slot numbers that are multiples of 6 between 12 and 72 are considered. Both 

single and double layered windings are considered. Combinations of slot-pole and coil 

pitch that yield winding factor less than 0.9 are discarded. Only slot-pole & winding 

combinations with even greatest common divisor (gcd) are chosen so that unbalanced 

forces or unbalanced back-emf’s are mitigated. Combinations of selected slot-pole and 

coil pitch are encoded into a discrete gene. The nine rotor parameters as described in 

Table 11 and three stator geometry parameters (slot opening, tooth tip height, and tooth 

width) are also included as design inputs for the optimization. The stator inner radius is 

assumed to be constant at 32 mm. 

Since the design mandates that the cogging torque be extremely small, stators are 

skewed for all pole-slot combinations to eliminate cogging torque. 
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Table 11 Parameters used to define rotor geometry and parameter bounds used for 

design optimization 
Symbol Parameter description Min 

value 

Max  

value 

SR Split ratio = (Rri/Rro) SRmin SRmax 

kins Insulation ratio (M1+M2)/(S1+S2+S3) 0.3 0.65 

kM21 
Ratio of magnet thicknesses in the two barriers 

(=M2/M1) 
0.6 1 

kS21 Ratio of core thicknesses in the two barriers (=S2/S1) 0.5 1 

kS31 Ratio of core thicknesses in the two barriers (=S3/S1) 0.4 1 

kfil 
Fillet radius ratio (0= no fillet, 1=maximum 

geometrically allowable fillet radius) 
0 1 

αbar 
Angle between radial segment of the barrier and 

circumferential direction as shown in Figure 42 
π/4 π/2 

D 
Decides if magnets are present in the fillet part of 

outer barrier  
0 1 

5.4. Multi-objective optimization results  

The models proposed above are used to evaluate the fitness for maximizing the 

three objectives. Sets of non-dominated solutions for each pole count are presented in 

Figure 43. Basic performance metrics and characteristics of 4 candidate designs for 10, 

12, 14 and 16 poles are presented in Table 12. These designs are selected from different 

regions of the final Pareto set.  

Since this is the first of its kind study of outer-rotor PMaSynRM, several 

interesting conclusions can be drawn based on derived results. Relatively large saliency 

ratios (up to 3.2 for 12-pole) can be obtained for a higher pole number with two barriers 

in the proposed outer rotor topology. This topology can be employed for an outer rotor 

SynRM as well. Most designs in pareto set use 20-50% reluctance torque. Also, the 

λMn/Ldn ratio of close to 1 or greater is achieved as seen from data of Table 12.  
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(a) 

 

(b) 

 

Figure 43 Non-dominated designs for different pole numbers after 20 generations 

for a population size of 80 for each set 

It is observed that despite taking end-windings into account, for the selected 

objectives, there is no clear winner between distributed windings and single slot pitch 

concentrated windings. Distributed windings dominate due to their higher peak torque 

capability and resilience to demagnetization whereas single slot pitch winding motors 

showed larger EC-CPSR and better efficiencies for the chosen aspect ratio (2Rro/lstack) of 

the motor.  
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Table 12  Attributes of four specimen designs from the pareto-optimal sets 
 Design 1  

(proto) 

Design 2 Design 3 Design 4 

Configuration 10 pole, 48 slot 12 Pole 54 slot 14 pole, 30 slot 16 pole, 18 slot 

Coil pitch 4 slots 4 slots 2 slots 1 slot 

rsn (p.u.) 0.0370 0.0340 0.0334 0.0345 

ψmn (p.u.) 0.506 0.510 0.511 0.617 

Ldn (p.u.) 0.355 0.358 0.528 0.605 

Lqn (at ωrated, Prated in 

p.u.) 

1.156 1.155 1.148 1.044 

% reluctance torque (at 

ωrated, Prated) 

47.3% 46.9% 39.2% 23.9% 

Rated current density  4.04 A/mm
2 

4.09 A/mm
2
 4.23 A/mm

2
 4.46 A/mm

2
 

pf  (at ωrated, Prated) 73.7% 73.8% 66.1% 68.35% 

EC-CPSR 1.96 2.13 2.25 2.84 

Continuous torque at 

wheel 

37.4 Nm 40.7 Nm 43 Nm 54.2 Nm 

Peak torque at wheel 114 Nm 130 Nm 92 Nm 62 Nm 

G 8.93 9.28 9.24 9.27 

Average efficiency  93.3% 93.24% 93.4% 94.2% 

Combinations with integral slot per pole per phase did not dominate due to the 

additional deleterious effect of skewing on phase resistance. The effect of skew on 

Designs 1, 3 and 4 are found to be negligible. Design 2 has an spp of 1.5 and a 

mechanical skew angle of 3.33° (or 20° electrical).  

Demagnetization characteristics of the four designs determined by FEA are 

shown in Figure 44. Design 2 is the only design that exceeds the peak torque 

requirement of the vehicle and is resilient to demagnetization up to 3 times the rated 

current as seen from Figure 44. The maximum current in most designs in pareto sets is 

limited by demagnetization rather than heating. 
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Figure 44 Demagnetization characteristics of the four sample designs at -20°C 

determined by FEA 

5.5. Experimental results 

Preliminary test results on a prototype motor close to dimensions of Design 1 of 

Table 12 are presented in this section. 

5.5.1. The prototype motor and experimental setup 

A prototype motor based on Design 1 was built for validation of results. The 

rotor bridge thickness is increased to 0.75 mm for ease of laser cutting, and the air-gap 

width is increased to 0.6 mm to accommodate excess geometric tolerance stack-up on 

the test setup. Laminations are laser cut and stacked using a bonding epoxy. A relatively 

low stacking factor of 92% is achieved due to the process used. Also, the shape of 

magnets in each barrier is approximated to closest block magnet shape. The magnet 

widths M1 and M2 are 3.0 mm and 2.75 mm respectively. 
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A picture of the prototype rotor is shown in Figure 45 and the test setup is shown 

in Figure 46. Key details of the prototype motor are given in Table 13. The motor is 

mounted on the test bench and coupled with a Kistler 4502A torque sensor with a full 

range of 20 Nm. A hysteresis brake is used as a load. The motor is controlled in closed 

speed loop using a TI Piccolo 28035 DSP. 

 
Figure 45 The rotor stack for prototype motor 
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Figure 46 Picture of the experimental setup used to test the prototype motor 

Table 13 Details of the prototype motor 
Parameter Value 

Rri 67.5 mm 

Lstk 30 mm 

Kins 45% 

Kfil 38% 

D 0 (no magnets 

in fillet arc) 

PM weight 0.19kg 

Copper weight 0.7 kg 

Rotor core 0.9 kg 

Stator core weight 1.2 kg 

Calculated rphase 45.5 mΩ 

Measured rph 54.0 mΩ 

λM estimated from 

torque measurement 

0.011 Vs/rad  

(phase, peak) 

 

5.5.2. Torque measurement results 

The prototype is tested under constant speed command of 600 rpm for different 

torque loads to verify the FEA based model for torque. The current angle γ (tan-1 –id/iq) 
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was varied within a range that contains the optimum γ for maximum torque per ampere 

(MTPA) control to determine γMTPA experimentally to match it with FEA. 

Experimentally determined constant torque hyperbolae are plotted in Figure 47. The 

torque computed by FEA is plotted against measured torque (plus bearing friction) while 

operating at MTPA for different currents in Figure 48.It is observed that the ratio 

between measured torque to FEA computed torque is almost constant at 0.92, which is 

equal to the stacking factor of the stator and rotor core-stacks. The prototype needs 

further testing to investigate cores loss and windage loss calculations. 

 

Figure 47 Experimentally measured constant torque hyperbolas and MTPA 

trajectory of the prototype machine 
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Figure 48 FEA calculated and measured torque vs. current along the MTPA 

trajectory 

5.6. Conclusions  

A new rotor topology for outer rotor buried magnet Fa-SynRM is proposed and 

the geometric parametrization for it is presented. This configuration is useful for the 

mechanical arrangement of in-wheel geared drive of electric two-wheeler. Thus, a motor 

designed with this philosophy should be able to operate over the entire speed range with 

full rated power capability at high efficiency. However, core and windage loss models 

need to be validated and calibrated for the motor. The proposed topology is optimized 

and characteristics of candidate designs prove that relatively high saliency ratios can be 

achieved for two-barrier high pole outer-rotor geometries. Also, the structure provides 

good flux concentration yielding λMn/Ldn in the vicinity of 1 for achieving wide EC-

CPSR despite the use of low power density PMs. The prototype motor shows close 

correlation of the FEA based model for torque production and optimum current angle. 
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6. DESIGN STUDY 3: ULTRA LOW-COST LOW-WEIGHT MOTOR WITH 

ALUMINUM CONDUCTORS 

6.1. Introduction 

Energy efficiency is a topic of rapidly increasing significance, and has motivated 

the development of numerous sets of regulations, both in the United States [85] and 

internationally, due to a plethora of economic, environmental, and national security 

factors.  Although these increases in efficiency standards promise significant electrical 

and financial savings over the motor’s life-cycle for the end user and the world as a 

whole, they also drive up the manufacturing cost. As illustrated by the deflated cost 

trend in Figure 49, high efficiency motors generally require increased quantities of better 

quality materials (especially copper, electrical steel, and rare earth magnets) and as a 

result are heavier and more expensive. In light of these considerations, it is clear that 

motor manufacturers must simultaneously pursue both high efficiency technologies and 

methods for minimizing the requisite amounts of key cost sensitive materials and 

processes in order to adapt and produce competitive products in this evolving market 

place. While new designs and processes are explored, it important that they only require 

standardized materials to allow for practical implementation and risk-free 

commercialization.  This design study proposes the development and optimization of 

design geometries which use light weight and inexpensive aluminum conductors in the 

stator and hard ferrite magnets that are less supply sensitive. 
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Figure 49 Normalized Historical Trend of Deflated Relative Electric Motor Prices 

(Source of data: US Bureau of Labor Statistics) 

6.2. Target specification 

Performance measures of the target power rating of 1kW that was provided in the 

Electric Motor Education and Research Foundation (EMERF) invitation for proposals is 

given in Table 14. The given design specifications are particularly challenging; 

therefore, it is not possible to pre-determine if all of the given performance and cost 

parameters can be simultaneously achieved. Since cost and efficiency are conflicting 

objectives, the natural approach is to find the tradeoff between the two. This will be 

achieved by performing a series of design iterations, in which the efficiency and rated 

torque are fixed while the cost (and weight) is (are) minimized. This procedure will be 

repeated for different material selections, as well as slot, pole, and winding 

combinations. The proposed motor is intended for use in conjunction with a 3-leg six 

switch inverter with a standard sensorless vector control algorithm.  

 

 



 

146 

 

Table 14 Design specification for ultra low-cost, low-weight motor 
Power Output  1kW 

Efficiency  95.0% including controller losses 

Speed  3,200 rpm 

Torque  26.1 lb/in (2.9 Nm) 

Voltage  36 volts 

Temperature  Class H (automotive) 

Rotor Position Detection  Sensorless 

Power Density  1000 watts per kg 

Volume  320 cubic inches 

Cost  $160.00 US (includes controller) 

Torque Density  0.3 Nm/kg 

6.3. Initial approach, assumptions and choices 

The initial approach for this project was developed based on tear-down analysis 

of a 5hp motor presented in the technical support document of the recently proposed 

energy efficiency regulation, published by Department of Energy (DOE). The 5-hp 

induction machine data, given in Table 15, details the costs associated with the various 

raw materials and the labor.  These are the design dependent cost considerations which 

will serve as weighting factors when determining the relative emphasis to place on 

minimizing the use of a given material or process.  The costs of other motor components 

such as shafts, casings, varnish, etc. are not significantly impacted by the design and are 

considered constant. The biggest potential for cost reduction involves replacing copper 

with aluminum in the stator, a substitution which also significantly reduces the motor’s 

weight.  Similar cost reductions are expected to apply for the 1kW design specifications.  
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Table 15: Design dependent material and labor costs for a 5 hp induction motor. 

Source: [85] 
Component Weight Cost 

Stator + Rotor Steel Laminations  33.5 lb 0.73 $/lb for M56, 50% yield; total 

$48.91 

Copper Wire  10.1 lb 4.35 $/lb for insulated wire; total $43.93 

Aluminum (cast or extruded) 2.9 lb 1.39 $/lb; total $3.77 

Labor  $33.46/hr; total $41.83 

 An optimum design for an entirely different technology cannot be found by 

merely substituting components of existing design. The entire design process needs to be 

performed from scratch by exploring different possible options of geometry, slot-pole 

and winding configurations. The purpose of this research study is to investigate the use 

of Aluminum conductors in stator and Ceramic grade PMs in the rotor of a salient pole 

synchronous motor.  

It is assumed that the motor will be controlled using a standard (~20 kHz) 

switching inverter in conjunction with a standard sensorless vector control algorithm. 

The term “efficiency” used in this chapter accounts only for winding conduction and 

lamination core losses in the motor. Though it is important to account for additional loss 

components such as bearing friction and windage, accurate models for such losses are 

not available at this point and need to be calibrated with actual prototypes. For 

calculating the cost and weight of the machine, only the active materials are considered. 

An important cost component of labor cost of winding is treated subjectively and the 

choice of design based on that is left open as this depends largely on the manufacturing 
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process, volume, etc. The results for different choices of winding construction are 

compared from efficiency, material weight and cost perspective.  

6.3.1. Conducting material: aluminum vs. copper 

Since the main objectives of the design are weight and cost, aluminum should be 

given due consideration for use in stator windings. Comparison of key characteristics of 

copper and aluminum are given in Table 16. Though the resistivity of aluminum is 

higher than copper, the resistivity-mass density product is much lower (72 nΩ·m·g/cm
3
 

as compared to 150 nΩ·m·g/cm
3 

of copper), and the resistivity-mass density-price ratio 

of copper is 7.5 times that of aluminum. In the case of an electric machine, the impact of 

these properties on the overall weight and cost of the machine needs to be studied. In 

order to establish a fair comparison of weight and cost, the efficiency of the two 

machines should be equal. 

Table 16 Comparison of characteristics of copper and aluminum 

 
Copper Aluminum 

Conductivity 

(Mho/m) @ 20° C 
5.96E7 3.77E7 

Density (g/cc) 8.9 2.7 

Spot Price ($/lb)
*
 3.18 0.93 

Temperature 

Coefficient of 

Resistivity (%/K) 

0.39 0.393 

Volumetric heat 

capacity (J/cc/K)  
3.45 2.42 

*Source: Infomine.com 
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In addition to use of a different conducting material, construction of the winding 

is of prime importance. High slot fill can be achieved by use of bar-wound conductors. 

For the same motor geometry, if by substituting multi-strand copper winding with a 

higher slot-fill aluminum bar-winding, if the same ohmic loss at rated operation can be 

achieved, then the design with aluminum winding is obviously lighter and has lower 

material cost. However, high power density machines typically operate at high 

frequencies (>200 Hz), and hence the ac-resistance of bar-windings would increase due 

to skin and proximity effects, which are negligible in multi-strand conductors. The 

question arises, whether these effects would deteriorate the performance to a degree that 

multi-strand copper emerges as a better choice. Another question is whether designs with 

bar-wound copper would out-perform the other two aforementioned choices. These 

questions can be answered only by conducting the full design process as will be seen in 

this design study  

It is certainly very interesting to note that the ac-resistance coefficient affects 

aluminum and copper conductors differently for the same frequency and dimension of 

conductor (Figure 50). Thus it is feasible to use bigger aluminum bar conductors than it 

is to use copper bar conductors. The ultimate effect of this on motor performance is 

compared by running the full optimization for the two cases and is discussed in sub-

section 4. 



 

150 

 

 

Figure 50 Increase in ac resistance of rectangular conductors (4 per slot) at 3200 

rpm for different pole numbers (a) copper conductors and (b) aluminum 

conductors 

6.3.2. Bar-wound construction for improved conductor fill 

Bar-wound stators can achieve higher conductor fill compared to stator wound 

with multi-stranded bundle. The actual conductor fill depends on the slot size and the 

conductor size. For smaller slots, fraction of area occupied by slot liners is more and 

results in smaller conductor fill. Similarly, multi-strand conductors result in higher 

fraction of the available area occupied by wire enamel. Additionally, the inter-strand 

distance cannot be easily maintained small if the windings are not formed.  For the same 

slot area, a relatively higher conductor fill can be achieved if bar conductors are used. 

Another alternative to achieve high conductor fill is the use of pre-formed compressed 

coils. However, insertion of pre-formed coils requires a segmented stator structure or 

open slot construction.  

Examples of bar windings 

Certain cost-sensitive high performance applications have recently started using 

such a bar-wound construction for small motors. The GM Extended Range Electric 
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Vehicle (EREV) [63] motor uses an 8-pole 48 slot arrangement. A laboratory prototype 

of a 12-pole 36-slot bar-wound stator with 2 conductors per slot is shown in Figure 

51(a). This arrangement is also used in commercially available car alternators as shown 

in Figure 51(b).  

Restrictions on design due to use of bar-windings 

Number of turns in each slot can be 1, 2, or 3 for double layer and 1-6 for single 

layer topologies. This would highly restrict the voltage rating of the machine. For ease of 

welding and bending, the aspect ratio of the cross section of conductor (height/width) 

should be limited i.e. a strip or foil conductor may be difficult/infeasible to manufacture 

with such a motor topology. This should limit the split ratio (Rro/Rso) of the motor and 

slot depth. For deeper slots, skin and proximity effects become prevalent resulting in 

increased ac resistance at the fundamental frequency of operation. The increased ac 

resistance may defeat the purpose of using bar-conductors in certain cases.  
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(a) 

 

(b) 

 

 

Figure 51  Example bar-wound stators 

6.3.3. Pre-compressed single slot-pitch windings 

Another approach to improved slot-fill is the use of pre-compressed coils [65, 66, 

86]. This method applies to single slot-pitch combinations and requires either plug-in 

tooth method, or open slots for insertion of the pre-compressed winding. Slot fill factors 

ranging from 60% to 75% have been reported in literature for this construction. The 

actual slot fill will depend on wire diameter, slot dimensions and the compression 

pressure.  
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6.3.4. Ferrite PM material and rotor structure 

Ceramic Ferrite magnets are used in rotors of automotive and industrial 

applications. This class of magnets is represented by the general formula MO.6Fe2O3 

(where M could be Strontium or Barium). This type of magnet is the only readily 

available alternative to rare-earth magnets that has good energy density and shows 

resilience to demagnetization. An added advantage of ferrite PMs do not suffer from 

eddy effect solid loss since they are non-conducting. In order to achieve good torque 

density, ferrite PMs need to be used in conjunction with rotor structures that allow 

maximum flux concentration. The application of interest requires a very torque dense 

(Nm/kg) motor with a high efficiency. Weight reduction can be achieved by using higher 

pole number machines. However, a significant fraction of PM flux leaks though bridges 

that characterize buried magnet rotor topologies. This fraction of leakage increases with 

higher pole number. Thus there is a conflicting requirement of increased pole count and 

decreased leakage for achieving high efficiency light weight machines. 

For the purpose of this study, the spoke rotor topology is chosen since it has only 

one bridge per pole as shown in Figure 52. The thickness of this bridge is kept to a 

minimum manufacturable width of 0.5mm. As can be seen from Figure 52(b), a 1 mm 

bridge leads to almost 25-30% PM flux leakage for this size of rotor. It should be noted 

that such a rotor needs to be assembled by special manufacturing method in order that 

the shaft does not lead to more flux leakage, but holds each pole of the rotor to avoid 

plastic deformation of the bridges. The AC-12 grade of ceramic ferrite is chosen. 
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Characteristics are taken from the material datasheet published by Arnold Magnetics 

[40] 

In addition to the benefit of having only one bridge per pole, the spoke rotor 

topology can be modified by introducing ‘voids’ in the rotor for further weight reduction 

of the motor. As an example, a magnetic field plot of 6-pole Ferrite PM rotor structure 

with ‘voids’ is shown in Figure 53. The presence of such voids (if correctly designed), 

does not lead to any significant reduction in motor performance or mechanical strength 

of the rotor.  

 
(a) 

 
(b) 

Figure 52 Leakage of PM flux through bridge (a) bridge thickness = 0.5 mm and (b) 

bridge thickness = 1 mm 
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Figure 53 Additional voids in rotor core for weight reduction 

6.3.5. Slot-pole combinations 

Slot-pole combination and winding slot pitch are important design parameters 

that influence winding pattern, and winding labor cost. If the spp of a three phase 

machine is expressed as   
 

 
 as given in eq. (7), it can be deduced that if a=0, the 

winding pitch will be one or two slots. The one slot combination would result in a non-

overlapping winding. For a≠0, and b=0, it is a integral slot distributed winding and for 

a≠0 and b≠0, it is called a fractional slot concentrated (FSDW) winding.  

Distributed 

The distributed winding [64] would need only 3 jumpers if b/c is 0 or 0.5. In all 

other cases, the windings will take more labor due to increased number of end 



 

156 

 

connections. Spp=1 designs are avoided due to the large cogging torque and torque 

ripple. Higher pole numbers are desirable in order to reduce machine weight. Also, slot 

numbers greater than 72 are avoided to reduce the number of operations. With these 

criterion, the slot-pole combinations for different coil pitch that result in a winding factor 

(kd·kp) of 0.9 or more are given in Table 17. 

Single slot pitch (tooth-wound) 

For the same pole numbers as the distributed winding combinations, the available 

single slot pitch combinations with even slot numbers and a winding factor (pitch and 

distribution) greater than 0.9 are considered. The main advantage of this type of 

windings is the tight non-overlapping end-windings. For the design specification of this 

research, these combinations are unfeasible be used in conjunction with bar windings. 

Due to restrictions on conductor width for bar-wound stators, fewer than 36 slot stators 

would result in a very small air-gap radius (less than 30 mm). For this dimension, it is 

difficult to achieve good flux concentration using ceramic magnets. Additionally, the 

properties of the PMs would deteriorate for small sizes. Therefore, this set of pole-slot 

combinations are used only with multi-stranded windings or with pre-compressed 

windings with open slots. 
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Table 17 Slot-pole and pitch combinations considered for distributed winding 

configurations 

Number of 

slots (Ns) 

Number of 

poles (Np) 

spp Winding 

factor 
Coil pitch 

36 8 1.5 0.945214 4 

36 8 1.5 0.945214 5 

48 8 2 0.933013 5 

48 8 2 0.965926 6 

54 12 1.5 0.945214 4 

54 12 1.5 0.945214 5 

60 8 2.5 0.909854 6 

60 8 2.5 0.951436 7 

60 8 2.5 0.951436 8 

60 10 2 0.933013 5 

60 10 2 0.965926 6 

72 12 2 0.933013 5 

72 12 2 0.965926 6 

72 16 1.5 0.945214 4 

72 16 1.5 0.945214 5 

Table 18 Slot-pole combinations with single tooth coil pitch considered 

Number of 

slots (Ns) 

Number of 

poles (Np) 

spp Winding 

factor 
Coil pitch 

12 10 2/5 0.933013 1 

12 14 2/7 0.933013 1 

18 14 3/7 0.901912 1 

18 16 3/8 0.945214 1 

6.3.6. Assumptions 

The following assumptions were made for this design study 

1) It is assumed that there is no restriction on the dimensions of the motor. The 

optimum designs obtained with this approach is expected to be the global – 

unconstrained optimal geometries. 
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2) Thermal model: It is assumed that a cooling fan on the shaft maintains a steady 

flow of 5 m/s on the periphery of the frame that is equipped with fins in the axial 

direction. The ambient temperature is assumed to be 40 C 

3) The price of laminations is calculated assuming that the round stampings are 

packed in a square arrangement on a large lamination sheet. The wastage at the edge of 

the sheet is neglected. The price of ArcelorMittalM235-35a grade 0.35 mm thickness 

steel is assumed to be $1.02 per lb. The yield is observed to be between 35-50% of the 

used area of sheet. In practice, this can be improved by using hexagonal packing 

between stampings. The price of the PM’s is assumed to be $4.5 per lb for mass 

production.  

4) The controller loss comprises of switching and conduction losses in devices, gate 

drive, passive components, sensing and microcontroller. In general, the efficiency of the 

controller is expected to be higher than motor efficiency. As documented in [87], a 

single stage converter can yield an efficiency of 98% using conventional IGBTs or an 

efficiency of 99.3% using wide band-gap devices [88] for this rating. The actual 

efficiency will depend on the type of source (dc, 1ph or 3 ph ac) and source voltage, the 

choice of filter and passive components. 

5) The air-gap width is assumed to be 0.35 mm.  

6) The motor can be started using an open-loop startup so that a well-tested sliding 

mode flux observer can be used for sensorless control of the motor when it crosses a 

minimum speed threshold. 
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6.4. Design optimization 

This design problem is a typical category 1 problem the same as the case 

discussed in section 3.8.2.In this case, current density Jc is a design parameter for which 

the bounds are selected between 2 A/mm
2
 and 8 A/mm

2
. The rotor outer radius Rro is 

treated as the base dimension with bounds between 30 mm and 75 mm. It is checked 

back after optimization that all designs in the pareto set lie well within the bounds 

chosen for this parameter. The optimization is performed these different cases: 

1. Distributed, copper, multi-strand: all pole-slot combinations of Table 17 

(separately for each pole count) 

2. Concentrated single slot-pitch multi-strand copper: all pole-slot combinations 

of Table 18 (all combinations together) 

3. Distributed aluminum, bar-wound: all pole-slot combinations of Table 17 

(separately for each pole-count) except 6 pole 

4. Distributed copper, bar-wound only 10 pole 60 slot with coil pitch of 5 and 6 

slots 

5. Open slot concentrated single slot-pitch multi-strand aluminum pre-

compressed coils: all pole-slot combinations of Table 18 (all combinations 

together) 

6. Additionally, multi-stranded copper conductors of case 2 are substituted with 

multi-strand aluminum conductors and re-evaluated. 

A population size of 200 it used to optimize over 20 generations in each case. Geometric 

parameters used to describe the 2D geometry are shown in Figure 54. 
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Figure 54 Geometric parameters needed for description of the proposed motor 

6.5. Optimization results 

6.5.1. Comparison of different configurations 

Figure 55-Figure 58 show comparisons of pareto-optimal sets of designs that 

employ different types of windings. Each set is optimized by the process described in 

previous section. Several interesting observations can be made based on this data: 

1) The hypothesis that aluminum bar-conductor wound stators would exceed 

efficiency for lower weight as compared to multi-strand copper wound stators is evident 

if Figure 55 and Figure 56 are compared. However, the single-slot pitch configuration 

dominates both the configurations in terms of efficiency and weight. 

2) The best efficiency for distributed multi-strand copper winding designs is 

achieved for 8 pole 48-slot configuration and is 95.7% while the best efficiency for 
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single slot pitch multi-strand copper windings is  achieved for 10-pole 12 slot 

configuration and is 96.4% (Figure 56) 

3) For slightly lower efficiency (<95%), higher pole configurations yield lower 

weight and lower cost designs for the same efficiency for distributed configuration 

(Figure 55) 

4) In most cases, active material weight and cost are directly correlated and are not 

likely to be conflicting objectives. 

5) The dominance of single slot-pitch configurations over distributed can be 

attributed to lower Carter’s coefficient, and smaller, non-overlapping end-windings as 

compared to distributed winding designs.  

6) The minimum weight to achieve 96% efficiency (without accounting for 

converter, windage, and friction losses) is 2.8 kg for single slot wound multi-strand 

copper conductors and 3.4 kg for bar-wound aluminum conductors. 

7) The best efficiency achieved for any construction is 97% by aluminum pre-

compressed open-slot configuration. The weight of active materials of this design is 

approximately 4.8 kg.  

8) The best efficiency for any design that weighs 1 kg (based on the specified 

design criteria) is 93% for 16 pole-18 slot single slot-pitch pre-compressed aluminum 

winding configuration.  
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9) Figure 57 shows the comparison of 10-pole bar-wound copper and aluminum 

conductor pareto optimal sets. In terms of weight, both topologies show an almost same 

trend except for the highest efficiency designs obtained by copper conductor designs. 

10) A direct substitution of copper windings with aluminum windings may not yield 

a truly optimum design or realize the best potential of using a different material as can 

be concluded from the comparison of Figure 58 

The results need to be interpreted with caution because better performance of one 

material/construction over others is valid only in the light of the current problem at hand 

and may change with design specifications and objectives. Also, the validity of 

production price results depends on material price fluctuations. Details of representive 

high efficiency designs of different configurations is given in Table 19 in order to get a 

better picture of dimensions, configurations, and weight and loss distribution. 
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(a) 

 

(b) 

 

Figure 55 Pareto-optimal sets of multi-stranded copper winding designs (cases 1 

and 2) 
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(a) 

 
 

(b) 

 
Figure 56 Pareto-optimal sets of bar-wound aluminum conductor designs (case 3) 
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(a) 

 

(b) 

 

Figure 57Comparison between pareto-optimal sets of 10-pole 60 slot copper and 

aluminum bar conductor motors 
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(a) 

 

(b) 

 

Figure 58 Comparison of designs obtained by substituting multi-strand copper 

conductors with multi-stand aluminum conductors for single slot pitch windings 
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Table 19 Characteristics of select optimal designs representative of different winding technologies 
 Design 1 Design 2 Design 3 Design 4 Design 5 

Winding construction Copper multi-

stranded 

Copper bar-

wound 

Aluminum bar-

wound 

Aluminum multi-

stranded 

Aluminum pre-

compressed open 

slot 

Poles, slots 10 Pole, 12 Slot 10 Pole 60 Slot 12 Pole-54 Slot 10 Pole 12 Slot 10 Pole 12 Slot 

Coil pitch 1 5 4 1 1 

Slot fill 42% 81.3% 85.7% 42% 70% 

Motor Efficiency* 96.23% 96.0% 95.1% 94.7% 97.0% 

Power Factor 94% 99% 99% 86% 94% 

Temperature rise 27°C 27°C 33°C 35°C 21°C 

Current Density in conductor (pk) 4.6 A/mm
2 

5.03 A/mm
2
 3.68 A/mm

2
 4.7 A/mm

2
 2.0 A/mm

2
 

Fundamental rms Line voltage (wave 

winding or p=1) 

3.26 V 16.24V 11.98 V 1.08 V 176 V† 

Fundamental rms Line voltage (lap 

winding p = gcd(Np,Ns)) 

1.63 V 1.62V 1.99 V 0.54 V 88.0 V 

Stator outer diameter 158 (6.2 in) 181 mm 153 mm 179 mm  178 mm 

Stack length 35 (1.37 in) 22.86 26.5 18 30 mm 

Conduction loss 15.5 W 21.4W 28.7W 34.0 W 12.9 W 

Core loss 23.6 W 19.9W 23.1W 21.7 W 18.7 W 

Stator conductor weight 0.62 kg 0.69 kg 0.33 kg 0.354 kg  0.56kg 

cost $5.90 $6.6 $1.06 $3.40 $1.79 

Rotor + stator lamination weight 2.43 kg 2.2 kg 1.54 kg 1.08 kg 2.73 kg 

cost $12.14 $10.54 $8.70 $6.20 $13.68 

Permanent Magnets weight 0.28 kg 0.43 kg 0.33 kg 0.22 kg 0.24 kg 

cost $2.78 $4.25 3.29 $2.21 $2.37 

Total active material weight 3.33 kg 3.32 kg 2.2 kg 2.09 kg 3.52 kg 

Total active material cost $20.82 $21.4 $13.04 $10.69 $17.84 

*electromagnetic efficiency (does not include bearing and windage friction losses) 

†Assuming a maximum possible wire diameter of 17 AWG with all turns in series 

Note: loss and weight components may not add up exactly due to round-off error
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7. CONCLUSIONS AND FUTURE WORK 

7.1. Conclusions 

In an ideal world, an “automated” design tool is one that is capable of taking the 

user from design requirements to the pareto-set without any user insight into the design 

process. On similar lines, a researcher who seeks alternatives to standard technologies 

(topology, material or manufacturing technique) with the aim of surpassing what is 

achievable with standardized technologies should be able to establish fair comparison 

between existing and new technologies using the automated design tool. To go from this 

rather abstract definition of such a design tool to a software implementation, this 

dissertation gives a structure and defines the scope for such a tool. This tool is developed 

in a Matlab/C++ environment and is employed to research electric machine topologies in 

this dissertation. The three case studies aim at identifying alternatives to standardized 

topologies for the respective design requirements. Several interesting conclusions related 

to topology, construction and design choices for the three case studies were drawn and 

are summarized in the respective chapters.  

A common learning from practical implementation with a broader view is 

discussed here. Conclusions related to parts of the work are discussed at the end of each 

chapter. In researching a new topology or designing a machine with very little practical 

data on certain parameters and approximate models (especially mechanical loss and 

thermal models), there is a degree of inaccuracy in the overall evaluation function.  

Uncertainty in parameters also depends on the manufacturing process followed. 

Uncertainty/inaccuracy stems from one or more of the following factors: 
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1) Contact resistances: interface gaps depend on geometric tolerances. This 

variability may be reduced by using a bonding layer, etc. 

2) Flow field around the machine 

3) Inaccurate material models/nonstandard materials/dimensions or process leading 

up to degradation of material properties 

4) Certain approximations made during modeling may not be valid 

5) The optimum design may not be manufacturable and needs modifications for 

manufacturing,  that lead to degraded performance. 

The above factors pose a serious limitation to complete automation of design 

process. A practical design process would involve an intermediate step of manufacturing 

a machine, calibrating the particular models used in fitness evaluation and then repeating 

the process if a significant performance improvement is expected. The workflow for 

such a practical design process is shown in Figure 59.  

Another interesting aspect of design is the ever-changing scenario of material 

prices, energy price and manufacturing costs and techniques. The “optimal set” that 

involves these factors will take different shapes based on the market scenario. Based on 

new automation and robotic techniques, the design process also needs to consider the 

emerging concept of “design for automation.” [89] 

Due to all of these factors, machine design will always be an area of active 

research. Regardless of these facts, the proposed framework is a useful link in the design 

process and needs to be updated to adapt to trends in technology and modeling.  
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Design requirements:

Objectives, constraints

Global optimum/Pareto-

optimal set

Test and validate empirical 

relations of system model

Does model match 

prototype?

Update model, Optimize

Yes

No

Select topology, materials

Stochastic optimization 

engine
System model

Select design

Manufacture a prototype

Significant 

improvement over 

previous POF?

Finish design 

process

Yes

Finish design 

process

No

Select new design

Test and validate empirical 

relations of system model

Manufacture a prototype

Finish design 

process  

Figure 59 A practical machine design process 
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7.2. Future work 

Some of the possible avenues of future work on this topic are presented here: 

1) Inclusion of effects of manufacturing tolerances: An electric machine is fabricated by 

assembling individual components made using different types of manufacturing 

techniques. Each step of manufacturing introduces some degree of inaccuracy due to 

geometric tolerances of components used for machining each part. Assembly of such 

non-ideal components leads to a “stack up” of geometrical tolerance which may 

result in significant air-gap eccentricity or unbalance in windings or PM fluxes. Any 

design produced by the optimization process, when manufactured should meet 

performance criteria even if a sample has the worst expected geometric tolerance 

stack-up. A short discussion on the effect of disposition of windings in slot was 

included in design study 1. Inclusion of such an analysis in the fitness evaluation is 

an essential, but challenging aspect of work.  

2) Automation of design choices: The process of going from user requirements to the 

formal definition of an optimization problem involves design choices as discussed in 

Chapter 3. These design choices are made manually in the current form of 

implementation. Automation of this process is another challenging and essential step 

for complete design automation. Two possible approaches for this are: derivation of 

rules based on physical system models or by means of machine learning/artificial 

intelligence techniques based on experience with optimization of machines for a 

large number of design scenarios.  
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3) Improvement of models: The FEA based model used in the proposed method 

assumes a sinusoidal excitation for computing torque and loss under any operating 

condition. In a voltage source drive, a non-ideal machine would result in a non-

sinusoidal current and would lead to additional torque ripple and losses. To include 

such effects, an electric transient needs to be solved for the machine. Additional 

losses due to inverter switching may become significant at low-load conditions for 

low switching frequencies. The inverter losses can be included in the model. 

Machine vibration due to resultant periodic stress should also be included in the 

model if this is an important consideration for the application in question.  

4) Combining gradient based local search with global search without re-meshing: The 

framework and methods presented in this dissertation is suitable for gradient-free 

search methods. It may be possible to make the search process more effective if local 

optimization based methods are combined with gradient free global search. Classical 

methods such as design of experiments or gradient based local search may be 

employed to improve the local convergence of the solution. This would prove to be 

computationally burdensome process for high number of geometric inputs. However, 

as rightly pointed out by Weeber and Hoole [90] this process can be integrated with 

the existing mesh structure. Very fast convergence of the non-linear FE solver can be 

achieved using this technique that may pave the way for using gradient based local 

search.  
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